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Preface 

In 1984 and 1985, the World Health Organization (WHO) published the first 
edition of Guidelines for drinking-water quality in three volumes. The develop
ment of these guidelines was organized and carried out jointly by WHO head
quarters and the WHO Regional Office for Europe (EURO). 

In 1988, the decision was made within WHO to initiate the revision of the 
guidelines. The work was again shared between WHO headquarters and EURO. 
Within headquarters, both the unit for the Prevention of Environmental Pollu
tion (PEP) and the ILO/UNEP/WHO International Programme on Chemical 
Safety (IPCS) were involved, IPCS providing a major input to the health risk 
assessments of chemicals in drinking-water. 

The revised guidelines are being published in three volumes. Guideline val
ues for various constituents of drinking-water are given in Volume 1, Recommen
dations, together with essential information required to understand the basis for 
the values. Volume 2, Health criteria and other supporting information, contains 
the criteria monographs prepared for each substance or contaminant; the guide
line values are based on these. Volume 3, Surveillance and control of community 
supplies, is intended to serve a very different purpose; it contains recommenda
tions and information concerning what needs to be done in small communities, 
particularly in developing countries, to safeguard their water supplies. 

The preparation of the current edition of the Guidelines for drinking-water 
quality covered a period of four years and involved the participation of numerous 
institutions, over 200 experts from nearly 40 different developing and developed 
countries and 18 meetings of the various coordination and review groups. The 
work of these institutions and scientists, whose names appear in Annex 1, was 
central to the completion of the guidelines and is much appreciated. 

For each contaminant or substance considered, a lead country prepared a 
draft document evaluating the risks for human health from exposure to the con
taminant in drinking-water. The following countries prepared such evaluation 
documents: Canada, Denmark, Finland, Germany, Italy, Japan, Netherlands, 
Norway, Poland, Sweden, United Kingdom of Great Britain and Northern Ire
land and United States of America. 

Under the responsibility of a coordinator for each major aspect of the guide
lines, these draft evaluation documents were reviewed by several scientific institu
tions and selected experts, and comments were incorporated by the coordinator 

xi 



GUIDELINES FOR DRINKING-WATER QUALITY 

and author prior to submission for final evaluation by a review group. The review 
group then took a decision as to the health risk assessment and proposed a guide
line value. 

During the preparation of draft evaluation documents and at the review 
group meetings, careful consideration was always given to previous risk assess
ments carried out by IPCS, in its Environmental Health Criteria monographs, 
the International Agency for Research on Cancer, the Joint FAO/WHO Meet
ings on Pesticide Residues, and the Joint FAO/WHO Expert Committee on 
Food Additives, which evaluates contaminants such as lead and cadmium in 
addition to food additives. 

It is clear that not all the chemicals that may be found in drinking-water were 
evaluated in developing these guidelines. Chemicals of importance to Member 
States which have not been evaluated should be brought to the attention of 
WHO for inclusion in any future revision. 

It is planned to establish a continuing process of revision of the Guidelines 
for drinking-water quality with a number of substances or agents subject to evalu
ation each year. Where appropriate, addenda will be issued, containing evalu
ations of new substances or substances already evaluated for which new scientific 
information has become available. Substances for which provisional guideline 
values have been established will receive high priority for re-evaluation. 

xii 
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1. 
Introduction 

This volume of the Guidelines for drinking-water quality explains how guideline 
values for drinking-water contaminants are to be used, defines the criteria used to 

select the various chemical, physical, microbiological, and radiological contami
nants included in the report, describes the approaches used in deriving guideline 
values, and presents, in the form of brief monographs, critical reviews and evalua
tions of the effects on human health of the substances or contaminants exam
ined. 

This edition of the Guidelines considers many drinking-water contaminants 
not included in the first edition. It also contains revised guideline values for 
many of the contaminants included in the first edition, which have been changed 
as a result of new scientific information. The guideline values given here super
sede those in the 1984 edition. 

Although the number of chemical contaminants for which guideline values 
are recommended is greater than in the first edition, it is unlikely that all of these 
chemical contaminants will occur in all water supplies or even in all countries. 
Care should therefore be taken in selecting substances for which national stan
dards will be developed. A number of factors should be considered, including the 
geology of the region and the types of human activities that take place there. For 
example, if a particular pesticide is not used in the region, it is unlikely to occur 
in the drinking-water. 

In other cases, such as the disinfection by-products, it may not be necessary 
to set standards for all of the substances for which guideline values have been 
proposed. If chlorination is practised, the trihalomethanes, of which chloroform 
is the major component, are likely to be the main disinfection by-products, 
together with the chlorinated acetic acids in some instances. In many cases, con
trol of chloroform levels and, where appropriate, trichloroacetic acid will also 
provide an adequate measure of control over other chlorination by-products. 

In developing national standards, care should also be taken to ensure that 
scarce resources are not unnecessarily diverted to the development of standards 
and the monitoring of substances of relatively minor importance. 

Several of the inorganic elements for which guideline values have been rec
ommended are recognized to be essential elements in human nutrition. No 
attempt has been made here to define a minimum desirable concentration of 
such substances in drinking-water. 



GUIDELINES FOR DRINKING-WATER QUALITY 

1.1 General considerations 

The primary aim of the Guidelines for drinking-water quality is the protection of 
public health. The guidelines are intended to be used as a basis for the develop
ment of national standards that, if properly implemented, will ensure the safety 
of drinking-water supplies through the elimination, or reduction to a minimum 
concentration, of constituents of water that are known to be hazardous to health. 
It must be emphasized that the guideline values recommended are not mandatory 
limits. In order to define such limits, it is necessary to consider the guideline val
ues in the context of local or national environmental, social, economic, and cul
tural conditions. 

The main reason for not promoting the adoption of international standards 
for drinking-water quality is the advantage provided by the use of a risk-benefit 
approach (qualitative or quantitative) to the establishment of national standards 
and regulations. This approach should lead to standards and regulations that can 
be readily implemented and enforced. For example, the adoption of drinking
water standards that are too stringent could limit the availability of water sup
plies that meet those standards-a significant consideration in regions of water 
shortage. The standards that individual countries will develop can thus be influ
enced by national priorities and economic factors. However, considerations of 
policy and convenience must never be allowed to endanger public health, and the 
implementation of standards and regulations will require suitable facilities and 
expertise as well as the appropriate legislative framework. 

The judgement of safety-or what is an acceptable level of risk in particular 
circumstances-is a matter in which society as a whole has a role to play. The 
final judgement as to whether the benefit resulting from the adoption of any of 
the guideline values given here as standards justifies the cost is for each country 
to decide. What must be emphasized is that the guideline values have a degree 
of flexibility and enable a judgement to be made regarding the provision of 
drinking-water of acceptable quality. 

Water is essential to sustain life, and a satisfactory supply must be made 
available to consumers. Every effort should be made to achieve a drinking-water 
quality as high as practicable. Protection of water supplies from contamination is 
the first line of defence. Source protection is almost invariably the best method of 
ensuring safe drinking-water and is to be preferred to treating a contaminated 
water supply to render it suitable for consumption. Once a potentially hazardous 
situation has been recognized, however, the risk to health, the availability of alter
native sources, and the availability of suitable remedial measures must be consid
ered so that a decision can be made about the acceptability of the supply. 

AB far as possible, water sources must be protected from contamination by 
human and animal waste, which can contain a variety of bacterial, viral, and pro
tozoan pathogens and helminth parasites. Failure to provide adequate protection 
and effective treatment will expose the community to the risk of outbreaks of 
intestinal and other infectious diseases. Those at greatest risk of waterborne dis-
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1 INTRODUCTION 

ease are infants and young children, people who are debilitated or living under 
unsanitary conditions, the sick, and the elderly. For these people, infective doses 
are significantly lower than for the general adult population. 

The potential consequences of microbial contamination are such that its con
trol must always be of paramount importance and must never be compromised. 

The assessment of the risks associated with variations in microbial quality is 
difficult and controversial because of insufficient epidemiological evidence, the 
number of factors involved, and the changing interrelationships between these 
factors. In general terms, the greatest microbial risks are associated with ingestion 
of water that is contaminated with human and animal excreta. Microbial risk can 
never be entirely eliminated, because the diseases that are waterborne may also be 
transmitted by person-to-person contact, aerosols, and food intake; thus, a reser
voir of cases and carriers is maintained. Provision of a safe water supply in these 
circumstances will reduce the chances of spread by these other routes. Water
borne outbreaks are particularly to be avoided because of their capacity to result 
in the simultaneous infection of a high proportion of the community. 

The health risk due to toxic chemicals in drinking-water differs from that 
caused by microbiological contaminants. There are few chemical constituents of 
water that can lead to acute health problems except through massive accidental 
contamination of supply. Moreover, experience shows that, in such incidents the 
water usually becomes undrinkable owing to unacceptable taste, odour, and 
appearance. 

The fact that chemical contaminants are not normally associated with acute 
effects places them in a lower priority category than microbial contaminants, the 
effects of which are usually acute and widespread. Indeed, it can be argued that 
chemical standards for drinking-water are of secondary consideration in a supply 
subject to severe bacterial contamination. 

The problems associated with chemical constituents of drinking-water arise 
primarily from their ability to cause adverse health effects after prolonged periods 
of exposure; of particular concern are contaminants that have cumulative toxic 
properties, such as heavy metals, and substances that are carcinogenic. 

It should be noted that the use of chemical disinfectants in water treatment 
usually results in the formation of chemical by-products, some of which are 
potentially hazardous. However, the risks to health from these by-products are 
extremely small in comparison with the risks associated with inadequate disinfec
tion, and it is important that disinfection should not be compromised in 
attempting to control such by-products. 

The radiological health risk associated with the presence of naturally occur
ring radionuclides in drinking-water should also be taken into consideration, 
although the contribution of drinking-water to total ambient exposure to these 
radionuclides is very small under normal circumstances. The guideline values 
recommended in this volume do not apply to water supplies contaminated dur
ing emergencies arising from accidental releases of radioactive substances to the 
environment. 
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In assessing the quality of drinking-water, the consumer relies principally 
upon his or her senses. Water constituents may affect the appearance, odour, or 
taste of the water, and the consumer will evaluate the quality and acceptability of 
the water on the basis of these criteria. Water that is highly turbid, is highly col
oured, or has an objectionable taste or odour may be regarded by consumers as 
unsafe and may be rejected for drinking purposes. It is therefore vital to maintain 
a quality of water that is acceptable to the consumer, although the absence of any 
adverse sensory effects does not guarantee the safety of the water. 

Countries developing national drinking-water limits or standards should 
carefully evaluate the costs and benefits associated with the control of aesthetic 
and organoleptic quality. Enforceable standards are sometimes set for contami
nants directly related to health, whereas recommendations only are made for 
aesthetic and organoleptic characteristics. For countries with severely limited 
resources, it is even more important to establish priorities, and this should be 
done by considering the impact on health in each case. This approach does not 
underestimate the importance of the aesthetic quality of drinking-water. Source 
water that is aesthetically unsatisfactory may discourage the consumer from using 
an otherwise safe supply. Furthermore, taste, odour, and colour may be the first 
indication of potential health hazards. 

Many parameters must be taken into consideration in the assessment of 
water quality, such as source protection, treatment efficiency and reliability, and 
protection of the distribution network (e.g., corrosion control). The costs asso
ciated with water quality surveillance and control must also be carefully evaluated 
before developing national standards. 

1.2 The nature of the guideline values 

Guideline values have been set for potentially hazardous water constituents and 
provide a basis for assessing drinking-water quality. 

(a) A guideline value represents the concentration of a constituent that does not 
result in any significant risk to the health of the consumer over a lifetime of 
consumption. 

(b) The quality of water defined by the Guidelines for drinking-water quality is 
such that it is suitable for human consumption and for all domestic pur
poses, including personal hygiene. However, water of a higher quality may be 
required for some special purposes, such as renal dialysis. 

(c) When a guideline value is exceeded, this should be a signal: (i) to investigate 
the cause with a view to taking remedial action; (ii) to consult with, and seek 
advice from, the authority responsible for public health. 

(d) Although the guideline values describe a quality of water that is acceptable 
for lifelong consumption, the establishment of these guideline values should 
not be regarded as implying that the quality of drinking-water may be 

4 



1 INTRODUCTION 

degraded to the recommended level. Indeed, a continuous effort should be 
made to maintain drinking-water quality at the highest possible level. 

(e) Short-term deviations above the guideline values do not necessarily mean 
that the water is unsuitable for consumption. The amount by which, and the 
period for which, any guideline value can be exceeded without affecting pub
lic health depends upon the specific substance involved. 
It is recommended that when a guideline value is exceeded, the surveillance 
agency (usually the authority responsible for public health) should be con
sulted for advice on suitable action, taking into account the intake of the 
substance from sources other than drinking-water (for chemical constitu
ents), the toxicity of the substance, the likelihood and nature of any adverse 
effects, the practicability of remedial measures, and similar factors. 

(f) In developing national drinking-water standards based on these guideline 
values, it will be necessary to take account of a variety of geographical, socio
economic, dietary, and other conditions affecting potential exposure. This 
may lead to national standards that differ appreciably from the guideline 
values. 

(g) In the case of radioactive substances, screening values for gross alpha and 
gross beta activity are given, based on a reference level of dose. 

It is important that recommended guideline values are both practical and 
feasible to implement as well as protective of public health. Guideline values are 
not set at concentrations lower than the detection limits achievable under routine 
laboratory operating conditions. Moreover, guideline values are recommended 
only when control techniques are available to remove or reduce the concentration 
of the contaminant to the desired level. 

In some instances, provisional guideline values have been set for constituents 
for which there is some evidence of a potential hazard but where the available 
information on health effects is limited. Provisional guideline values have also 
been set for substances for which the calculated guideline value would be (i) 
below the practical quantification level, or (ii) below the level that can be 
achieved through practical treatment methods. Finally, provisional guideline val
ues have been set for certain substances when it is likely that guideline values will 
be exceeded as a result of disinfection procedures. 

Aesthetic and organoleptic characteristics are subject to individual preference 
as well as social, economic, and cultural considerations. For this reason, although 
guidance can be given on the levels of substances that may be aesthetically unac
ceptable, no guideline values have been set for such substances where they do not 
represent a potential hazard to health. 

The recommended guideline values are set at a level to protect human health; 
they may not be suitable for the protection of aquatic life. The guidelines apply 
to bottled water and ice intended for human consumption but do not apply to 
natural mineral waters, which should be regarded as beverages rather than 
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drinking-water in the usual sense of the word. The Codex Alimentarius Commis
sion has developed Codex standards for such mineral waters. 1 

1.3 Criteria for the selection of health-related drinking
water contaminants 

The recognition that faecally polluted water can lead to the spread of microbial 
infections has led to the development of sensitive methods for routine examina
tion to ensure that water intended for human consumption is free from faecal 
contamination. Although it is now possible to detect the presence of many 
pathogens in water, the methods of isolation and enumeration are often complex 
and time-consuming. It is therefore impracticable to monitor drinking-water for 
every possible microbial pathogen. A more logical approach is the detection of 
organisms normally present in the faeces of humans and other warm-blooded 
animals as indicators of faecal pollution, as well as of the efficacy of water treat
ment and disinfection. The various bacterial indicators used for this purpose are 
described in Chapter 9. The presence of such organisms indicates the presence of 
faecal material and, hence, that intestinal pathogens could be present. Con
versely, their absence indicates that pathogens are probably also absent. 

Thousands of organic and inorganic chemicals have been identified in 
drinking-water supplies around the world, many in extremely low concentrations. 
The chemicals selected for the development of guideline values include those con
sidered potentially hazardous to human health, those detected relatively fre
quently in drinking-water, and those detected in relatively high concentrations. 

Some potentially hazardous chemicals in drinking-water are derived directly 
from treatment chemicals or construction materials used in water supply systems. 
Such chemicals are best controlled by appropriate specifications for the chemicals 
and materials used. For example, a wide range of polyelectrolytes are now used as 
coagulant aids in water treatment, and the presence of residues of the unreacted 
monomer may cause concern. Many polyelectrolytes are based on acrylamide 
polymers and co-polymers, in both of which the acrylamide monomer is present 
as a trace impurity. Chlorine used for disinfection has sometimes been found to 
contain carbon tetrachloride. This type of drinking-water contamination is best 
controlled by the application of regulations governing the quality of the products 
themselves rather than the quality of the water. Similarly, strict national regula
tions on the quality of pipe material should avoid the possible contamination of 
drinking-water by trace constituents of plastic pipes. The control of contamina
tion of water supplies by in situ polymerized coatings and coatings applied in a 
solvent requires the development of suitable codes of practice, in addition to con
trols on the quality of the materials used. 

1 Codex Alimentarius Commission. Codex standards for natural mzneral waters. Rome, Food and 
Agriculture Organization of the United Nations, 1994 (Codex Alimentarius Vol. XI, Part III). 
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PART 1 

Microbiological aspects 





2. 
Microbiological aspects: introduction 

The most common and widespread health risk associated with drinking-water is 
contamination, either directly or indirectly, by human or animal excreta, particu
larly faeces. If such contamination is recent, and if those responsible for it include 
carriers of communicable enteric diseases, some of the pathogenic microorgan
isms that cause these diseases may be present in the water. Drinking the water, or 
using it in food preparation, may then result in new cases of infection. 

The pathogenic agents involved include bacteria, viruses, and protozoa, 
which may cause diseases that vary in severity from mild gastroenteritis to severe 
and sometimes fatal diarrhoea, dysentery, hepatitis, or typhoid fever. Most of 
them are widely distributed throughout the world. Faecal contamination of 
drinking-water is only one of several faeco-oral mechanisms by which they can be 
transmitted from one person to another or, in some cases, from animals to people. 

One ingested waterborne pathogen, namely guinea worm (Dracunculus 
medinensis), is not faecal in origin and deserves special mention. Although it is 
of limited geographical distribution, this helminth is of major public health 
importance in endemic areas. It is the only human infection that is solely trans
mitted by the waterborne route, and the World Health Assembly has committed 
itself to the eradication of dracunculiasis by the end of 1995 (resolution 
WHA 44.5, 1991). 

Other pathogens cause infection when water containing them is used for 
bathing or for recreation involving water contact, rather than by the oral route. 
Some may also cause infection by inhalation when they are present in large 
numbers in water droplets, such as those produced by showers and some air
conditioning systems or in the irrigation of agricultural land. 

It is not only by causing infection that microorganisms in drinking-water can 
affect human health. In some circumstances, cyanobacteria can produce toxins 
that may remain in the water even when the cyanobacteria themselves have been 
removed. Finally, there are some organisms whose presence in water is a nuisance, 
but which are of no significance for public health. 

2.1 Agents of significance 

The human pathogens potentially transmitted in drinking-water are listed in 
Table 2.1. Some general information on those included in the table is given below. 

9 



GUIDELINES FOR DRINKING-WATER QUALITY 

Table 2.1 Waterborne pathogens and their significance in water 
supplies 

Pathogen Health Main Persistence Resistance Relative Important 
significance route of in water to infective animal 

exposurea suppliesb chlorinec dosed reservoir 

Bacteria 

Campy/obacter H1gh 0 Moderate Low Moderate Yes 

Jejum, C coil 

Pathogemc H1gh 0 Moderate Low H1gh Yes 

Eschench1a coli 

Salmonella H1gh 0 Moderate Low H1gh No 

typhl 

Other High 0 Long Low High Yes 

salmonellae 

Sh1gellaspp H1gh 0 Short Low Moderate No 

Vibrio cholerae High 0 Short Low High No 

Yersm1a H1gh 0 Long Low H1gh(?) Yes 

enterocolftfca 

Leg1onel/a Moderate I May multiply Moderate H1gh No 

Pseudomonas Moderate C,IN May multiply Moderate H1gh(?) No 

aerugmosa 

Aeromonas spp Moderate O,C May multiply Low H1gh(?) No 

Mycobactenum, Moderate I,C May multiply H1gh ? No 

atypical 

Viruses 

Adenov1ruses H1gh O,I,C ? Moderate Low No 

Enterov1ruses H1gh 0 Long Moderate Low No 

Hepatitis A H1gh 0 Long Moderate Low No 

HepatitiS E H1gh 0 ? ? Low Probable 

Norwalk wus H1gh 0 ? ? Low No 

Rotav1rus High 0 ? ? Moderate No(?) 

Small round 

v1ruses (other 

than Norwalk v1rus) Moderate 0 ? ? Low(?) No 

Protozoa 

Entamoeba H1gh 0 Moderate H1gh Low No 

hlstolyt!ca 

G1ardia High 0 Moderate H1gh Low Yes 

mtestmalis 

Cryptospond1um H1gh 0 Long H1gh Low Yes 

parvum 

Acanthamoeba spp Moderate C,l May multiply H1gh ? No 

Naeglena fowlen Moderate c May multiply Moderate Low No 

Balantidium co/1 Moderate 0 ? Moderate Low Yes 

10 



2 MICROBIOLOGICAL ASPECTS 

Table 2.1 (continued) 

Pathogen Health Main Persistence Resistance Relative Important 

significance route of in water to infective animal 
exposure8 suppliesb chlorinec dosed reservoir 

Helminths 
Dracunculus H1gh 0 Moderate Moderate Low Yes 

medmens1s 

Schistosoma spp Moderate c Short Low Low Yes 

? = Not known or uncertain 
a 0 =oral (Ingestion), I = InhalatiOn 1n aerosol, C= contact w1th sk1n; IN- 1ngest1on 1n lmmunosup

pressed pat1ents 
b Detect1on penod for 1nfect1ve stage m water at 20 oc short = up to 1 week, moderate = 1 week to 

month, long = over 1 month 
c When the infective stage 1s freely suspended m water treated at conventional doses and contact 

t1mes: res1stance moderate, agent may not be completely destroyed, resistance low, agent com
pletely destroyed 

d Dose requ1red to cause mfection m 50% of healthy adult volunteers 

2.1.1 Agents of high health significance 

Not all potentially waterborne human pathogens are of equal public health sig
nificance (Table 2.1). Some of them, including most of the ingested pathogens, 
present a serious risk of disease whenever they are present in drinking-water, and 
their elimination from it should be given high priority. Examples include strains 
of Escherichia coli, Salmonella, Shigella, Vibrio cholerae, Yersinia enterocolitica, and 
Campylobacter jejuni, the viruses described in Chapter 4, and the parasites Giar
dia, Cryptosporidium, Entamoeba histolytica, and Dra~unculus. 

While most of the pathogens of high significance in Table 2.1 are found 
worldwide, others are a public health problem only in limited regions of the 
world, e.g. guinea worm is found only in certain countries of Mrica and Asia. 
Historically, pandemics of cholera have spread from well-defined regions where 
the outbreaks first occurred. Although high priority should be given to control of 
these pathogens in drinking-water, this is of regional significance only. 

2.1.2 Opportunistic pathogens 

Some organisms, naturally present in the environment and not normally 
regarded as pathogens, may cause disease opportunistically. When such organ
isms are present in drinking-water, they cause infection predominantly among 
people whose local or general natural defence mechanisms are impaired. Those 
most likely to be at risk include the very old, the very young, and patients in hos
pitals, e.g. those with burns or undergoing immunosuppressive therapy, and 
those suffering from acquired immunodeficiency syndrome (AIDS). Water used 
by such patients for drinking or bathing, if it contains excessive numbers of these 
agents, may produce a variety of infections involving the skin and mucous mem
branes of the eye, ear, nose, and throat. Pseudomonas, Flavobacterium, Acineto-
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bacter, Klebsiella, and Serratia are examples of such opportunistic pathogens, as is 
Legione!!a, which can infect the lungs if inhaled in droplets. Some of these, such 
as Legionet!a and Aeromonas, can also cause disease in otherwise healthy individu
als when the specific conditions prevailing within a water-supply system have 
enabled them to multiply to unusually high concentrations. These organisms, 
while clearly of medical importance, only acquire public health significance 
under certain conditions. Their removal from drinking-water may therefore be 
given moderate priority. 

2.1.3 Nuisance organisms 

Nuisance organisms, by definition, have no public health significance. However, 
they produce problems of turbidity, taste and odour or appear as visible animal 
life in the water. As well as being aesthetically objectionable, they indicate that 
both water treatment and the maintenance and repair of the distribution system 
are defective. 

2.2 Routes of exposure 

For the faeco-oral pathogens, drinking-water is only one vehicle of transmission. 
Contamination of food, hands, utensils, and clothing c<.>.n also play a role, par
ticularly when domestic hygiene is poor. Because of this multiplicity of trans
mission routes, improvements in the quality and availability of water, in excreta 
disposal, and in general hygiene education are all important factors in achieving 
reductions in diarrhoea morbidity and mortality rates (I) 

While many faeco-oral pathogens have been shown to cause waterborne epi
demics, none of them causes epidemics exclusively by this means. Neither the 
identification of a specific pathogen in drinking-water nor the occurrence of a 
common-source epidemic can therefore be taken as proof of waterborne disease 
transmission. To obtain confirmatory evidence, an epidemiological investigation 
is required. Those infections for which there is epidemiological evidence of 
waterborne transmission are listed in Table 2.1 

The significance of the water route varies considerably both with the disease 
and with local conditions. Thus, waterborne transmission of poliomyelitis has 
not been conclusively demonstrated, while waterborne epidemics of giardiasis, 
typhoid fever, and cholera have frequently been documented. One reason for this 
is that there are important differences between the pathogens in terms of their 
persistence in water, their removal by conventional water-treatment processes, 
and the minimum infective dose, i.e. the number of organisms needed to cause 
infection when taken by mouth. 

12 



2 MICROBIOLOGICAL ASPECTS 

2.3 Persistence in water 

The persistence of a pathogen in water is a measure of how quickly it dies after 
leaving the body. In practice, the numbers of a pathogen introduced on a given 
occasion will tend to decline exponentially with time, reaching insignificant and 
undetectable levels after a certain period (Table 2.1). 

A pathogen that persists outside the body only for a short time must rapidly 
find a new susceptible host. It is therefore less likely to be transmitted through a 
water-supply system than within a family or some other group living closely 
together, where lax personal cleanliness will allow the infection to be transferred 
from one person to another. 

The persistence of most pathogens in water is affected by various factors, of 
which sunlight and temperature are among the most important. Lifetimes are 
shorter, sometimes much shorter, at warmer temperatures. For example, whereas 
enteric viruses may be detected for up to 9 months at around 10 oc, their maxi
mum period of detection at 20 oc is nearer to 2 months (2). 

Some pathogens are more resistant than others to conventional water
treatment processes, particularly chlorination at the doses and contact times usu
ally employed. This is also indicated in Table 2.1 and discussed in further detail 
in Chapter 11. 

2.4 Infective dose 

For several intestinal pathogens, attempts have been made to determine the 
number of organisms needed to produce either a clinically apparent infection or 
intestinal colonization in human subjects (see Table 2.2). The significance of the 
results of these studies is obscure. While they undoubtedly provide an order of 
relative infectivity, it is doubtful whether the actual infective doses obtained are 
relevant to natural infections. The number of subjects exposed to infection in 
experimental studies is necessarily small and the experiments are designed to 
ensure that many of them become infected. During an outbreak, the number of 
subjects exposed may be very large, but only a small proportion become infected. 
Thus the minimum infective dose in an outbreak, and the attack rate, are prob
ably much lower than in an experimental study. In many outbreaks of typhoid 
fever, the case rate can be explained only by assuming that the infective dose was 
low. 

The likelihood of ingesting very large numbers of a pathogen on a single 
occasion from drinking-water is relatively small, both because enteric pathogens 
cannot normally multiply in water and because the water tends to disperse them. 
On the other hand, if polluted water is permitted to contaminate food, bacterial 
pathogens, initially present in small numbers, can multiply to produce very large 
doses. 
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Table 2.2 Studies on the infectivity of various pathogens in human 
volunteers 

Pathogen 

Salmonella typhi 
Other Salmonella spp 
Eschenchia coli 
Shigellaspp 
Campylobacter JeJum 
Vibno cholerae 
Giardia intestmalis 
Echowus 12 
Pol1owus type 1 (attenuated vacc1ne stra1ns) 
Rotawus strain CJN 
General methodolog1es 

Reference no. 

3, 4 
3 
5-12 
13 
14 
15-17 
18,19 
20 
21,22 
23 
24 

Bacteria that cause intestinal infections are able to invade and grow in the 
intestine. It is convenient, therefore, to develop a model of infection that states 
that, under the correct circumstances, a single infective organism must be able to 
initiate a clinically significant infection. The infective dose (ID) required to ensure 
that infection occurs in a specified proportion of subjects-for example, half the 
subjects (ID50)-may be considered to represent, for a particular bacterial species, 
the probability that the single organism will reach the correct portion of intestine 
under the right circumstances to initiate a clinically apparent infection. 

In a natural infection, the variables affecting this probability may be numer
ous and varied, as shown in Table 2.3. The transfer of the pathogen from one 
case to the next may appear simple, but numerous factors, including the ability 
to survive in the environment and the nature of the environment available to the 
host, play an important role. Socioeconomic factors, such as the practice of food 
hygiene, the availability of pure water, and the adequacy of excreta disposal, fur
ther complicate the picture. 

After ingestion of the pathogen, the development of an infection depends on 
the balance between host factors, such as gastric acidity and intestinal immunity, 
tending to remove it, and factors aiding the bacteria in their attempt to colonize 
the intestine, such as the possession of colonization factors and adhesions. Stud
ies in animals suggest that the growth phase and growth rate may be crucial. 

After an infection has been initiated, its clinical expression is still not certain. 
The bacterial virulence factors, such as enterotoxin production and invasiveness, 
produce pathological changes, bur their overt expression is countered by homoeo
static mechanisms in the gut. The multiplication of the bacteria extends the area 
of pathological changes, while the development of immunity inhibits the expres
sion of bacterial virulence and results in the elimination of the pathogen. The 
infective dose, as determined in experimental situations, must, in part, represent 
the number of bacteria needed to produce disease before being overcome by the 

· host defences. The effect of infective dose on incubation period has been demon
strated in a study on typhoid fever, which showed that the larger the adminis-
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Table 2.3 Factors determining the probability of developing 
clinically significant intestinal infections 

Host 

Soc1oeconom1c factors 
(food hyg1ene, availability 
of potable water, 
excreta disposal, 
publ1c health measures) 

Antimicrobial defences, 
gastnc ac1d1ty, etc. 

Immune system, 
antitoxic immunity 

Homoeostatic mechan1sms 
of water absorption 1n the gut 

Stage of infection 

lngest1on 

Infection 

Water loss 

Diarrhoea 

Pathogen 

Environmental survival 

Growth phase, adhes1ns and 
colon1zat1on factors 

Enterotoxin production, 
mucosal 1nvas1on 

tered dose, the shorter the incubation period (4), a finding that may constitute 
evidence in support of that conclusion. 

The physiological state of the host is another important factor. Undoubtedly 
the response to infection of the healthy north American adults, in whom most 
studies on infective dose have been performed (Table 2.2), is different from that 
of malnourished infants in Mrica, Asia, or South America. Factors such as gastric 
acid production and the immune response are both influenced by nutritional 
status. Caution is therefore necessary in extrapolating from infective dose to epi
demiological mechanism. 
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3. 
Bacteria 1 

3.1 Pathogens excreted 

3.1.1 Salmonella 

General description 

The genus Salmonella is a member of the family Enterobacteriaceae. The genus is 
currently subdivided into the subgenera I-IV, on the basis of biochemical charac
teristics. Most salmonella strains isolated from humans and warm-blooded verte
brates belong to subgenus I, while subgenera 11, Ill (also called Arizona) and IV 
are more frequently associated with reptiles, in which they reside commensally. 
Currently more than 2000 serotypes are named. There are considerable regional 
variations in the prevalence of serotypes (I). 

The virulence of Salmonella spp. depends on serotype and strain specificity 
in host range and infective dose and on host status. S. typhi is a specific human 
pathogen. In particular, S. typhi, S. paratyphi A, and S. paratyphi B are able to 
invade tissues and cause septicaemia with high temperature rather than diar
rhoea. This is known as enteric fever. In humans, the majority of the other sera
types give rise to a transient intestinal infection manifesting itself as acute 
gastroenteritis with diarrhoea. Certain serotypes are highly pathogenic for 
humans, while others are devoid of any pathogenic action. Many salmonella 
infections are asymptomatic (2). 

Routes of exposure 

In the case of S. typhi and S. paratyphi A, human carriers are the source of infec
tion, whereas milk-borne transmission can also occur with S. paratyphi B. The 
incidence of enteric fever decreases as a country becomes more highly developed 
in terms of controlled sewerage systems and drinking-water supplies, and the 
supply of pasteurized milk and dairy products. Most salmonellae are primarily 
pathogens of animals, which constitute important reservoirs for those infections 
(2). 

1 The valuable contribution made by Dr N.F. Pierce, Division of Diarrhoea! and Acute Respiratory 
Disease Control, WHO, Geneva, in the preparation of this chapter is gratefully acknowledged. 
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Salmonellae may be present in all kinds of food grown in faecally polluted 
environments, and are commonly isolated from poultry and livestock and foods 
prepared from them. Furthermore, animal feedstuffs and fertilizers prepared 
from animal products may be highly contaminated with salmonellae, and they 
are also widely distributed in the environment. The contamination of food and 
animal feedstuffs by water contaminated with salmonellae is considered to be an 
additional risk factor (3, 4). Dumping of unprocessed slaughterhouse wastes into 
rivers has been found to be a cause of salmonellae infections. Contamination by 
salmonellae and conditions favouring their regrowth should be avoided at all 
stages of the production, transport, storage, and preparation of food, feedstuffs, 
and drinking-water. Sludge disposal and irrigation must always be accompanied 
by appropriate hygienic precautions. 

The transmission routes of salmonellae are highly complex. Person-to-person 
transmission may occur, but the relative importance of the human and non
human reservoirs depends on the dietary, agricultural, and sanitary situation in a 
particular community (2). 

Significance in drinking-water 

Waterborne outbreaks have been chiefly associated with S. typhi and much less 
frequently with S. paratyphi B or other Salmonella serotypes (2). Epidemiological 
studies of outbreaks suggest that the ingestion of relatively few cells of S. typhi 
may cause typhoid fever, whereas studies in volunteers (Table 2.2, p. 14) indicate 
that, for other Salmonella serotypes, millions of cells are usually required to cause 
gastroenteritis. 

Salmonellae are excreted in the faeces of infected humans or animals. Faecal 
contamination of groundwater or surface waters, as well as insufficiently treated 
and inadequately disinfected drinking-water, are the main causes of epidemic 
water borne outbreaks caused by Salmonella spp. 

Waterborne outbreaks due to heavy contamination are usually characterized 
by an explosive onset. The majority of cases develop over a period of a few days, 
and may be followed by a secondary crop of contact cases (2). The geographical 
distribution of infections in major outbreaks is often strongly correlated with the 
pattern of a waterworks pipeline network. 

Salmonellae can be found in open wells as a result of the drainage or flooding 
of contaminated surface water into unprotected well shafts. It is uncommon for 
salmonellae to be isolated from piped water supplies, whether treated or 
untreated, and their presence suggests a serious fault in the design or manage
ment of the system (2). 

Penetration of pathogens into water sources must be avoided by the protec
tion of groundwater and surface water catchment areas. A review of the literature 
has shown that, in general, pathogens will not travel further than the distance 
that the groundwater flows in 10 days, except in fissured rocks such as limestone 
and heavily fissured soils (5). 
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Drinking-water must be of low turbidity after treatment if adequate chlori
nation is to be achieved. Furthermore, a low load of assimilable organic carbon 
(AOC) in the treated water is considered to be an important factor in reducing 
survival time and preventing the regrowth of salmonellae within the distribution 
system. Reported survival times for salmonellae in drinking-water range from a 
few days to over 100 days. 

Several outbreaks have been caused by the deposition of contaminated sedi
ments in the distribution system for drinking-water, especially in water basins 
and pipes. Sediments may be shifted to new positions in the system by water 
pressure oscillations or temporary scarcity of water. Regular flushing of the distri
bution system is therefore recommended. 

3.1.2 Yersinia 

General description 

The genus Yersinia is currently placed in the family Enterobacteriaceae and com
prises seven species. Y. pestis, Y. pseudotuberculosis, and certain serotypes of 
Y. enterocoLitica are pathogens for humans. Atypical strains within Y. entero
coLitica, isolated most frequently from environmental samples, are grouped 
together as Y. enterocoLitica-like organisms. They are nonpathogenic for humans 
and can be subdivided by biochemical means into Y. intermedia, Y. frederiksenii, 
Y. kristensenii, and Y. aLdovae. 

The cells of Y. enterocolitica are Gram-negative rods, motile at 25 ac but 
nonmotile in cultures grown at 37 ac. Certain strains of Y. enterocoLitica cause 
acute gastroenteritis with diarrhoea, but other human diseases caused by 
Y. enterocoLitica are also known. Biochemical and serological typing of enteric 
Y. enterocoLitica strains show that serotypes 0:3 and 0:9 are commonly found in 
Mrica, Asia, Canada and Europe, whereas serotype 0:8 is exclusively isolated in 
the United States ( 6-8). 

There is some evidence that Y. enterocoLitica infection may be waterborne. 
The following discussion is confined to this species. 

Routes of exposure 

The transmission of Y. enterocoLitica from the natural reservoirs to humans has 
been the subject of much debate. Many domestic and wild animals are consid
ered to be possible reservoirs of Y. enterocoLitica because of the high isolation rates 
of the organism from such sources. It is likely that wild animals, particularly 
shrews, hares, foxes, and beavers, form a natural reservoir of Y. enterocolitica. 
Swine have been implicated as a major reservoir of Y. enterocolitica serotypes 
involved in human infections. 

Available evidence indicates that foods, especially meat and meat products, 
milk and dairy products, are the major vehicles for the transmission of Y. entero
colitica. Furthermore, Y. enterocolitica has been isolated from a variety of environ-
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mental samples, especially from water, but the serotypes isolated differ from 
those associated with human disease. 

A number of different transmission routes have been suggested for Y entero
colitica, but the ingestion of contaminated food and water is probably the most 
likely one (8). Direct transmission from person to person and from animals to 

humans also occurs, but its relative importance has not been clarified. Further 
research is needed to define the epidemiological importance of "environmental" 
strains of Y enterocolitica. 

Significance in drinking-water 

The apparent waterborne spread of Y enterocolitica infection has been described 
in a number of reports. There is some evidence that pathogenic strains of Y ente
rocolitica enter drinking-water via contaminated surface water or as a result of 
pollution with sewage (9). Recent studies have shown that human pathogenic 
serotypes of Y enterocolitica are present in sewage and polluted surface water (1 0, 
11). 

In general, pathogenic types of Y enterocolitica are not isolated from 
untreated or treated drinking-water unless faecal pollution has occurred. 
Occasionally, nonpathogenic serotypes of Y enterocolitica and nonpathogenic 
Y enterocolitica-like organisms ( Y intermedia, Y frederiksenii, Y kristensenit) may 
also be isolated from drinking-water. However, none of these isolates exhibit the 
typical virulence markers. Such isolates are probably of environmental origin 
without public health importance (12). 

Water samples yielding Y enterocolitica often show only slight coliform con
tamination. One study indicated that 25% of Y enterocolitica-positive samples 
were negative for both total and faecal coliforms (9). Intensive methods of treat
ment are not needed in such cases. Other studies have shown a close relationship 
between faecal pollution and Y enterocolitica isolation rates (13). 

Standard chlorination procedures are sufficient to avoid the transmission of 
Yersinia if the treated water is of low turbidity. Free chlorine in the range required 
for water disinfection (0.2-0.5 mg/litre) for 10 minutes at pH 7.0 completely 
eradicates the bacteria; 0.05 mg/litre of ozone eradicates the organism after con
tact for 1 minute regardless of pH (14). 

A special feature of Y enterocolitica and Y enterocolitica-like organisms is 
their ability to grow at low temperatures, even at 4 ac. Accordingly, these organ
isms can survive for long periods in water habitats. For example, Y enterocolitica 
was detected in previously sterilized distilled water after over 18 months at 4 ac 
(15). Such long survival periods make it difficult to determine the origin of con
tamination when Yersinia are detected. 
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3.1.3 Campylobacter 

General description 

In recent years, considerable attention has been given to Campylobacter spp. as 
important agents of enteritis, gastritis, and other human diseases. 

Campylobacters are Gram-negative, slender, comma-shaped rods. They also 
appearS-shaped and gull-winged when in pairs (7, 16). The organisms show a 
characteristic corkscrew-like motion, which can be easily seen by phase-contrast 
microscopy. Campylobacters are microaerophilic organisms, requiring a low oxy
gen tension (3-6%) for growth. Under unfavourable growth conditions, cells 
may form coccoid bodies. 

A recent review discusses 14 Campylobacter species ( 17). Some are pathogens 
for humans and animals (e.g. C. jejuni, C. coli, C. fetus), while others are consid
ered to be nonpathogenic (e.g. C. sputorum, C. concisus) (16, 17). Most of the 
members of the thermophilic group (growing at 42 oc) of campylobacters cause 
enteritis in humans. Worldwide, campylobacters are much more important than 
salmonellae as causes of acute gastroenteritis, but not as important as shigellas. 
Several major outbreaks of campylobacter enteritis were linked to the ingestion 
of contaminated food, milk, or water. 

From the point of view of water hygiene, the thermophilic campylobacters 
are of greatest significance; the following discussion is therefore confined to these 
organisms. 

Routes of exposure 

Thermophilic campylobacters are transmitted by the oral route. The reservoirs 
for campylobacters include wild birds and poultry which are the most important, 
and other domesticated animals, such as pigs, cattle, dogs, and cats. Meat, in par
ticular poultry products, and unpasteurized milk are therefore important sources 
of campylobacter infections (16). Milk may be contaminated with faeces or by 
the secretion of organisms into milk by cows with mastitis (18). In developing 
countries, the faeces of infected animals are important reservoirs. The infective 
dose is low (19). 

Recent studies have shown that raw sewage frequently contains 10-105 ther
mophilic campylobacters per 100 ml (20, 21). However, Campylobactercounts in 
heavily contaminated sewage can be reduced considerably by wastewater treat
ment processes. Thermophilic campylobacters were found in crude sludge, but 
were not detectable in digested conditioned sludge of filter effluent (21). The 
occurrence of campylobacters in surface waters has proved to be strongly depen
dent on rainfall, water temperature, and the presence of waterfowl. 
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Significance in drinking-water 

Several waterborne outbreaks of campylobacteriosis have been reported in the 
past decade. The numbers of persons involved ranged from a few to several thou
sands. In only two of these outbreaks were campylobacters isolated both from 
patients and from water samples. Unchlorinated surface water and faecal contami
nation of water storage reservoirs by wild birds were found to be the main causes. 
The consumption of unchlorinated or inadequately chlorinated surface waters is 
associated with a considerable risk of outbreaks of campylobacteriosis. Any con
tamination of drinking-water reservoirs by the excrement of waterfowl must be 
controlled. Consideration should be given to imposing stricter hygienic require
ments for drinking-water, even if obtained from high-quality surface water, since 
it may be distributed without chlorination. 

Campylobacters, like other bacterial pathogens, survive well at low tempera
tures, suggesting that cold water may be an effective vehicle of transmission. 
They are able to survive for several weeks (22) in cold groundwater or unchlori
nated tapwater. The standard chlorination procedures are sufficient to prevent 
the spread of campylobacters along water mains if the water is of low turbidity. 

3.1.4 Escherichia coli 

E. coli is found in large numbers in the faeces of humans and of nearly all warm
blooded animals; as such it serves as a reliable index of recent faecal contamina
tion of water. This topic is fully covered in Chapters 9-11. Certain strains are 
pathogenic for humans and it is these that are described below. 

General description 

E. coli is a Gram-negative, non-spore-forming, rod-shaped bacterium which can 
be either motile or nonmotile (motile cells are peritrichous); growth is aerobic or 
facultatively anaerobic. Metabolism is both respiratory and fermentative; acid is 
produced by the fermentation of glucose and lactose. Catalase is produced but 
not oxidase, and nitrates are reduced to nitrites. In the microbiological examina
tion of water, a biochemical description is used (see sections 9.2.1-9.2.3). 

Serological typing is based on the somatic 0 antigens, the capsular K anti
gens, and the flagellar H antigens. In practice, serogrouping by 0 antigen is often 
used alone and, within a particular epidemiological context, may be satisfactory. 
Biochemical tests do not reliably distinguish pathogenic strains of E. coli. 

Health effects 

E. coli is a normal inhabitant of the intestine, and most strains are nonpatho
genic. However, subtypes able to cause gastrointestinal disease are also known. 
Such pathogenic E. coli strains cause intestinal disease by a variety of mecha
nisms. Infections may resemble cholera, dysentery, or gastroenteritis due to sal-
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monellae. Four classes of pathogenic E. coli responsible for diarrhoea are recog
nized: enteropathogenic, enteroinvasive, enterotoxigenic, and verocytotoxin
producing (23). 

Enteropathogenic subtypes of E. coli were first recognized as a result of the 
serological examination of strains isolated from outbreaks of diarrhoea among 
infants. Associations of particular serotypes with disease were observed, but the 
corresponding pathogenic mechanisms are not fully understood for most of these 
organisms. These strains have been particularly associated with outbreaks of 
infantile gastroenteritis (24). 

Enteroinvasive strains of E. coli (EIEC) produce dysentery by a mechanism 
similar to that found with Shigella spp. These organisms invade the colonic 
mucosa and cause bloody diarrhoea. The property seems to be restricted to a few 
0 groups. It must be remembered that Shigella and E. coli are closely related and 
that genetic material is readily exchanged between them. 

Although enteropathogenic or enteroinvasive strains may cause serious ill
ness, such epidemiological evidence as is available suggests that enterotoxigenic 
strains are responsible for most episodes of E. coli diarrhoea, particularly in devel
oping countries. Enterotoxigenic E. coli (ETEC) can cause a cholera-like syn
drome in infants, children, and adults. 

ETEC produce either a heat-labile enterotoxin (LT), related to cholera 
enterotoxin, or a heat-stable enterotoxin (ST); some strains produce both toxins. 
The action of LT is the same as that of cholera toxin. The production of entero
toxin is controlled by plasmids. 

The ability of ETEC to cause disease depends not only on the production of 
enterotoxin but also on their ability to colonize the small intestine. Various colo
nization factors, or adhesins, have been described, which enable the bacteria to 
attach themselves to the intestinal mucosa. 

The fourth class, verocytotoxic E. coli, was first recognized by their produc
tion of a cytotoxin active against Vero cells in culture. The organisms commonly 
belong to the serogroup 0157 and cause disease ranging from mild diarrhoea to 
haemorrhagic colitis characterized by blood-stained diarrhoea, usually without 
fever, but accompanied by abdominal pain. It is also a cause of the haemolytic 
uraemic syndrome, commonest in infants and young children, and characterized 
by acute renal failure and haemolytic anaemia. 

Significance in drinking-water 

Isolation of E. coli from a water supply indicates faecal contamination. However, 
E. coli is only one species among many in the family Enterobacteriaceae. Mem
bers of the lactose-fermenting species of this group, which may be referred to col
loquially as "coliforms", occur in a variety of ecological niches, not all of which 
are intestinal. Thus, for example, some species are associated with aquatic slimes 
and vegetation. The picture is further complicated by the fact that other mem
bers of the coliform group are also found in the intestine. Thus, the definitive 

24 



3 BACTERIA 

identification of E. coli may be needed to determine the significance of "coli
forms" in a water supply. 

Conventionally, thermotolerant coliforms are identified by growth at 
44-45 °C, but some isolates of Klebsiella, Citrobacter, and Enterobacter will also 
grow and ferment lactose under these conditions. The term "faecal coliforms" is 
often used for this group, but the term "faecal" is to be deprecated, since not all 
prove to be of faecal origin. 

The detection of the pathogenic subtypes of E. coli in water supplies has 
seldom been attempted. Although this may be necessary in epidemiological 
research, the available methods are not suitable for the routine examination of 
water samples. 

3.1.5 Vibrio cholerae 

General description 

Vibrio species are motile, non-spore-forming, slightly curved Gram-negative rods 
with a single polar flagellum; they are both aerobic and facultatively anaerobic. 
Their metabolism is both respiratory and fermentative without the production of 
gas. Both catalase and oxidase are formed, and nitrates are reduced to nitrites. 

Among the vibrios, special attention has focused on the identity of those 
causing cholera. It was for a long time believed that Vibrio cholerae was a unique 
and distinct species associated with human disease, and recognized by possession 
of the 01 antigens. This species was further divided into "classical" and "El Tor" 
biotypes, the latter distinguished by the ability to produce a dialysable, heat
labile haemolysin, active against sheep and goat red cells (25). 

A broader definition of V. cholerae has now been adopted. It has been known 
for many years that vibrios biochemically identical to Vibrio cholerae 01, but 
lacking the 01 antigen, could be found in the aquatic environment. These were 
termed non-cholera vibrios (NCV) or non-agglutinable (NAG) vibrios. The 
term "non-0 1 V. cholerae' is now preferred, since some may produce cholera 
toxin, while investigation of DNAlDNA homology between Vibrio cholerae, 
NCVs, and NAG vibrios has conclusively demonstrated that they are all very 
closely related. Currently, all are considered to be a single species, Vibrio cholerae, 
divided into more than 80 serological types on the basis of the 0 or somatic anti
gens. The H or flagella antigen is common to all the 0 groups of V. cholerae, and 
H agglutination has been used as a diagnostic test. 

Only V. cholerae serogroup 01 causes cholera. The 01 group contains two 
serotypes based on variations in the 0 antigen factors, namely Ogawa (factors A 
and B) and Inaba (factors A and C). These serotypes may exist in either the clas
sical or El Tor biotype. 

25 



GUIDELINES FOR DRINKING-WATER QUALITY 

Routes of exposure 

Cholera has historically been one of the major pandemic diseases. The present 
pandemic, unlike previous ones, is caused by V cholerae 01 biorype El Tor. 

Cholera is usually a waterborne disease, and numerous waterborne outbreaks 
have been documented. However, foodborne and nosocomial outbreaks are also 
important, and person-to-person transmission may occur under conditions of 
extreme crowding and poor hygiene. The problems of the transmission of cholera 
have been extensively reviewed, and although waterborne transmission is 
undoubtedly important, many aspects of the epidemiology of cholera are a mat
ter for debate. Evidence has accumulated to suggest that, in some circumstances, 
V cholerae, including serotype 01, may be part of the autochthonous microbiota 
of natural waters (25, 26). 

Health effects 

Infection with V cholerae 01 involves the small and large intestine. In the small 
intestine, the vibrios attach themselves to the mucous layer covering the villous 
epithelium, chemotactic processes apparently playing a role in their migration to 
the epithelium. After attachment, vibrios penetrate the layer of mucus and 
adhere to the surface of the epithelial cells. Motiliry seems to be essential for 
mucus penetration to occur. Adherence to the mucosal surface is specific, involv
ing a receptor-adhesion interaction analogous to a lectin-ligand reaction. When 
present in large numbers, V cholerae 01 produce an enterotoxin (cholera toxin) 
that causes alterations in the ionic fluxes across the mucosa with the resulting 
catastrophic loss of water and electrolytes in liquid stools. Cholera toxin is very 
similar to the heat-labile toxin produced by enterotoxigenic E. coli. 

It seems likely that other accessory virulence factors, such as mucinase and 
protease, are also important in the pathogenesis of cholera. Other toxins may also 
be involved. Enterotoxins similar to the heat-stable toxins of E. coli are known to 
be formed by V cholerae of 0 groups 2-84, and V cholerae 01 may also produce 
several toxins. Cholera toxin is not produced by all strains of V cholerae 01, and 
nontoxigenic strains are considered to be nonpathogenic. 

Significance in drinking-water 

The isolation of V cholerae 01 from water used for drinking is of major public 
health importance and is evidence of faecal contamination. However, other sera
groups of V cholerae may be part of the normal flora of some waters. 
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Shigellae are Gram-negative, non-spore-forming, non-motile rods, capable of 
growth under both aerobic and anaerobic conditions. Metabolism is both 
respiratory and fermentative; acid, but not usually gas, is produced from glucose. 
Lactose is seldom fermented. Catalase is usually produced, except by Shigella 
dysenteriae type 1, but oxidase is produced by one serotype only. Nitrates are 
reduced to nitrites. 

Shigellae are serotyped on the basis of their somatic 0 antigens. Both group 
and type antigens are distinguished, group antigenic determinants being com
mon to a number of related types. There is evidence that type antigen speci
ficities among Shigella jlexneri are determined by the presence of lysogenic 
bacteriophages. It seems likely that biotypic and serological variants are deter
mined by the presence of phage or the carriage of plasmids. Plasmids (trans
ferable, extrachromosomal genetic elements) were first described in this genus. 
Phage-typing systems exist for all groups, though they have not been widely 
applied, serological typing being adequate for all species except Shigella sonnei. 

Health effects and routes of infection 

Though shigella infection is not often spread by waterborne transmission, major 
outbreaks resulting from such transmission have been described. The character
istic bloody diarrhoea results from the invasion of the colonic mucosa by the bac
teria. There is good reason to believe that the process is highly species-specific. 
Shigellae have no natural hosts other than the higher primates, and humans are 
the only effective source of infection. Of the enteric bacterial pathogens, shigellae 
seem to be the best adapted to cause human disease. Direct transmission between 
susceptible individuals is the usual route of infection, and the infective dose is 
lower than for other bacteria. 

Significance in drinking-water 

The isolation of shigellae from drinking-water indicates recent human faecal con
tamination and, in view of the extreme pathogenicity of the organisms, is of cru
cial public health significance. However, this is a rare event, possibly explained in 
part by the absence of a useful enrichment or selective medium for the isolation 
of these bacteria. Those generally used have been designed for the isolation of sal
monellae and are not optimal for that of shigellae. Furthermore, without confir
matory testing, some anaerogenic strains of E. coli may be wrongly identified as 
shigellae. 
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3.2 Pathogens that grow in supply systems 

All drinking-water contains assimilable organic compounds that will allow a cer
tain degree of bacterial growth. The density of bacteria in drinking-water can and 
should be controlled for the reasons given in Chapter 8. 

Certain bacteria in drinking-water deserve particular attention because they 
are opportunistic pathogens to humans, i.e. they are able to cause infections 
in susceptible persons. The most important organisms of this type, namely 
Legionella and Aeromonas, will be considered here. Other organisms, such as 
Pseudomonas aeruginosa and opportunistically pathogenic mycobacteria, have 
been detected in drinking-water supplies. 

3.2.1 Legionel/a 

General description 

The genus Legionella, a member of the family Legionellaceae, has 22 currently 
known species, of which L. pneumophila serogroup 1 is most frequently asso
ciated with human disease. Other serogroups of L. pneumophila and occasionally 
other legionellae have also been reported to cause disease. Legionellae are Gram
negative, rod-shaped, non-spore-forming bacteria that require L-cysteine for 
growth and primary isolation. The cellular fatty acids in legionellae are unique 
among those found in Gram-negative bacilli in that they consist essentially of 
branched chains. Preconcentration of legionellae from environmental samples 
may be required if low levels are to be detected. Immunofluorescence techniques 
may also be used to detect legionellae in the environment. 

Health effects 

Legionella infections can lead to two types of disease, namely Legionnaires' dis
ease (legionellosis) and non-pneumonic Legionnaires' disease (Pontiac fever). 
Legionnaires' disease is a form of pneumonia with an incubation period usually 
of 3-6 days. Males are more frequently affected than females, and most cases 
occur in the 40-70 year age group. Risk factors include smoking, alcohol abuse, 
cancer, diabetes, chronic respiratory or kidney disease, and severe immunosup
pression, as in transplant recipients. The fatality rate in untreated cases may be 
10% or higher, but the disease can be treated effectively with antibiotics such as 
erythromycin and rifampicin. 

Legionnaires' disease is uncommon, but common-source outbreaks attract 
much attention. Between 100 and 200 cases are reported each year in England 
and Wales, and in Germany; in France, the incidence is somewhat higher, with 
over 400 cases per year (27). For people living in temperate climates, travelling to 
subtropical areas appears to be a significant risk factor, outbreaks being related to 
air-conditioning and hot-water systems in hotels. Hospital-associated Legion
naires' disease is the most serious form, because it usually affects debilitated per-
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sons and has a high mortality rate. The non-pneumonic form of the disease is 
milder, with a high attack rate, an acute onset (5 hours to 3 days) and symptoms 
similar to those of influenza: fever, headache, nausea, vomiting, aching muscles, 
and coughing. No fatal cases have been reported and few outbreaks have been 
recognized, possibly because the non-specific symptoms of the disease hinder its 
diagnosis. 

Routes of exposure 

Legionellae are widespread in natural sources of water and may also be found in 
soils. They occur commonly in man-made water systems, particularly in hot
water and cooling-water systems. Infection is the result of the inhalation of aero
sols that are small enough to penetrate the lungs and be retained by the alveoli. 
The degree of risk depends on four key factors: (i) the density of the bacteria in 
the source; (ii) the extent of aerosol generation; (iii) the number of inhaled bacte
ria; and (iv) the susceptibility of the exposed individual. 

Legionellae multiply in the laboratory at temperatures between 20 and 
46 oc. At temperatures higher than 46 oc, the bacteria will survive, but at 60 oc 
only for a few minutes (28). Temperatures favourable for growth may be found 
in cooling towers, spas, cold-water systems in buildings, hot-water systems oper
ated below 60 oc or "dead legs" of such systems operated at higher temperatures. 
Aerosols may be created by the spraying of water in cooling towers or its agitation 
in spas. Hot-water systems are also likely to create aerosols in showers, through 
nozzle heads or by splashing in sinks, baths, etc. The number of inhaled bacteria 
depends on the size of the aerosol generated (<5 "flm being most dangerous), the 
dispersal of the aerosol in the air, and the duration of the exposure. Host defence 
is an important factor that determines whether exposure to legionellae will lead 
to clinical disease. It is primarily for this reason that high counts of L. pneuma
phi/a in water systems have been reported in the absence of disease, whereas sim
ilar or lower counts have been associated with epidemics. It is also likely, 
although not yet adequately proven, that differences in virulence between strains 
partly account for these observations. 

It is now apparent that legionellae can be ingested by the trophozoites of cer
tain amoebae (Acanthamoeba, Hartmanella, Valkampfia, and Naegleria) and even 
grow intracellularly and become incorporated in their cysts (29 ). This may 
explain the difficulty of eradicating legionellae from water systems and may be a 
factor in the etiology of the non-pneumonic disease (30). 

The following are generally accepted as requiring disinfection: 
sites implicated in an outbreak of Legionnaires' disease or Pontiac fever; 
hospital wards housing high-risk patients, such as an organ transplant 
unit; 
buildings in which the water system has not been used for some time and 
where large numbers of legionellae are likely to be found. 
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Nevertheless, it is generally advisable to design and maintain systems in such 
a way that colonization by Legionella is prevented as much as possible. Detailed 
instructions for achieving this have been given in several publications (31-34) 
and focus on the following aspects: 

preventing the accumulation of sludge, scale, rust, algae and slime, and 
removing such deposits regularly; 
maintaining hot-water temperatures permanently above 60 oc or increas
ing them periodically to above 70 °C, and keeping cold-water supplies 
below 20 oc; 
selecting materials for contact with water that do not release nutrients that 
support the growth of Legionella. 

The use of biocides is generally regarded as a less effective and less desirable 
means of controlling legionellae in water supplies in buildings. However, their 
use is essential to prevent the build-up of microbial slimes in air-conditioning 
systems in which wet, evaporative cooling towers are used. Such systems should 
be kept clean and well maintained, and should be inspected weekly for fouling, 
accumulations of slime and scale, and corrosion; they should be thoroughly 
cleaned and disinfected twice yearly. Biocides are best used intermittently in 
clean systems (33, 34). 

3.2.2 Aeromonas 

General description 

Aeromonas spp. are Gram-negative, rod-shaped, non-spore-forming bacteria that 
are currently assigned to the family Vibrionaceae, although they also bear many 
similarities to the Enterobacteriaceae. MacDonnell et al. (35) have suggested the 
creation of a new family Aeromonadaceae. The genus Aeromonas is divided into 
two groups of which the first, the group of psychrophilic non-motile aeromon
ads, consists of only one species, A. salmonicida, an obligate fish pathogen that 
will not be considered further here. The group of mesophilic motile aeromonads 
has been divided by Popoff into three biochemically distinguishable groups (36), 
namely A. hydrophila, A. sobria and A. caviae. Each of these three species consists 
of at least three different DNA-hybridization groups, and later workers have 
described new species such as A. veronii, A. media, A. schubertii, and A. eucreno
phila. It may be expected that in the near future the taxonomy of the group of 
mesophilic aeromonads will be changed still further, but at present the classifica
tion of Popoff is that most widely accepted internationally. 

Health effects 

Mesophilic aeromonads have long been known to be pathogenic for cold
blooded animals such as fish and amphibians, but in the last few decades greater 
attention has been given to their pathogenic significance for humans. Three 
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major types of infection are described (37): (i) systemic infections, usually in seri
ously immunocompromised persons; (ii) wound infections (mainly after contact 
with surface water); and (iii) diarrhoea. In particular, the significance of Aero
monas as an enteropathogenic organism is the subject of much discussion. In ani
mal test models, such as the suckling mouse test and the rabbit ileal loop test, 
pure cultures of Aeromonas have been found to cause strong fluid accumulation 
which can partially be ascribed to the production of extracelluar cytotoxins. 
However, there have been reports that, while the culture filtrate of some Aero
monas strains is not enteropathogenic in an animal test model, a suspension of 
living cells does have this property. Cell-bound factors are apparently also of im
portance (38). Asao et al. (39) have purified and characterized an Aeromonas 
haemolysin, which was found to be a protein with a relative molecular mass of 
about 50 000 that was strongly enterotoxic and cytotoxic. It has not yet been 
possible to purify and characterize other toxins because the toxic activity disap
pears rapidly when culture filtrates are manipulated. Despite the marked toxin 
production by Aeromonas strains in vitro, diarrhoea has not yet been induced in 
test animals or human volunteers, and it is assumed that such strains are only 
poorly able to colonize the gastrointestinal tract ( 40). Little is known about the 
adhesion factors of Aeromonas or their interaction with receptors in the gastroin
testinal tract. 

Epidemiological investigations have also resulted in contradictory findings 
on the significance of Aeromonas as an enteropathogenic organism. In some stud
ies, the numbers of Aeromonas in the faeces of patients with diarrhoea were 
greater than those in control groups, whereas in other studies there was no differ
ence, or the bacteria were found in even greater numbers in the latter. In general, 
it can be said that the significance of Aeromonas as an enteropathogenic organism 
is greater in tropical areas than in the temperate zone. However, infections do 
occur in the temperate zone as well, albeit less frequently. Aeromonas-associated 
diarrhoea usually causes an acute but self-limiting gastroenteritis but chronic dis
ease with serious complications may also occur. The incidence of Aeromonas in 
human diarrhoeal faeces in the Netherlands was found to vary between 0.5% in 
winter and 3% in summer. Most isolations were made in children under five 
years of age or in adults above 70 years of age. Young children yielded mainly 
A. caviae, whereas A. sobria was usually isolated from the elderly ( 41). 

Routes of exposure 

Aeromonas occurs in water, soil, and food, particularly meat, fish, and milk. The 
occurrence of Aeromonas in drinking-water can be studied by a variety of meth
ods. A membrane filtration method has been described in which a selective 
ampicillin-dextrin agar (ADA) is used (42). If water samples from house installa
tions are being examined, the addition to the sample of a complexing agent such 
as the disodium salt of edetic acid (Na2EDTA) at a concentration of 50 mg/litre 
is necessary. Aeromonas is extremely sensitive to the traces of copper that may be 

31 



GUIDELINES FOR DRINKING-WATER QUALITY 

present in water in domestic installations in which copper piping is used. Com
plexing of copper was also found to improve the survival of coliform bacteria and 
heterotrophic bacteria ( 43). 

The number of Aeromonas in surface waters can vary between 0.01 and 1000 
cfu/ml. Small numbers are found in springs and in seawater that is not contami
nated by sewage discharges. If such discharges are present, the number of Aeromo
nas can rise to 100 cfu/ ml in seawater, and more than 1000 cfu/ ml in fresh water, 
the species A. caviae then being dominant. In fresh waters not subject to sewage 
pollution, the numbers of Aeromonas are usually between 10 and 100 cfu/ml. In 
these waters, the numbers are higher in summer than in winter, and there is a rela
tion between the eutrophication of the water and the summer density of Aeromo
nas. In stagnant fresh water, A. sobria is usually the dominant species. When river 
water is stored in reservoirs, the number of Aeromonas decreases, but there is also a 
shift in species composition from A. caviae to A. sobria. Aeromonas is not usually 
found in groundwater or is found only in very small numbers ( 44). 

Irrespective of the contamination level of the raw water, most drinking-water 
treatment processes appear to be able to reduce the numbers of Aeromonas to 

below 1 cfu/100 ml. However, treated water can contain larger numbers, with 
maxima of about 1000 cfu/100 ml as a result of regrowth in storage reservoirs 
with long retention times, polluted filter sand, or sudden changes in the quanti
ties of water to be produced. Regrowth of Aeromonas occurs in the distribution 
network of most drinking-water treatment plants. The size of the Aeromonas 
population will depend on many factors but primarily on the organic content of 
the water and its temperature, the residence time in the distribution network, 
and the presence of residual chlorine. 

Little is known about the type and concentrations of nutrients for Aeromonas 
in drinking-water. Van der Kooij ( 45) has suggested that Aeromonas prefers to 

grow on organic matter, e.g. from decaying nitrifYing and methane-oxidizing 
bacteria that develop in drinking-water treatment plants or from biofilm material 
in distribution networks. 

Control of aeromonads in drinking-water requires a multiple approach, 
which is similar to the general approach to limiting the regrowth of bacteria (see 
Chapters 8 and 9). The treatment process should effectively remove organic com
pounds serving as sources of carbon and energy for the growth of bacteria. Fur
thermore, the amount ofbiomass produced and subsequently released during the 
treatment process should be as small as possible. The distribution system should 
be designed in such a way that residence times are short, and it should be flushed 
regularly to prevent the accumulation of sediments in stretches with low water 
velocities. Materials in contact with drinking-water should not be a source of bio
degradable compounds. These factors are of greatest importance in supplies that 
are not disinfected, or where the maintenance of a chlorine residual is not consid
ered desirable for various reasons. Free available chlorine residuals of 0.2-0.5 
mg!litre will generally be sufficient to control Aeromonas densities in water in the 
distribution network ( 46, 47). Chlorine or other disinfectants should not be 
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used to control occasional increases in Aeromonas densities in supplies that are 
normally not chlorinated because biofilms on pipe walls will be disturbed, and 
this will result initially in increases rather than decreases in bacterial concentra
tions. Also, in such systems the chlorine consumption will be rather high and 
residuals cannot be properly maintained, thus allowing regrowth in remote 
stretches of the network. 

The question whether the presence of Aeromonas in drinking-water is a risk 
to human health cannot be answered with certainty; however, if there is a risk, it 
must be small because in many countries the bacterium is not important as a 
causative agent of diarrhoea and is not often able to colonize the gastrointestinal 
tract of humans. Also, the numbers present in drinking-water are small as com
pared with those in other sources. In food, for instance, the numbers usually 
found are of the order of IOLlQ5 cfu/g. However, drinking-water is a product 
that is consumed daily by everyone, including groups with a reduced resistance to 

infectious diseases. Some of this water is consumed without previous heating, in 
contrast to most foods contaminated with Aeromonas. A cautious approach there
fore appears to be justified. Numbers of Aeromonas in drinking-water must be 
controlled as far as possible. Apart from the public health reasons for the control 
of Aeromonas levels in drinking-water, experience has shown that it is a useful and 
sensitive indicator of general hygiene within the drinking-water production and 
distribution process. Currently, no guideline value can be given because local 
conditions (temperature, raw water source) may greatly influence Aeromonas 
counts in drinking-water. 

3.2.3 Pseudomonas aeruginosa 

General description 

P. aeruginosa is a member of the family Pseudomonadaceae and is a mono
trichate, Gram-negative rod. It can be recognized by its production of a blue
green fluorescent pigment (pyocyanin), which, in agar cultures, will diffuse into 
the medium. Pigment may not be produced by strains of P. aeruginosa recovered 
from clinical specimens, and the ability to produce it may be lost on subculture. 
Like other fluorescent pseudomonads that occur in natural waters, P. aeruginosa 
strains produce catalase and oxidase, and ammonia from arginine, grow with cit
rate as the sole source of carbon, and are aerobic. P. aeruginosa, however, is 
capable of growth at 41-42 °C, and the blue-green pigment that it produces dif
fers from the fluorescent pale green pigment (fluorescein) produced by other spe
cies of fluorescent pseudomonads found in water. It is also capable of growing 
anaerobically in stab cultures of nitrate agar. 

P. aeruginosa is commonly found in faeces, soil, water, and sewage but cannot 
be used as an indicator of faecal contamination, since it is not invariably present 
in faeces and sewage, and may also multiply in the enriched aquatic environment 
and on the surface of unsuitable organic materials in contact with water. How-
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ever, its presence may be one of the factors taken into account in assessing the 
general cleanliness of water distribution systems and the quality of bottled waters 
(see section 9.3.2). 

Routes of exposure 

P. aeruginosa is an opportunistic pathogen. Most of the illnesses in humans for 
which it is responsible are caused, not by drinking water, but by contact with it. 
Water containing these bacteria may also contaminate food, drinks, and pharma
ceutical products, causing them to deteriorate and to act as secondary vehicles for 
transmission. Fixtures in contact with water, such as sinks and sink drains, tap 
fittings and showerheads, can also be contaminated by P. aeruginosa and can serve 
as reservoirs of infection in hospitals. 

Health effects and significance in drinking-water 

In healthy persons, the illnesses caused by P. aeruginosa are usually mild and triv
ial. Waterborne infections are usually associated with warm, moist environments; 
they include the skin rashes and pustules or outer ear canal infections (otitis 
externa) reported in users of indoor swimming-pools and whirlpools, where 
bacterial counts are high and disinfection is deficient ( 48, 49). The presence of 
this organism in water supplied to hospitals and for the manufacture of pharma
ceutical preparations and dressings is a matter of concern because P. aeruginosa is 
a common pathogen in infections of wounds and burns and has caused serious 
eye infections after the use of contaminated eye drops (50). Hospital strains of 
P. aeruginosa can first colonize and then infect patients receiving cancer chemo
therapy (5 I). 

The presence of this organism in potable water also indicates a serious deteri
oration in bacteriological quality, and is often associated with complaints about 
taste, odour, and turbidity linked to low rates of flow in the distribution system 
and a rise in water temperature (see section 9.3.2). 

3.2.4 Mycobacterium 

General description 

Mycobacterium spp. are rod-shaped bacteria with cell walls having a high lipid 
content; this enables them to retain certain dyes in staining procedures that 
employ an acid wash, and they are therefore often referred to as acid-fast bacteria. 
The characteristics of the cell wall structure also result in a relatively high resis
tance to disinfectants. All mycobacteria are characterized by slow growth (genera
tion times under optimal circumstances 2-20 hours), but within this range they 
are divided into "slow" and "rapid" growers. Most pathogenic species are found 
among the slow growers, which include the strictly pathogenic species M. tuber
culosis, M. bovis, M. africanum, and M. leprae; these are not transmitted by water 
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and have only human or animal reservoirs. Other mycobacterial species, often 
referred to as "atypical", have environmental reservoirs. Although many are con
sidered to be nonpathogenic, several species are opportunistic pathogens for 
humans, the most important being the slow growers M. kansasii, M. marinum, 
M avium, M. intracel!ulare, M scrofolaceum, and M. xenopi, and the rapid grow
ers M chelonae and M. Jortuitum. Some of these species are closely related, and 
the literature often describes a number of complexes rather than individual spe
cies. Examples are the "M. bovis complex" (which includes M. africanum), the 
"M. avium complex" (or MAC, which includes M intracellulare), or the 
"M avium, M. intracel!ulare, M scrofolaceum complex" (or MAIS) and the 
"M. Jortuitum-chelonae complex." 

Health effects 

The strictly pathogenic mycobacteria are associated with classical infectious dis
eases such as tuberculosis and leprosy. The environmental mycobacteria may 
cause a range of diseases including tuberculous lung disease and disseminated 
infections which may also involve the skeleton (M. kansasii, M. avium complex), 
infections of the lymph nodes (MAIS complex), and infections of the skin and 
soft tissues (M marinum, M. Jortuitum-chelonae complex) (52, 53). Diseases 
caused by opportunistic pathogenic mycobacteria are not normally transmitted 
from person to person but are usually the result of environmental exposure in 
combination with predisposing factors, such as dust retained in the lungs, 
surgical wounds, or immunosuppression produced by medication (transplant 
patients) or by underlying disease (AIDS, malignancies). Mycobacteria are gener
ally resistant to many antimicrobial agents, hence effective treatment may be 
difficult. 

Routes of exposure 

An extensive review of the occurrence of mycobacteria in environmental sources 
has been published (54). Tapwater has long been known to harbour saprophytic 
mycobacteria; in fact, one of the most commonly occurring species, M. gordonae, 
is known as the tapwater bacillus. The occurrence of opportunistic pathogenic 
species in tapwater has also been demonstrated by various authors (55, 56). These 
organisms may accidentally contaminate clinical specimens during and after col
lection, or during processing in the laboratory; this may falsely suggest that the 
patients concerned are suffering from a mycobacterial infection (57, 58). A link 
between the occurrence of mycobacteria in drinking-water and disease has some
times been suggested. Endemic M. kansasii infections in Czechoslovakia were 
studied from 1968 onwards, the peak incidence being found in a small, densely 
populated district in which workers were engaged in mining, heavy industry, and 
power generation. M. kansasii could also be isolated from shower outlets in col
lieries, and it was later shown that the drinking-water system in the entire region 
was widely contaminated. It was suggested that mycobacteria from drinking-
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water were spread via aerosols (59). The high isolation frequency of M. kansasii 
from clinical specimens in Rotterdam, the Netherlands, led to an investigation of 
the water supply system. The organisms were frequently isolated from tapwater, 
and were of the same phage type and showed the same weak nitratase activity as 
clinical strains ( 60). The increase in the isolation frequency of the M. avium 

complex in Massachusetts, USA, has also been attributed to their presence in 
drinking-water ( 61). It should be noted that in all these cases there is only cir
cumstantial evidence of a causal relationship between the occurrence of mycobac
teria in drinking-water and human disease. Certainly, the low infectivity of 
environmental mycobacteria does not warrant the setting of standards or the 
institution of eradication programmes. 

The ecology of opportunistic mycobacteria in water supplies is poorly under
stood. The bacteria have been isolated infrequently from treated water or mains 
water (52, 57) but appear to multiply within the plumbing systems in buildings 
as well as in taps. Increased isolation frequencies have been associated with higher 
temperatures (hot-water systems or cold-water pipes in the vicinity of central 
heating). Older buildings appear to be more frequently colonized than new ones 
( 61), and transport of drinking-water over long distances also seems to increase 
the content of mycobacteria (58). Haas et al. (62) attempted to correlate total 
microscopic counts of acid-fast bacteria (hence including both pathogenic and 
saprophytic species) with a range of physicochemical parameters. A negative cor
relation with total chlorine residual and a positive correlation with turbidity and 
total organic carbon (TOC) was established, but these variables only accounted 
for a small proportion of the overall variance of counts. It might also be expected 
that materials used for plumbing would have an effect on mycobacterial densi
ties, but no experimental evidence of such an effect has yet been presented. 
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4. 
Viruses 1 

4.1 General description 

The viruses of greatest significance in the waterborne transmission of infectious 
disease are essentially those that multiply in the intestine of humans and are 
excreted in large numbers in the faeces of infected individuals. Although viruses 
cannot multiply outside the tissues of infected hosts, some enteric viruses appear 
to have a considerable ability to survive in the environment and remain infective. 
Discharges of sewage and human excreta constitute the main source of human 
enteric viruses in the aquatic environment. With the various analytical methods 
currently available, wide variations are found in the numbers of viruses present in 
sewage. These belong to the families shown in Table 4.1. The numbers of viruses 
and the species distribution will reflect the extent to which they are being carried 
by the population. Sewage treatment may reduce the numbers of viruses 
10-1 000-fold, depending on the nature and extent of the treatment given. How
ever, it will not eliminate them entirely, and the sludge produced during sewage 
treatment will often contain large numbers. As sewage mixes with receiving 
water, viruses are carried downstream, remaining detectable for varying periods 
of time, depending on the temperature, the degree to which they are adsorbed on 
to sediments, the depth to which sunlight penetrates into the water, and other 
factors. Consequently, enteric viruses can be found in sewage-polluted water at 
the intakes to water-treatment plants. 

The relationship between the occurrence of viruses in water and risks to 

health is not a simple one; the factors involved are discussed in section 4.3. Table 
4.1 lists those viruses, infective for humans, which have been found in sewage
polluted water and the illnesses with which they have been associated. 

4.1.1 The nature of viruses 

Viruses are replicating infectious agents that are among the smallest of all micro
organisms. In essence, they are nucleic acid molecules that can enter cells and 
replicate in them, and code for proteins capable of forming protective shells 
around them. The following characteristics are shared by all viruses: 

1 The valuable contribution made by Dr N.F. Pierce, Division of Diarrhoea! and Acute Respiratory 
Disease Control, WHO, Geneva, in the preparation of this chapter is gratefully acknowledged. 
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Table 4.1 Viruses pathogenic to humans which can occur in polluted 
water and diseases attributed to them 

Virus family Members No. of Diseases caused 
serotypes 

Picornav1r1dae Human pollov1ruses 3 ParalysiS, meningitiS, fever 

Human echov1ruses 32 Men1ng1tis, respiratory disease, 
rash, fever, gastroenteritis 

Human coxsackie- 23 Enteroviral ves1cular pharyngitis, 
viruses A 1-22,24 respiratory disease, men1ng1tis, 

enteroviral ves1cular stomatitis 
with exanthem (hand, foot and 
mouth d1sease) 

Human coxsack1e- 6 Myocarditis, congenital heart 
viruses 81-6 anomalies, rash, fever, menin-

g1t1s, resp1ratory disease, 
epidem1c myalg1a (pleurodynia) 

Human enterov1ruses 4 Men1ngitis, encephalitis, respira-
68-71 tory disease, rash, acute entero-

wal haemorrhagic conjuncti-
VI!IS, fever 

Hepat1t1s A v1rus Hepatitis A 

Reov1r1dae Human reov1ruses 3 Unknown 

Human rotawuses 5 Gastroenteritis, diarrhoea 

Adenoviridae Human adenoviruses 41 Respiratory d1sease, conjunct1-
Vltls, gastroenteritiS 

Parvov1 ri dae Adeno-assoc1ated 4 Latent 1nfect1on follow1ng integra-
viruses tion of DNA 1nto the cellular 

genome 

Callclwidae Human calic1V1ruses 5 Gastroenteritis 1n infants and 
young children 

Small round structured 14 Gastroenteritis, acute v1ral 
wuses (Including gastroenteropathy (Winter 
Norwalk virus) vomiting disease) 

Caliciviridae (?) Hepatitis E wus ? HepatitiS E 

Unknown Astroviruses Gastroenteritis, neonatal 
necrotizing enterocolitis 

Papovaviridae Pap1llomav1ruses 2 Plantar warts 
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1. The virus particle or virion consists of a genome, either RNA or DNA, that is 
surrounded by a protective protein shell called the capsid. This shell is itself 
often enclosed within an envelope that contains both protein and lipid. 

2. Viruses replicate only inside specific host cells. They are totally dependent on 
the host cell's synthetic apparatus and energy sources, and are thus parasites at 
the genetic level. 

4.1.2 Classification of animal viruses 

The present universal system for virus taxonomy is set arbitrarily at the hierarchi
cal levels of family, genus, and species by the International Committee on Taxon
omy of Viruses (I). The fundamental criteria used for classification purposes are 
the type and strandedness of the nucleic acid of the viral genome and the pres
ence or absence of a lipoprotein envelope. 

Virus families, designated by terms ending in -viridae, represent clusters of 
genera of apparently common evolutionary origin. Virus genera are designated 
by terms ending in -virus and are based on common evolutionary origin and bio
physicochemical or serological properties (see Table 4.1). Virus species have not 
been designated formally except for the family Adenoviridae, where the term is 
now defined on the basis of immunological distinctiveness. 

4.1.3 Virus families occurring in water 

Picornaviruses are 27-28 nm particles consisting of positive-sense single-stranded 
RNA enclosed in a protein coat of icosahedral symmetry, which are stable at 
pH 3; one member of this family, hepatitis A virus, is particularly stable, e.g. it 
can survive for some hours at pH 1. They resist inactivation by various environ
mental factors for a number of weeks, particularly when associated with sedi
ments in natural waters. The genus Enterovirus, which is one of the three genera 
of the Picornaviridae family pathogenic to humans, contains six major groups: 
human polioviruses, human echoviruses, human coxsackievirus groups A and B, 
the new enterovirus serotypes 68-71, and, as mentioned above, hepatitis A virus. 

The family Reoviridae contains six genera, two of which-human reovi
ruses (orthoreoviruses) and human rotaviruses-have been detected in polluted 
water. The virus particles are approximately 70 nm in diameter and have both 
an inner capsid 50-65 nm in size, of icosahedral symmetry, enclosing a double
stranded, segmented genome, and an outer one, in which striking differences are 
apparent in the different genera. The orthoreoviruses have a well-defined outer 
capsid, composed of hexagonal and pentagonal subunits. The rotavirus outer 
capsid lacks visible subunit structures. Both genera lose infectivity relatively 
slowly even at ambient temperatures and are stable over a wide range of pH 
values. 

The family Adenoviridae contains two genera. The mammalian adenoviruses 
include 41 human species, subdivided on the basis of their biophysical, biochem-
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ical, biological, and immunological characteristics into six subgenera (A-F). The 
virion is a non-enveloped regular icosahedron (20 triangular surfaces and 12 ver
tices), which is 65-80 nm in diameter. A fibre-like structure projects from each 
of the vertices. The genome is a single linear molecule of double-stranded DNA. 

Parvoviridae are among the smallest of the DNA animal viruses. The virion 
is 18-26 nm in diameter, is of icosahedral symmetry and has a single-stranded 
DNA genome. The family Parvoviridae contains three genera, for two of which, 
Parvovirus and Dependovirus, waterborne transmission is a possibility. The virion 
is extremely resistant to inactivation; it is stable between pH 3 and 9, and at 
56 oc for 60 minutes. The genus Dependovirus (adeno-associated virus, AAV), 
has a relatively wide host range; infection is common in the general population. 
AAV only infects human cells cryptically; no overt disease has been observed. 

The so-called "small round structured viruses", which include Norwalk virus, 
contain RNA and a single capsid polypeptide typical of caliciviruses; they are 
therefore currently included in the Caliciviridae family (see also p. 47). 

Hepatitis E virus is an important cause of acute hepatitis in tropical and 
subtropical countries. Classification of this virus is difficult, but many have 
placed it among the Caliciviridae (2). 

The Papovaviridae consist of several genera, among them the papilloma 
viruses. Papovaviridae are non-enveloped, icosahedral particles, 45-55 nm in 
diameter, which contain one molecule of double-stranded DNA. They are highly 
resistant to inactivating environmental factors. Natural transmission is presumed 
to be through contact, and the diseases that they cause have been associated with 
swimming-pools. 

4.2 Routes of exposure 

4.2.1 General considerations 

Acute gastrointestinal and diarrhoea! illnesses continue to be the major water
borne diseases throughout the world. Rapid methodological advances have 
recently been made in the study of their etiology that have revolutionized the 
diagnosis of viral diarrhoea! diseases. Waterborne outbreaks due to viruses have 
now been recorded from developed and developing countries all over the world 
(2-5). Many different strains of viruses have been isolated from raw and treated 
drinking-water ( 6). Isolation from water does not prove beyond all possible 
doubt that water is a vehicle for the transmission of disease, although it does indi
cate that a hazard exists. Proper treatment and disinfection should result in 
drinking-water that is essentially virus-free. Epidemiological proof of the water
borne transmission of viral diseases is very difficult to obtain for a variety of 
reasons (7), including the following: 

the symptoms may not resemble those of typical waterborne diseases; 
asymptomatic carriage and excretion occur in a large proportion of those 
infected; 
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some infections have long incubation periods, e.g. hepatitis caused by 
hepatitis A virus, 
waterborne transmission may be at a low level, and secondary spread may 
occur by other routes; 
suitably sensitive methods for detecting the infectious agent in water may 
be lacking. 

Waterborne transmission has been unequivocally demonstrated for hepatitis 
A and hepatitis E viruses, rotaviruses and Norwalk virus, and the explosive epi
demics that they cause have been well documented. For the other viruses 
included in Table 4.1, water borne transmission is a probability but has not been 
definitely established. 

Low-level transmission may occur in which small numbers of viruses present 
in drinking-water, either sporadically or continuously, produce asymptomatic 
infections that remain unrecognized. The person-to-person spread of such infec
tions in the community could lead to disease outbreaks apparently unconnected 
with water. However, the existence of such a mechanism has not been confirmed. 

In a prospective epidemiological study among city dwellers receiving bac
teriologically satisfactory drinking-water, it was found that the group receiving 
water not treated by reverse osmosis at the point of use had 25o/o more gastro
intestinal symptoms than those receiving water treated by this process (8). The 
symptoms observed were compatible with infection caused by the Norwalk virus 
or astroviruses, which were probably incompletely removed from the sewage
contaminated river water used as the source. 

In some areas, water sources may be heavily polluted, and the water
treatment processes used may not be reliable. For this reason, and because of the 
large number of persons at risk, drinking-water must be regarded as having a very 
significant potential as a vehicle for the environmental transmission of enteric 
viruses. As with other microbial infections, enteric viruses may also be transmit
ted by contaminated food and aerosols, as well as by direct contact, the usual 
mode of transmission. 

Schemes for the recycling of wastewater for domestic use are being consid
ered in some cities, while in many others, water for potable supplies is obtained 
from contaminated surface sources containing a significant proportion of waste
water. The risk of viruses penetrating the water-treatment processes-including 
pretreatment storage and disinfection-must be carefully evaluated whenever 
wastewater is to be reused in this way. 

4.2.2 Specific families of viruses 

Enteroviruses have a worldwide distribution, their prevalence increasing during 
the warm months of the year in temperate climates. The epidemiology of these 
infections suggests that faecal-to-oral transmission is the major means of spread 
and that various types of enterovirus can give rise to large outbreaks when they 
are transmitted by the water route. 
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Rotaviruses and orthoreoviruses have been detected in sewage, rivers, and 
lakes and in treated drinking-water in some countries (9-12 ). Transmission 
occurs via the faecal-to-oral route. The infection is usually associated with spo
radic cases, but several large waterborne outbreaks have been well documented 
(13, 14). The rotaviruses are of considerable public health importance as a com
mon cause of acute diarrhoea, particularly in young children. They infect and 
multiply in mature or differentiated enterocytes located on the villi of the duo
denum and small intestine, and are excreted in large numbers; as many as 1000 
virus particles may be present per gram of faeces for approximately 8 days after 
the onset of symptoms. 

Adenoviruses generally infect conjunctival, respiratory, and intestinal epi
thelium in addition to regional lymphoid tissue. Prolonged excretion of viruses 
both from the pharynx and from the intestinal tract has been described. Several 
species, particularly subgroups B, C, 0 and E, and serotypes 1, 2, 3, 4, 5, 6, 7 
and 15, have been isolated from sewage, rivers, lakes, groundwater, and water 
used for drinking and swimming. Waterborne transmission occurs by the faecal
to-oral route, by inhalation of adenovirus aerosols into the lower respiratory 
tract, and by eye contact when the conjunctival surface is mildly irritated. Several 
large outbreaks of pharyngoconjunctival fever have been associated with 
swimming-pools (15, 16). 

The use of electron microscopy for the examination of faecal specimens from 
persons with nonbacterial gastroenteritis resulted in many observations of small 
viruses ranging in size from 20 to 40 nm, the "small round structured viruses" 
already mentioned on p. 45. The first of these viruses to be described was the 
Norwalk agent which was detected in volunteers fed filtered faecal suspension 
obtained from patients in an outbreak of winter vomiting disease. Morphologi
cally similar viruses known as the Hawaii, Wollan, Ditching, Parramatta, Snow 
Mountain and Montgomery County agents were subsequently found. Failure to 
culture any of these agents satisfactorily delayed definitive classification but, as 
previously noted, they are now assigned to the Caliciviridae family. 

Norwalk virus infects the villi of the jejunum. Virus shedding in stools 
occurs during the first 72 hours after the onset of illness. The virus is transmitted 
by the faecal-to-oral route. Of all Norwalk-related outbreaks, water seems to be 
responsible for about 40%, the type of water involved including drinking-water 
supplies, recreational bathing water, and shellfish-harvesting water ( 11). 

4.3 Health effects 

Enteric viruses are capable of producing a wide variety of syndromes, including 
rashes, fever, gastroenteritis, myocarditis, meningitis, respiratory disease, and 
hepatitis (Table 4.1). In general, asymptomatic infections are common and the 
more serious manifestations rare. However, when drinking-water is contaminated 
with sewage, gastroenteritis and hepatitis may occur in epidemic proportions. 
Apart from these infections, there is little, if any, epidemiological evidence to 
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show that adequately treated drinking-water is involved in the transmission of 
virus infections. 

Gastroenteritis of viral origin may be associated with a variety of agents 
(Table 4.1). It is usually of 24-72 hours' duration with nausea, vomiting and 
diarrhoea; it occurs in susceptible individuals of all ages, but is most serious in 
the very young and very old, where dehydration and electrolyte imbalance can 
occur rapidly and threaten life if not corrected without delay. 

Dependoviruses (adeno-associated virus), together with adenoviruses, have 
been recovered from surface water (I 8); it is therefore suspected that waterborne 
transmission of these viruses can occur. 

Hepatitis A virus (human enterovirus 72) and enterically transmitted hepati
tis E virus cause infections of the liver typically accompanied by lassitude, ano
rexia, weakness, nausea, vomiting, headache, abdominal discomfort, fever, dark 
urine, and jaundice. Hepatitis, if mild, may require only rest and restricted acti
vities for a week or two, but when severe may cause death from liver failure, or 
may result in chronic disease of the liver. Severe hepatitis is tolerated less well 
with increasing age, and the fatality rate increases sharply beyond middle age. 
The mortality rate is higher among those with pre-existing malignancy and cir
rhosis (19). A fulminant form leading to death within days occurs in 0.1-0.6% 
of cases. Hepatitis E infection in pregnant women has a high mortality rate. 
Local epidemics are usually traceable to contaminated food or water. The virus 
has been detected in polluted rivers (20) and in drinking-water (21). Several very 
large outbreaks of drinking-water-transmitted hepatitis have occurred in India 
(2), China (Mendong, personal communication), Algeria (22) and the former 
Soviet Union (23). 

Adenoviruses are among the viral agents associated with acute nonbacterial 
infectious gastroenteritis. Of the various species, two (types 40 and 41) cannot 
routinely replicate in cell cultures and are called fastidious variants. Such fastidi
ous adenoviruses have been found in many parts of the world and are probably 
second only to rotaviruses as a cause of gastroenteritis in young children. They 
tend to be endemic rather than epidemic although outbreaks have occurred. 
Cytopathogenic adenoviruses can easily be detected in all kinds of water, so that 
waterborne transmission of the fastidious variants has also been suspected ( 6). 

Rotaviruses are responsible for a large proportion of severe episodes of diar
rhoea in small children and infants, and may also cause gastroenteritis in the 
elderly (24). They are responsible for as much as 50% of the gastroenteritis in 
infants and children admitted to hospital during the cooler months of the year in 
temperate climates. Rotaviruses have occasionally been isolated from drinking
water in some countries, but more often from sewage (9, 25). Acute infection is 
characterized by the abrupt onset of severe watery diarrhoea with fever and vom
iting. Dehydration and metabolic acidosis may develop, resulting in death if 
untreated. Those most severely infected and affected are between 6 and 24 
months old. 
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The Norwalk virus usually causes self-limiting explosive epidemics of gas
troenteritis that last for 24-48 hours, are community-wide, and involve school
age children, family contacts, and adults. Roughly one-third of such outbreaks of 
gastroenteritis can be attributed to the Norwalk virus. Infections result in delayed 
gastric emptying, nausea, vomiting, and abdominal cramps. About 50% of 
infected persons have associated diarrhoea; some have fever and chills. A tran
sient lymphopenia has been observed. Norwalk and Norwalk-like viruses (small 
round structured viruses) primarily infect and cause disease in older children and 
adults, and have been responsible for a large number of outbreaks of acute infec
tious nonbacterial gastroenteritis. Infection may be spread by municipal water 
systems, semi-public water supplies, recreational swimming, and stored water ( 4, 
26, 27) although other modes of transmission, including person-to-person 
spread, are usually more important. 
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5. 
Protozoa 

Drinking-water plays a major role in the spread of three of the intestinal protozoa 
pathogenic for humans, namely Giardia intestinalis (syn. G. Iamblia, the etio
logical agent of human giardiasis), Cryptosporidium parvum (human crypto
sporidiosis), and Entamoeba histolytic a (amoebic dysentery). Balantidium coli 
infection (balantidiasis) is uncommon, although the parasite has a worldwide 
distribution. These pathogenic intestinal protozoa can be transmitted to hu
mans by any mechanism whereby material contaminated with faeces containing 
viable organisms from infected individuals can reach the mouth. However, 
infections with pathogenic Naegleria fowleri (naegleriasis or primary amoebic 
meningoencephalitis) and Acanthamoeba spp. (meningitis, keratitis) are asso
ciated primarily with recreation and the inhalation of warm soil-contaminated 
water, and are comparatively rare. 

5.1 Giardia 

5.1.1 General description 

Life cycle 

Organisms in the genus Giardia (also called Lamblia) are flagellated protozoa 
that parasitize the intestines of humans and animals. These flagellates have a sim
ple two-stage life cycle consisting of the reproductive trophozoite stage and the 
environmentally resistant cyst stage. When ingested by a susceptible host, the 
cysts are induced to excyst by exposure to acid in the stomach and perhaps also 
by contact with enzymes or other as yet undefined digestants (1). After excysting, 
the trophozoite leaves the cyst wall behind and rapidly undergoes cytokinesis, 
splitting by binary fission into two daughter trophozoites (2) which are bilater
ally symmetrical and vary in shape from ellipsoidal to pyriform (3). The anterior 
end is rounded and contains two nuclei, while the posterior end tends to be 
pointed. The dorsal side is convex, and the ventral side contains an adhesive or 
sucking disc by which the organism attaches itself to intestinal surfaces. Each 
trophozoite has two slender median rods or axostyles, four pairs of flagella, and a 
pair of median bodies. The trophozoites may be 9-21 flm long, 5-15 flm wide, 
and 2-4 flm thick. 
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Perhaps in response to population pressures, the trophozoites release their 
hold on the intestinal epithelium and enter the lumen. As they travel down the 
intestines, they are apparently induced to encyst by exposure to bile, alkaline 
pH, and possibly bacterial metabolites (4 ). The cysts are ovoid, 8-12 ].lm long 
by 7-10 Jlm wide, and contain the same structures (nuclei, axostyles, median 
bodies) as the trophozoites; however, up to four nuclei may be visible within 
each cyst. The cysts are discharged with the faeces and thereby returned to the 
environment. 

The length of time that cysts can survive depends on the temperature. 
G. intestinalis cysts have survived for at least 77 days and G. muris cysts for at 
least 84 days when suspended in water at less than 10 oc. Above 20 oc, cyst in
activation is relatively rapid. Sharp decreases in cyst viability have been noted 
after 3 days' storage in water at 20 oc or after only 1 day at 37 oc. The thermal 
death point for G. muris cysts has been reported to be 54 oc, and G. intestinalis 
have been inactivated by exposure to 55 oc for 5 minutes. Cysts may be inacti
vated in water by bringing the temperature to boiling point (5-8). 

Host range 

Giardia organisms are widely distributed in nature and have been reported as 
occurring in more than 40 species of animals including amphibians, birds, and 
mammals (9). However, whether or not giardiasis is, or can be, a zoonosis is 
debatable. Some investigators have reported infecting a variety of animals 
-including dog, beaver, muskrat, gerbil, and rat-with cysts from human 
sources (1 0-12), but others have been unable to infect mice, hamsters, rats, cats, 
and dogs with such cysts (13). However, all of them have been able to infect 
some species of animals with cysts derived from different ones. While there are 
anecdotal reports to suggest that humans may become infected with cysts from 
deer, beavers, and muskrats (14), no controlled studies on human volunteers 
inoculated with organisms from animal sources have yet been reported. It appears 
that some species of Giardia may be host-specific while others may not be. In 
addition, since at least some animals that inhabit watersheds can become infected 
with cysts from humans, they may act as intermediaries for human Giardia infec
tion rather than as primary reservoirs. Methods are needed capable of differen
tiating between the cysts causing human infections and those found in 
environmental samples. Until such methods are developed, it would seem pru
dent, as has been suggested (15 ), to assume that humans may be susceptible to 
many of the Giardia infecting lower animals. 

The North American literature strongly supports the concept that animal 
vectors have been the source of the contamination of watersheds and of waters all 
but inaccessible to humans. 
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5.1.2 Routes of exposure 

As with other pathogenic intestinal protozoa, Giardia can be transmitted by any 
mechanism whereby material contaminated with faeces containing viable organ
isms from infected individuals can reach the mouth. Documented routes of 
exposure include drinking-water, recreational water, food, and person-to-person 
contact. 

Water 

Epidemic giardiasis associated with contaminated drinking-water has been 
reported in the United States of America (16), Canada (1 1), England (18), Scot
land (19), and Sweden (20). Drinking-water has also been implicated as the 
vehicle of transmission in outbreaks occurring among travellers in the former 
Soviet Union (21). The USA has experienced a great number of reported water
borne outbreaks, over 25 occurring between 1986 and 1988 (22). In some of the 
outbreaks, water supplies had been contaminated with human sewage; in others, 
faecal discharges from watershed animals were the suspected sources of the con
tamination. Surveys of such animals have shown very high Giardia prevalence in 
aquatic voles (23) and muskrats (24). Most of the outbreaks in the USA have 
been attributed to contaminated surface water treated only by disinfection (16). 
Giardia cysts can be inactivated by disinfection, but are among the most resistant 
waterborne pathogens; effective disinfection calls for consideration of the water 
pH, turbidity, and temperature, as well as controlling the disinfectant dose and 
contact time (25). The wide distribution of Giardia in humans and animals, the 
uncertainty concerning cross-species infectivity, the resistance of the cysts to 
inactivation by disinfection, and experience with the outbreaks led the USA to 
develop regulations on the disinfection of all surface water supplies in the coun
try (26). Risk analysis, using a probabilistic model, suggests that an annual risk of 
infection of less than one per 10 000 population can be achieved for source 
waters with 0.7-70 cysts per 100 litres, when treatment to achieve a 10L105-fold 
reduction is applied (27). 

Endemic giardiasis has also been associated with the consumption of con
taminated drinking-water in such diverse locations as the USA (1 6) and South 
Africa (28). In addition to endemic and epidemic giardiasis from drinking-water 
supplies, there have been reported outbreaks in the USA (29) and in Canada 
(30), affecting children and adults, caused by the ingestion of swimming-pool 
water. The source of contamination in these outbreaks was apparently related to 
defecation in the water by infected children. 

Relative significance of routes of exposure 

Quantifying the degree of significance of the various routes of transmission of 
giardiasis is difficult because of a lack of information on the total prevalence or 
incidence of infection or disease. Bennett and eo-workers (31), using published 
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material and survey data from the National Center for Health Statistics, esti
mated that 60% of the cases of giardiasis occurring in the USA were waterborne. 
Kappus & Juranek (32) suggested that 45-50% of giardiasis cases in the USA 
were associated with drinking unfiltered municipal water. They also suggested 
that 40-45% of cases were associated directly or indirectly with person-to-person 
transmission at day-care centres, and that the remaining cases (about 1 Oo/o) 
involved exposure while travelling, engaging in sexual practices that involve fae
cal exposure, or ingesting untreated surface water while hiking or camping. The 
contribution of waterborne as opposed to person-to-person transmission may be 
expected to vary from country to country depending on a number of factors 
including the extent of water treatment, the sanitation facilities, and local cus
toms. However, apart from Cryptosporidium (seep. 56), Giardia probably has the 
greatest potential for transmission through drinking-water of all the waterborne 
parasitic protozoa since: 

cysts from humans are infective for a wide variety of domestic and wild 
animals and are widely distributed in the environment; 
some waterborne outbreaks have been attributed to the contamination of 
drinking-water by cysts of nonhuman origin; 
the cysts are highly resistant to disinfection. 

5.1.3 Health effects 

Although the pathogenicity of the organisms was for long controversial, it is now 
widely accepted that Giardia can cause disease, and Koch's postulates have been 
satisfied by experimental human infections (33). Much of the controversy appar
ently arose from the highly variable illness-to-infection ratio observed. Asympto
matic infections with Giardia have been reported to account for up to 76% of the 
total under epidemic conditions (34). The time between ingestion of the organ
ism and the appearance of the parasite in the stool is about 9-14 days, while the 
incubation period may range from 1 to 75 days with a median value of 8-15 days 
(35). Symptomatic infections may be acute, subacute, or chronic, and the condi
tion may last for months if not diagnosed and treated. Symptoms that have been 
commonly reported include diarrhoea, flatulence, foul-smelling stools, cramps, 
distension, fatigue, anorexia, nausea, weight loss, and vomiting. Intolerance to 
lactose may develop during the infection and persist even after the organism has 
been eradicated (35). Infection in children may interfere with growth and normal 
development (36), but mortality has rarely been reported in patients of any age. 

The pathophysiological mechanisms in giardiasis remain to be clarified. As 
with the clinical effects, histopathological changes in the intestinal mucosa can 
cover a wide spectrum ranging from minimal to significant enteropathy with 
enterocyte damage, villus atrophy, and crypt hyperplasia (37). 

No explanation can be given for the broad range of clinical and pathological 
effects observed but both parasite and host factors are probably involved. Strain 
variation in pathogenicity has been demonstrated in humans (33), while strain 
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and host variations have been observed in animals (38 ). In addition to local 
effects that can be produced directly by the parasites, their metabolic activity 
(39), and secretion products, host factors that could contribute to the degree of 
tissue damage include nutritional status, systemic immune responses, and muco
sal immunity (37, 40). Giardia isolated from humans and animals have been 
found to be associated with bacteria, virus-like particles and mycoplasma-like 
organisms ( 4 I). It has been suggested that these apparent symbionts may be 
transmitted via Giardia cysts. In addition, a double-standed RNA virus has been 
found in Giardia ( 42). Some isolates of G. intestinalis are susceptible to infection 
with this virus while others are not ( 43). What effect, if any, these associated 
organisms might have on the virulence of Giardia or on the pathogenesis of the 
disease is not known. 

5.2 Cryptosporidium spp. 

5.2.1 General description 

Cryptosporidium spp. are intracellular coccidian parasites of the gastrointestinal 
and respiratory tracts of numerous animals, including mammals, birds, and fish, 
and have a worldwide distribution. At present, six species are known, namely 
C. parvum and C. muris, which infect mammals, C. baileyi and C. me!eagridis, 
which infect birds, and C. serpentis and C. nasorum, which infect reptiles and 
fish, respectively. C. parvum is the major species responsible for clinical disease in 
humans and domestic animals ( 44). As with both E. histolytica and G. intestin
a!is, infection occurs by ingestion of the transmissive phase which, for Crypto
sporidium spp., is the oocyst. Person-to-person transmission occurs ( 45), and 
oocysts from humans are infective for numerous mammals, including cattle and 
sheep ( 46), while both domestic and feral animals may be reservoirs of human 
infection ( 47). Infected humans can excrete 109 oocysts a day, and calves and 
lambs can excrete up to 101 o oocysts daily for up to 14 days ( 48). The average 
density of oocysts in raw sewage has been estimated at 5000 per litre ( 49). The 
broad host range together with the high output of oocysts ensures a high level of 
contamination in the environment. Cryptosporidium is an obligate parasite that 
develops only within a living host cell; unlike the other protozoa transmitted by 
drinking-water, but in common with other coccidia, it has several characteristic 
developmental stages ( 44 ) . Infection is initiated following ingestion of the 
oocyst, which contains four naked, motile sporozoites. These are released 
through the suture in the oocyst wall following exposure to trypsin and bile salts, 
and attach themselves intimately to the surface of adjacent epithelial cells. They 
develop within a parasitophagous vacuole which is intracellular but extracyto
plasmic, initially as a fixed trophozoite, then through asexual and sexual stages to 
finally become oocysts. 

Cryptosporidiurn completes its life cycle within a single host; however, unlike 
E. histolytica and G. Iamblia, endogenous reinfection (autoinfection) occurs 
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which, together with recycling of the asexual stage, allows parasite numbers to 
build up to a high level. In addition, external maturation of oocysts is not 
required, and the thin-walled oocysts, which account for up to 20% of the total, 
excyst during passage through the intestine, releasing sporozoites which further 
increase the infection. The majority of the oocysts become detached and sporu
late during passage through the gut to become thick-walled oocysts which are 
infective when excreted. C. parvum oocysts are spherical; their modal size is 
4.5 x 5.0 Jlm (range 4-6 Jlm). 

In various surveys conducted throughout the world, Cryptosporidium infec
tion in immunocompetent persons has been found in 26 countries, with a 
reported prevalence of 0.6-20% in developed countries and 4-20% in developing 
ones. The infection is more common in children than in adults (50). Among 
AIDS patients, cryptosporidiosis has a prevalence of 3-4% in the USA and over 
50% in some African countries and Haiti. An asymptomatic carrier state exists, 
but the ratio of cases to carriers has not been determined. At present, no effective 
drug is available for the treatment of cryptosporidiosis. 

5.2.2 Routes of exposure 

As with other pathogenic intestinal protozoa, Cryptosporidium can be transmitted 
by any mechanism whereby material contaminated with faeces containing viable 
organisms from infected humans or animals can reach the mouth. 

Drinking-water 

Humans and other mammals are reservoirs for infection, and the contamination 
of water supplies with either human or animal sewage can lead to the transmis
sion of Cryptosporidium through drinking-water. Outbreaks have been traced to 
the contamination of drinking-water by both human and animal wastewaters 
(51-54). Oocysts can survive several months in water at 4 oc and are among the 
most chlorine-resistant pathogens known (55). Waterborne outbreaks of crypto
sporidiosis have been reported from both the USA and the United Kingdom and, 
in most of the recently documented outbreaks, oocysts have been identified in 
drinking-water. Outbreaks have been associated with untreated drinking-water, 
water treated by chlorination only, and water subjected to conventional treat
ment (coagulation, sedimentation, sand filtration and chlorination). Because 
oocysts are only 4-6 Jlm in size, the extent to which those present in raw water 
are removed by various water-treatment processes is still unclear. As with other 
intestinal protozoa pathogenic to humans, the infective dose is thought to be 
small. When two primates were given a dose of 10 oocysts, disease was produced 
in both (56). Information both on oocyst survival in the environment and on 
resistance to disinfection is incomplete at present; however, oocysts lose their 
infectivity at temperatures below 0 oc or when kept at above 45 oc for 5-20 
minutes (55-51). 
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Apart from Giardia (see p. 52), Cryptosporidium probably has the greatest 
potential for transmission through drinking-water of all the waterborne parasitic 
protozoa since: 

oocysts from humans are infective for a wide variety of domestic and wild 
animals, and are widely distributed in the environment; 
some waterborne outbreaks have been attributed to the contamination of 
drinking-water by oocysts of nonhuman origin; 
among the protozoa under consideration, Cryptosporidium spp. have the 
smallest and most chlorine-resistant oocysts. 

Other routes of exposure 

Swimming-pools have been incriminated in the transmission of cryptosporidiosis 
(54), but the evidence for the outdoor recreational water route for the transmis
sion of infection is circumstantial (52, 53). However, as oocysts can be detected 
in recreational waters, and such waters are being increasingly used for immersion 
sports, it is likely that the importance of this route of infection will increase in 
the future. 

Since both animals and humans are reservoirs of infection and both E. histo
lytica and G. intestinalis can be transmitted by food, it seems likely that this may 
also be true for Cryptosporidium spp. 

The transmission of Cryptosporidium infection between children and adults 
appears to be rare where good personal hygiene is practised. However, the trans
mission of infection among preschool children in day-care centres ( 46, 58) and 
similar institutions is probably common. 

5.2.3 Health effects 

Immunocompetent patients 

While infection may be asymptomatic, it is usually associated with diarrhoea 
(80-90% of cases). Gastrointestinal symptoms, which may be accompanied by an 
influenza-like illness (20-40% of cases), include vomiting, anorexia, and flatulence. 
Symptoms typically last 7-14 days, and prolonged excretion of oocysts is unusual. 

lmmunocompromised patients 

In patients with AIDS, other acquired abnormalities ofT-lymphocytes, congeni
tal hypogammaglobulinaemia, severe combined immunodeficiency syndrome, 
those receiving immunosuppressive drugs, and those with severe malnutrition, a 
severe cholera-like illness is produced, resulting in intractable nausea, weight loss, 
and severe dehydration (as much as 20 litres ofliquid stool may be lost per day). 

Except in those patients in whom the suppression of the immune system can 
be relieved by stopping immunosuppressant drugs, symptoms persist unabated 
until the patient dies (59). 
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E. histolytica is distributed worldwide and exists in trophozoite and cyst stages. 
Infection occurs by ingestion of cysts; these range in size from 10 to 20 Jlm (aver
age 12 Jlm). Since E. histolytica is primarily a parasite of primates, humans are the 
reservoir of infection. Dysenteric individuals pass only trophozoites, which are 
adversely affected by environmental factors such as drying and changes in tem
perature and salt concentration, while most or all of the parasites in this active 
amoeboid stage are destroyed by gastric juice (60). Consequently, chronic cases 
and carriers who excrete cysts are more important sources of infection. Various 
surveys throughout the world have indicated a prevalence of 10-45% for 
E. histolytica infections and carriers can discharge up to 1.5 x 107 cysts daily (61). 

5.3.2 Routes of exposure 

Since humans are the primary reservoir for infection with E. histolytica, the con
tamination of water supplies with domestic sewage can lead to the transmission 
of this organism through drinking-water. Outbreaks have been traced to sewage 
contamination of drinking-water (61 ). The potential for waterborne transmis
sion may be greater in the tropics, where the carrier rate sometimes exceeds 50%, 
as compared with more temperate regions where the prevalence in the general 
population is generally less than 10%. The cysts can survive for several months in 
water at 0 ac, 3 days at 30 °C, 30 minutes at 45 ac, and 5 minutes at 50 oc 
(55), and are extremely resistant to chlorination ( 62). 

E. histolytica may also be transmitted by food, including raw vegetables, and 
food handlers may be important in transmission ( 61). Although swimming-pools 
have not been definitely incriminated, they are a potential source. 

Of the intestinal protozoan pathogens, E. histolytica is the most prevalent 
worldwide. Person-to-person spread and contamination of food by infected food 
handlers appear to be the most significant means of transmission, although con
taminated drinking-water also plays a role. 

5.3.3 Health effects 

Though most infections with E. histolytica are asymptomatic or cause only minor 
symptoms, deaths can occur. The usual clinical manifestations are gastroenteritis 
with symptoms ranging from mild diarrhoea to fulminating bloody dysentery. 
Liver abscess is the most common metastatic complication. Pathogenicity appears 
to depend both on strain virulence and on host factors, including the nutritional 
status of the individual and the associated bacterial flora (61). 
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5.4 Balantidium coli 

5.4.1 General description 

Balantidium coli is a ciliated organism of worldwide distribution; both the tro
phozoite and cyst stages can be infective for humans. The spherical to ovoid cysts 
are 40-60 11m in diameter, yellowish to greenish in colour, and have a two
membrane wall. Human infections usually occur as a result of the ingestion of 
food or water contaminated with faecal material from infected swine. Other 
hosts include lesser primates and, rarely, dogs and rats. B. coli is very common in 
swine but is considerably less prevalent in humans. Asymptomatic carrier infec
tions can occur in humans and the world incidence is estimated at less than 0.7% 
(60). 

5.4.2 Route of exposure 

The only reported waterborne outbreak of balantidiasis occurred in the Truk Dis
trict of Micronesia in 197l.lt was concluded that the epidemic probably resulted 
from the contamination of water supplies by pig faeces when a devastating 
typhoon destroyed pig pens and precarious water-catchment facilities (63). 

5.4.3 Health effects 

The incidence of balantidiasis in humans is low, and direct contact with pigs 
appears to be the main route of transmission of the causative organism. The 
potential exists for the transmission of the organism in food and water contami
nated with pig faeces. 

Balantidiasis can present as an acute bloody dysentery, but an asymptomatic 
carrier state also occurs in humans ( 60). 

5.5 Naegleria and Acanthamoeba 

5.5.1 General description 

Free-living amoebae cause severe human disease of waterborne origin. Naegleria 
fowleri is the etiological agent of primary amoebic meningoencephalitis (64). 
Although another species of Naegleria, N australiensis, is known to produce fatal 
brain infection in experimental animals, no human cases due to this species have 
been reported (65). Various species of the genus Acanthamoeba cause keratitis, 
skin and pulmonary infections, and granulomatous amoebic meningitis (66). 
Infections by Hartmannella reported in the older literature were all due to Acan
thamoeba. Infections with N fowleri are almost always associated with recrea
tional contact rather than with the drinking of water. Acanthamoeba eye 
infections are mostly related to inadequate cleaning or disinfection of contact 
lenses. 
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Naegleria spp. exist in three forms, namely as a trophozoite, a flagellate, and a 
cyst stage (67). The trophozoites (10-20 rm) move by eruptive pseudopod for
mation. They have a single nucleus with a central nucleolus, although binucle
ated and multinucleated forms do occur. A sexual stage is unknown, and 
reproduction is by simple binary fission. The trophozoite can transform into a 
flagellate stage with two anterior flagella. The flagellate does not divide but 
reverts to the trophozoite stage. Under adverse conditions, the trophozoite trans
forms into a circular cyst, 7-15 rm in diameter. Although the cyst is quite resis
tant to chlorination, prolonged contact does kill it. 

Acanthamoeba spp. have two forms (67). The trophozoites (10-30 rm) are 
characterized by needle-like projections called filopodia or acanthopodia. Like 
Naegleria, they usually have a single nucleus with a central nucleolus, and repro
duce by binary fission. In most species, the cyst stage (14-25 rm) is typically 
polygonal or starlike and has two easily distinguished cell walls. In some species, 
including the most virulent ones, the cyst is more or less rounded, and the two 
cell walls are difficult to discern. Cysts of Acanthamoeba are extremely resistant to 
chlorination. 

Pathogenic species can be differentiated from nonpathogenic ones by pre
screening on cell lines and then by intranasal instillation of the cultured amoebae 
into mice. Different species of pathogenic Naegleria and Acanthamoeba can be 
identified by antigen, isoenzyme and/or DNA studies. Naegleria fowleri is typi
cally thermophilic, growing in water at temperatures up to 45 ac. Pathogenic 
Acanthamoeba rarely thrive at such high temperatures. 

5.5.2 Routes of exposure 

Because of its thermophilic nature, N fowleri is distributed worldwide in surface 
waters that are naturally heated by the sun or in industrial cooling waters and 
geothermal springs ( 68). Most infections are reported in industrialized countries. 
In Australia, many fatal cases occurred through the use of unfiltered, chlorinated 
water for washing and bathing ( 69). Cases in developing countries are most 
probably under-reported. 

Some Acanthamoeba infections are related to water, but most, except for kera
titis, occur in debilitated persons. Keratitis can occur following a minor trauma 
to the eye and subsequent washing, or as a result of wearing contact lenses. In 
particular, inadequate cleaning and disinfection of contact lenses favour the 
occurrence of Acanthamoeba keratitis. Contact lens cases appear to be breeding 
places for this organism. 

Acanthamoeba can be found in all environments, and particularly frequently 
in chlorinated swimming-pools and drinking-water. Although airborne transmis
sion of free-living amoebae does occur, the evidence for infection by this route is 
controversial. 
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5.5.3 Health effects 

Naegleria fowleri causes fatal meningoencephalitis particularly in young and 
healthy individuals after swimming or activities causing infected water to be 
inhaled. The amoeba enters the brain by penetrating the olfactory mucosa and 
cribriform plate (70). The infection is very severe, and patients often die (5-10 
days after penetration) before the infectious agent can be diagnosed. In addition, 
treatment is difficult, as only amphotericin B appears to be effective. Administra
tion of other antibiotics together with amphotericin B might increase success 
rates. Although the infection remains rare (about 100 cases had been described 
up to 1980), new cases are encountered every year. 

Acanthamoeba can cause diseases ranging from meningitis to pulmonary and 
wound infections, but few cases have been reported. However, the number of 
cases of keratitis increased considerably in the 1980s. While only 20 cases of kera
titis were reported up to 1984, the number of cases in the USA had increased to 
over 200 by 1989 (71). Very few treatments are effective against Acanthamoeba 
infections, although keratitis cases can now be treated effectively; corneal trans
plants were usually necessary in the past. 

Legione!la bacteria can grow inside the cells of Naegleria, Acanthamoeba (72) 
and other free-living amoebae, and are protected against disinfection when inside 
the cysts of these amoebae. This is discussed further on p. 29. 
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6. 
Helminths 

The helminths or parasitic worms comprise two unrelated groups of organisms, 
namely flatworms belonging to the phylum Platyhelmintha, and roundworms 
belonging to the phylum Nematoda. Apart from the guinea worm, Dracunculus 
medinensis, which is transmitted solely by drinking-water, it is rare for any of 
those listed in Table 6.1 to be so transmitted. On the other hand, the continued 
use of poor-quality borehole or piped water is a major factor in the risk of acquir
ing the other helminth infections. 

Table 6. 1 Helminths potentially transmitted by drinking-water 
Zoological 
classification 

Phylum Nematoda 
(roundworms) 

Phylum 
Platyhelm1ntha, 
class Trematoda 
(flukes) 

Class Cesto1dea, 
subclass Cestoda 
(tapeworms) 

Species 

Dracunculus medmensts 
Ascans lumbricotdes 
Toxocara cants 
Tnchuns trichtUra 
Necator amencanus 
Ancylostoma duodenale 
Strongylotdes stercoralts 

Schtstosoma spp 

Fasctola spp 

Taenia soltum 

Echinococcus spp 
Spirometra spp. 
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Infective stage and 
usual mode of infection 

Larvae in cyclops Ingested 1n water 
Eggs ingested from so11 
Eggs ingested from so1l 
Eggs Ingested from so1l 
Penetrative larvae 1n so1l 
Penetrat1ve larvae 1n so1l 
Penetrative larvae 1n water 

Free-sw1mm1ng cercanal larvae 
penetrate sk1n 
Cercanal larvae encysted and 
Ingested on vegetat1on 

Cyst1cerci consumed in raw pork or 
wild boar 
Eggs ingested from soli 
Larvae in cyclops ingested 1n water 
or from soil 



6.1 Dracunculus medinensis1 

6.1.1 General description 

6 HELMINTHS 

The guinea worm is the longest nematode parasite of humans, the female worm 
measuring up to 700 mm in length. When the female is ready to discharge its 
embryos, its anterior end emerges from a blister, usually on the foot or lower 
limb, and releases many thousands of embryos when the affected part of the body 
is immersed in water. The male worms measure only 25 mm in length, remain in 
the tissues and so are never seen. Embryos can be released on several occasions 
on contact with water in ponds, or in large open step-wells, used as sources of 
drinking-water. After a few weeks the entire worm is expelled from the body. 
Embryos can live in water for about 3 days but, when ingested by certain species 
of freshwater cyclopoid Copepoda (Crustacea), penetrate into the haemocoelom, 
moult twice, and are infective to a new host in about 2 weeks. If the cyclops, 
which measure 0.5-2 mm in length, are swallowed in drinking-water, the larvae 
are released in the stomach, penetrate the intestinal and peritoneal walls, and 
inhabit the subcutaneous tissues. Mature gravid female worms emerge about 1 
year after infection (1). 

Infection with guinea worm is geographically limited to rural areas of India, 
Pakistan, and 16 countries in sub-Saharan Mrica (Benin, Burkina Faso, Cam
eroon, Chad, Cote d'lvoire, Ethiopia, Ghana, Kenya, Mali, Mauritania, Niger, 
Nigeria, Senegal, Sudan, Togo, and Uganda). The annual incidence of 
dracunculiasis is estimated to be less than 2 million cases; approximately 140 
million people are at risk (2). 

6.1.2 Routes of exposure 

Drinking-water containing infected cyclops is the only source of infection with 
Dracunculus, which is therefore the only human parasite that can be eradicated 
solely by the provision of safe drinking-water. The eradication of guinea worm 
infection from the world by 1995 was a target of the International Drinking 
Water Supply and Sanitation Decade (1981-1990), and the World Health 
Assembly formally committed itself to this goal in 1991 (resolution WHA 44.5). 

The disease occurs in rural areas where piped water supplies are not always 
available. Control is based principally on the provision of boreholes and safe 
wells, but also includes measures aimed at preventing contamination of water 
sources, filtering of water by consumers, and in some situations chemical treat
ment of ponds and open wells. There are no effective antihelminthic drugs for 
the clinical treatment of the infection. 

Transmission is usually highly seasonal, depending on changes in water 
sources. For instance, transmission is highest in the early rainy season in a dry 

l The valuable contribution made by Dr P.].A. Ranque, Dracunculiasis Eradication, WHO, 
Geneva, in the preparation of this section is gratefully acknowledged. 
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savanna zone of Mali with under 800 mm annual rainfall, but in the dry season 
in the humid savanna area of southern Nigeria with over 1300 mm annual 
rainfall. 

6.1.3 Health effects 

As previously mentioned, when a female guinea worm emerges, it causes the for
mation of a blister, which bursts, and a portion of the worm is extruded. In about 
50% of all cases, the whole worm is extruded in a few weeks, the lesion then heals 
rapidly, and disability is of limited duration. However, in the remaining cases, 
complications ensue, and the track of the worm becomes secondarily infected, 
leading to morbidity, which lasts for months. Mortality is extremely rare, but 
permanent disability can result from contractures of tendons and chronic arthri
tis; in 1988, it was estimated that, in Nigeria, there were 12 000 such cases annu
ally out of more than 600 000 infections each year. 

Usually only one worm emerges, but there may be two, three, or occasionally 
many. Worms do not survive for more than one transmission season, but there 
does not appear to be any acquired immunity, and the same individuals can be 
reinfected many times. Incidence rates in infected communities can be very high, 
30% of the 14-45-year age group often becoming infected each year. The eco
nomic effect on agricultural productivity can be important: for instance, an 11% 
annual reduction in rice production has been reported from an area of eastern 
Nigeria, at a cost of US$ 20 million (3). 

6.2 Schistosoma1 

6.2.1 General description 

Schistosoma spp. belong to the class of trematodes or flukes, whose infective 
larvae are able to penetrate the human skin or mucous membranes, causing 
schistosomiasis. They may be transmitted through drinking-water, but are more 
of a hazard when water is used for washing or bathing. 

Schistosome eggs are excreted in the urine or faeces of an infected person, 
and break open on reaching fresh water, releasing a tiny parasite (a miracidium). 
This must penetrate a freshwater snail within 8-12 hours if it is to develop fur
ther. Once it has penetrated the snail, the parasite divides many times until, 
within 4-7 weeks or longer, depending on the type of parasite, thousands of new 
forms (cercariae) break out of the snail into the water. The cercariae can live for 
up to 48 hours, and can penetrate human skin within a few seconds. 

After penetration, the young parasites migrate through the lymphatic system 
to the blood vessels of the portal system, affecting the intestine (intestinal schis-

I The valuable contribution made by Dt K.E. Motr, Schistosomiasis Control, WHO, Geneva, in 
the preparation of this section is gratefully acknowledged. 
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tosomiasis) or the blood vessels around the bladder (urinary schistosomiasis), and 
develop into male or female adult worms within about 4 weeks. The adult worms 
live less than 5 years on average, although they can live for up to 40 years. Of the 
eggs produced by the female worm-over 200 per day for some species-only 
about half leave the body in the faeces (intestinal schistosomiasis) or in the urine 
(urinary schistosomiasis), the rest remaining embedded in the body, where they 
damage important organs. Heavy infections with schistosomes, which occur 
mainly in children, cause the actual disease. 

Intestinal schistosomiasis caused by Schistosoma mansoni occurs in 52 countries 
in Africa, the Eastern Mediterranean Region, the Caribbean, and South America. 
Oriental or Asiatic intestinal schistosomiasis, caused by the 5. japonicum group of 
parasites (including S. mekongi in the Mekong river basin), is endemic in seven 
countries in the South-East Asia and Western Pacific Regions. (Another form of 
intestinal schistosomiasis caused by S. intercalatum has been reported from ten cen
tral Mrican countries.) Urinary schistosomiasis, caused by S. haematobium, Js 
endemic in 54 countries in the Mrican and Eastern Mediterranean Regions. 

6.2.2 Routes of exposure 

Schistosome infections are acquired when infected water is used for domestic 
activities, bathing or washing, or while working in contact with water. Ingested 
cercariae can penetrate the buccal mucous membranes, but this is a relatively 
unimportant route of entry. If safe drinking-water is readily available it will be 
used for washing, thus reducing the need to use contaminated surface water. 

While there is a real possibility of piped untreated surface water transmitting 
schistosomiasis, most transmission is from unpiped sources such as pools, wells, 
and cisterns. In regions where schistosomiasis is endemic, the construction of 
dams and large reservoirs often leads to an increase in the population of the 
aquatic snail host and thus favours the spread of the disease. There are also many 
examples of increased transmission of schistosomiasis as a result of irrigation, the 
most dramatic being found along the Nile valley in Egypt and Sudan ( 4). 

Schistosome infections are a hazard of recreational and irrigational water use 
rather than of drinking-water. However, improvements in community water sup
plies will reduce the incidence of schistosomiasis, particularly in communities 
where incidence is high (4, 5). 

6.2.3 Health effects 

The human schistosomes are a cause of severe morbidity and sometimes death in 
the 200 million people infected worldwide. In terms of socioeconomic and 
public health importance in tropical and subtropical areas, the disease now ranks 
second to malaria ( 4). 

In communities where it is endemic, the prevalence of infection is greatest in 
10-14-year-old children; in many Mrican communities over 70% of village chil-
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dren may be infected. Pathology is due mainly to the host's reaction to eggs that 
fail to escape. Primary lesions are mainly in the liver, intestine, and around the 
bladder, but the most severe pathological effects are the consequence of secon
dary damage to the upper urinary tract, bladder cancer, and liver fibrosis and its 
haemodynamic consequences. 

Schistosomiasis has a significant effect on health ( 6). In infected people with
out clinical evidence of disease, it is estimated that 30 work days are lost per year 
as a result of S. japonicum infection and 4 work days per year as a result of S. hae
matobium infection. After a latency period of 5-15 years, approximately 10% of 
infected people will develop severe disease. An 18% reduction in the work output 
of persons with severe S. mansoni infection can be expected. A reduction of 12% 
or more in exercise capacity was found in children with S. haematobium infection 
in Zimbabwe, but this was recovered by 1 month after treatment. Similarly, a 
7-10% improvement in exercise capacity was found in children with S. haemato
bium infection 1 month after treatment in Kenya (KE Mott, personal communi
cation). 

A specific type of bladder cancer occurs in countries where urinary schistoso
miasis is endemic, and is the leading cause of death due to cancer in Egypt 
among men aged 20-44 years. Diseases of the central nervous system, affecting 
the spinal cord, are more frequent and cause more debility than is widely recog
nized, especially among migrants into endemic areas of S. mansoni transmission. 

In persons with schistosomiasis and intercurrent hepatitis B or typhoid fever, 
the severity and duration of both increase markedly, with an increased risk of 
chronic liver disease. 

Since a single cercaria is infective, there is no safe level and cercariae should 
be absent from drinking-water. In the absence of routine monitoring assays, reli
ance must be placed on preventive measures if a significant risk from drinking
water is suspected in an area. The cercariae have a free-living life of under 48 
hours, and storage for this period renders water safe (7). It is likely that storage 
for 24 hours will greatly reduce infectivity. Slow sand filters, provided that they 
are properly operated, will remove the majority of cercariae, and disinfection at a 
residual level of 0.5 mg of free chlorine per litre for 1 hour will kill cercariae of 
the human schistosomes (8). A sounder approach is to use a source that does not 
contain the host snails and is not subject to excretal contamination. 

6.3 Other helminths 

A great variety of helminth eggs and larvae have been detected in drinking-water, 
and it is clear that none of those infective to humans should be present if the 
drinking-water is to be safe. However, the vast majority of such helminths are not 
primarily waterborne, and it is neither feasible nor necessary to monitor water for 
them on a routine basis (9). 

Helminths that could conceivably be transmitted through drinking-water are 
listed in Table 6.1. Fasciola spp., which belong to the same class as the schisto-
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somes (the Trematoda), are principally parasites of farm and domestic animals. 
The cercariae which emerge from freshwater snails encyst on water plants and 
infect humans if these are ingested. Some tapeworms (Cestoda) have very resist
ant eggs, and those of Taenia solium (the pork tapeworm) and Echinococcus spp. 
can develop in humans. Eggs are liberated from the gravid proglottids (seg
ments), and are passed out in faeces. They can then be ingested from soil or on 
salad vegetables, although the normal route of infection with T solium is the 
ingestion of raw pork containing the larval cysticercus stage. Eggs of Echinococcus 
have been recovered from wells in an area of East Africa and might be transmitted 
in drinking-water. Another tapeworm, Spirometra, has its tapeworm stage in 
carnivores, and two intermediate hosts, the first being a cyclopoid copepod and 
the second an amphibian, reptile, rodent or herbivore, depending on species. 
Humans occasionally act as intermediate hosts for the larvae (spargana) by 
ingesting first-stage larvae inside cyclops when drinking water from ponds. 

The resistant eggs of various common, ubiquitous, intestinal nematode para
sites of humans, such as Ascaris and Trichuris (and the common dog ascarid, 
Toxocara, the eggs of which can hatch in humans and the larvae cause visceral 
damage), are passed in faeces and normally ingested in soil or on salad vegetables. 
The eggs occasionally enter water but have a high relative density and settle 
quickly; drinking-water does not play an important part in their transmission. 

Other intestinal nematode parasites which infect many millions of people in 
the tropics and subtropics are Necator and Ancylostoma (the hookworms) and 
Strongyloides. Eggs (or, in the case of Strongyloides, larvae) are passed in the faeces, 
and the larvae develop in the soil into an infective stage which can penetrate the 
skin of a new host. While the larvae of Ancylostoma are sometimes ingested on 
salad vegetables, there is little evidence that drinking-water is ever a source of 
infection for these soil-transmitted nematodes. 
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7. 
Toxins from cyanobacteria 

Blooms of cyanobacteria (commonly called blue-green algae) are very common in 
lakes and reservoirs used for potable water supply. These bacteria are capable of 
producing various toxins which fall into the following three categories: (i) he
patotoxins produced in fresh water by Microcystis, Oscillatoria and Anabaena, and 
by Nodularia in brackish water; (ii) neurotoxins produced by species of Ana
baena, Oscillatoria, Nostoc, Cylindrospermum and Aphanizomenon; (iii) lipopoly
saccharides from a number of species (J). 

The most commonly encountered are the hepatotoxins, which induce death 
by circulatory shock as a result of massive liver haemorrhage within 2-24 hours 
of oral intake of a sufficiently large quantity (2-7). At present, there are thought 
to be more than 13 variants of the toxin, which is a cyclic structure containing 
seven amino acids of relative molecular mass varying from about 800 to 1050. 
The best studied of these hepatotoxins is microcystin LR:R, which has a relative 
molecular mass of 994. 

The LD50 of microcystin LR:R has been shown to be about 30 flg/kg of body 
weight in mice by intraperitoneal injection ( 8). A lethal dose is about 1-2 Jlg of 
pure toxin per mouse; however, the toxicity by the oral route appears to be about 
an order of magnitude less. There appear to be no other toxicity data available on 
the pure toxin, although studies with diluted extracts of a toxic bloom, reported 
to contain 56.6 Jlglml of an unknown variant of microcystin, showed that liver 
damage could be induced in mice given a one-quarter dilution of the extract in 
their drinking-water for 1 year (9). Microcystin was not mutagenic in the Ames 
test (JO), but purified microcystin LR inhibited protein phosphatase in vitro 
with the same potency and specificity as the tumour promoter okadaic acid (1 I). 

The hepatotoxic cyclic peptide from Nodularia, termed nodularin, has a 
structure similar to that of microcystin, but contains only five amino acids. The 
oral LC50 for mice has been determined as 67 Jlglml for females and 73 Jlg!ml for 
males receiving 4.5-7 ml of drinking-water per day containing crude extracts (7). 

There are a number of unconfirmed reports of algal toxins in drinking-water 
supplies causing health problems, including an outbreak of hepatoenteritis in 
Palm Island, Australia (12). However, the most convincing evidence comes from 
an epidemiological study by Falconer et al. (13) of an Australian community in 
which raised serum enzymes indicative of mild, reversible liver damage were 
observed in hospital patients who drank water from a local reservoir with a very 
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large toxic bloom of Microcystis aeruginosa. Recent surveys of large numbers of 
fresh waters worldwide, which produce heavy growths of cyanobacteria, have 
shown the presence of cyanobacterial toxins at over 60% of sites (14). Algal 
blooms may change from being nontoxic to toxic in a very short time, but there 
is at present no well established method for analysis of the toxin in drinking
water. 

It has been reported that activated carbon removes microcystin to a signifi
cant extent (1 ~ 17) and that ozone at a dose of 1.0-1.5 mg!litre destroys toxicity 
(17) by converting microcystin into a less toxic substance (18). The use of algi
cides such as copper sulfate at the height of the bloom is not recommended, since 
this leads to a massive release of toxin into the water, and may have been respon
sible for the unusual problems seen on Palm Island (12). 

At present, it is not clear how great a hazard algal toxins pose in drinking
water, and the data are insufficient to enable any guidelines to be drawn up. 
However, problems resulting from the progressive eutrophication of inland 
waters appear to be increasing and with them the likelihood of cyanobacterial 
blooms. This emphasizes the need for the protection of sources, and particularly 
oflakes and reservoirs, from discharges of nutrient-rich effluent. 
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8. 
Nuisance organisms 

Nuisance organisms constitute a morphologically and physiologically diverse 
group, including planktonic and benthic cyanobacteria (blue-green algae), 
actinomycetes, iron, manganese, and sulfur bacteria, crustacea, and protozoa. 
These organisms cause problems when the conditions in reservoirs or distribu
tion systems are such as to support their growth. Thus organic matter in drink
ing-water supports the growth of bacteria and fungi, which in turn will help to 
maintain populations of protozoa and crustacea. Many invertebrate animals can 
feed on bacteria, fungi, and protozoa. The content of organic compounds in 
treated water should therefore ideally be so low as to inhibit the growth of bacte
ria and to prevent that of other organisms during distribution. 

8.1 Microbiological problems 

Although the raw water itself does not usually contain large numbers of nuisance 
organisms, problems may develop during the water-treatment process. Nuisance 
organisms become concentrated on the surfaces and inside the beds of filters, 
where they autolyse and release cellular compounds that cause colour, turbidity, 
tastes, and odours. Activated carbon filters will, after a while, contain large 
amounts of organic matter, thus providing an excellent substrate for bacteria, 
which can create problems in the water supply, either by causing taste, odour, 
and turbidity, or microbiologically by increasing the colony counts of aerobic 
heterotrophic bacteria. Significant amounts of organic carbon can cause the 
growth of Aeromonas spp. in the distribution system during the warmer months 
of the year (see section 3.2.2). Large numbers of aerobic, heterotrophic bacteria 
in treated water can interfere with the interpretation of the tests for the coliform 
group by masking their presence or giving false positive reactions. A particular 
problem exists with some strains of Aeromonas spp., which produce acid and gas 
with coliform media, even at 44 oc_ 

Most of these nuisance organisms can be controlled relatively easily by care 
in operating water-treatment processes. Nutrient-rich raw water should be 
avoided if proper water treatment cannot be applied. 

The compounds produced by nuisance organisms have low taste and odour 
thresholds, e.g. the earthy taints of geosmin (trans-l, 1 0-dimethyl-trans-9-deca
dole) and MIB (2-methylisoborneol) produced by actinomycetes and cyanobac-
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teria. These compounds cause problems in drinking-water at threshold values of 
10 and 25 ngllitre respectively, and are therefore often the cause of complaints by 
consumers before they are detected by analytical methods. It is therefore advis
able to use panels of trained judges of taste and odour so that the compounds can 
be detected and the necessary measures taken before they become a problem in 
the drinking-water supply. Another way to prevent nuisance organisms from 
causing taste and odour problems is by means of regular microscopic examina
tion of the organisms present in the water. As soon as a group of organisms 
known to cause these problems becomes dominant, appropriate measures should 
be taken to deal with them. 

Some of these organisms can also produce colour in drinking-water. Pig
mented organisms, such as cyanobacteria and algae, can be crushed on filters, 
resulting in the release of pigments, while microalgae can pass through the filters 
and cause both coloration and turbidity. 

If water contains ferrous or manganous salts, these can be oxidized by iron or 
manganese bacteria, resulting in rust-coloured or black deposits in storage tanks 
and on the walls of pipes in parts of the distribution system where the flow rate is 
low. If the flow rate is subsequently increased, however, these deposits can be 
loosened and transported to consumers. Rust-coloured deposits can stain laun
dry. The slurry will also contain organic deposits which can decompose to pro
duce tastes and odours. Manganese-oxidizing microorganisms (bacteria, fungi, 
and, very rarely, protozoa) produce deposits in aquifers, wells, and water con
duits, the problems caused by such deposits including reduced yield, clogging 
of slots in well pipes, increased turbulence in pipes resulting in reduced flow 
velocity, damage to equipment for measuring water flow, black-coloured water, 
stains on laundry, and problems with food-handling establishments. The depos
its can contain heavy metals such as arsenic, lead, zinc, and copper. Bacteria can 
become attached to them, so that, if they are disturbed, the colony count of the 
water will be increased. Prevention is based on the removal of Mn(II) from raw 
water, if a value of about 0.1 mg/litre is exceeded. 

Iron and sulfur bacteria may contribute to the corrosion of iron and steel 
well pipes and drinking-water mains. Such microbially mediated corrosion can 
occur as a consequence of: 

the adsorption of nutrients and the depletion of dissolved oxygen by the colo
nies of microorganisms that have accumulated at the metal surface; 
the liberation of corrosive metabolites, such as organic acids and other 
complex-forming compounds; 
the production of sulfuric acid from sulfides or elemental sulfur; and 
the inclusion of sulfate-reducing bacteria in the cathodic process under anaer
obic conditions. 

The presence of certain organisms in water may be an indication either of the 
corrosion of cast iron or of the biodeterioration of construction materials to form 
substances that support the growth of microorganisms. The latter include non
metallic materials, such as plastics, rubber-jointing compounds, and pipe-lining 
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materials, which can provide organic nutrients and thus encourage the growth of 
microorganisms, sometimes including coliform organisms other than Escherichia 
coli and Pseudomonas aeruginosa. Deterioration can occur in pipelines carrying 
groundwater or surface water. Unchlorinated waters, or water in which the chlo
rine residual has disappeared, appear to support higher rates of attack than those 
in which a residual can be detected. 

Nuisance organisms may also cause problems in groundwater sources by 
encrusting well screens, thus reducing yield and impairing the aesthetic quality of 
the supply. Their presence may also indicate organic pollution of the aquifer. 

Routine monitoring of such nuisance organisms cannot be recommended 
because of their diverse nature and unpredictable occurrence, although bacteri
ologists should be aware that they can impair water quality. It is not practicable 
to specify any quantitative guideline values for nuisance microorganisms. 

8.2 Problems caused by invertebrate animals 

Invertebrate animals often infest shallow, open wells, from which supplies are 
drawn by bucket, but problems are not uncommon in large, public supplies. The 
animals derive their food from the bacteria, algae, and protozoa in the water or 
present on slimes on pipe and tank surfaces. 

The types of animal concerned can be considered, for control purposes, as 
belonging to two groups. Firstly, there are free-swimming organisms in the water 
itself or on water surfaces, such as the crustacea Gammarus pulex (freshwater 
shrimp), Crangonyx pseudogracilis, Cyclops spp. and Chydorus sphaericus. Secondly, 
there are other animals that either move along surfaces or are anchored to them 
(such as Asellus aquaticus (water louse), snails, Dreissena polymorpha (the zebra 
mussel) and other bivalve molluscs, and the bryozoan Plumate/la sp.), or inhabit 
slimes (such as Nais spp., nematodes and the larvae of chironomids) (J). In warm 
weather, slow sand filters can sometimes discharge the larvae of gnats ( Chirono
mus and Culex spp.) into the water, if the top layer of the bed collapses, causing 
draw-down of unfiltered water. 

The only health hazard positively identified arises in tropical countries where 
water fleas (Cyclops) are the intermediate host of the guinea worm (Dracunculus 
medinensis) (see section 6.1). 

Penetration of waterworks and mains is more likely to be a problem when 
low-quality raw waters are abstracted and high-rate filtration processes used. Pre
chlorination assists in destroying animal life and in its removal by filtration but, 
if excessive, may produce chlorinated organic compounds and convert total 
organic carbon into a biodegradable form. Maintenance of chlorine residuals in 
the distribution system, the production of high-quality water, and the regular 
cleaning of water mains by flushing or swabbing will usually prevent infestation. 

Bryozoan infestation can be treated with a shock dose of chlorine, main
tained at 10 mg!litre for about 24 hours, followed by flushing. Permethrin treat
ment of water at an average dose of0.01-0.02 mg!litre for 24-48 hours has been 
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used to destroy Asellus and other crustacea, but treated water must not be dis
charged into watercourses, as it is rapidly toxic to fish and other aquatic life at 
this concentration (2, 3). The most effective procedure is to draw treated water 
into the main by opening hydrants downstream of the injection point. These are 
then closed, allowing sufficient contact time (ideally 24 hours) to paralyse the 
crustacea, after which the mains are cleared by flushing and swabbing. Persons 
using renal dialysis should not be supplied with permethrin-treated water, and 
those rearing fish should be warned not to replenish the culture tanks with mains 
water while it is being treated. The treated water can be safely discharged into 
sewers for treatment at sewage works (2). 
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9. 
Microbial indicators of water quality 

9.1 Rationale 

The recognition that faecally polluted water is responsible for spreading enteric 
diseases led to the development of sensitive methods of verifYing that drinking
water is free from faecal contamination. Even though many waterborne patho
gens can now be detected, the methods are often difficult, relatively expensive, 
and time-consuming. Furthermore, pathogens are shed into water only from 
infected people and animals, and it is not possible to examine water for every 
possible pathogen that might be present. It is prudent to regard as unsafe all 
water that contains bacteria indicating faecal pollution, because of the risk that 
enteric pathogens may be present. The bacteria selected as indicators of faecal 
pollution should be universally present in the faeces of humans and warm
blooded animals in large numbers. Other desirable properties of faecal indicators 
are that they should be readily detected by simple methods and that they do not 
grow in natural waters. Furthermore, it is essential that their persistence in water 
and the extent to which they are removed by water treatment are similar to those 
of waterborne pathogens. 

Examination for faecal indicator bacteria in drinking-water provides a very 
sensitive method of quality assessment. It is also important to determine the 
quality of the raw water, not only to assess the degree of pollution but also to en
able the best local source to be selected and the best form of treatment chosen. 
Microbiological examination for faecal indicators is the most sensitive and spe
cific method for detecting recent faecal pollution, i.e. pollution that is potentially 
dangerous, since simple chemical analysis is not adequate for this purpose. Water 
must be examined regularly and frequently because pollution is often intermit
tent and may not be detected if examination is limited to only one or a small 
number of samples. For this reason it is better to examine drinking-water fre
quently by means of a simple test rather than less often by several tests or a more 
complicated test. When personnel and facilities are limited, routine microbio
logical examination for evidence of faecal contamination must always be given 
first priority (1). 

Microbiological examinations can also be carried out with other objectives 
than assessing the degree of faecal contamination. They may give information on 
the effectiveness with which specific groups of microorganisms have been 
removed by treatment processes; thus, if bacteriophages are present this may 
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indicate that viruses have not been removed, and the presence of spores of sulfite
reducing clostridia also shows highly persistent microorganisms may have 
survived. Colony counts of aerobic, heterotrophic bacteria, or microscopic or 
indirect chemical methods (e.g. the assay of adenosine triphosphate by lumi
nometry) may provide information on the availability of nutrients in the water 
that support bacterial growth, which may result in aesthetic problems or in the 
presence of opportunistic pathogens. For some of these latter organisms, specific 
culture methods are also being used, namely for Pseudomonas aeruginosa, Legio
nella and Aeromonas (see section 3.2); however, these should not be used rou
tinely, but only when necessary to solve problems related to the occurrence of the 
organisms concerned. 

9.2 Indicators of faecal contamination 

The use of normal intestinal organisms as indicators of faecal pollution rather 
than the pathogens themselves is universally accepted for monitoring and assess
ing the microbial safety of water supplies. In practice, the criteria to be satisfied 
by an ideal indicator (see section 9.1) cannot all be met by any one organism. 
However, many of them are best fulfilled by Escherichia coli, and to a lesser extent 
by the thermotolerant coliform bacteria; E. coli is thus the indicator of choice 
when resources for supplementary microbiological examination are limited. 
Other microorganisms that satisfy some of these criteria, though not to the same 
extent as E. coli and the thermotolerant coliform organisms, can also be used as 
supplementary indicators of faecal pollution in certain circumstances. 

Because enteroviruses and the cysts of some parasites are known to be more 
resistant than E. coli and coliform organisms to disinfection, the absence of these 
organisms in surface water that has only been disinfected will not necessarily 
indicate freedom from enteric viruses and the resting stages of Cryptosporidium, 
Giardia, amoebae, and other parasites. 

The significance that can be attached to the presence or absence of particular 
faecal indicators varies with each organism and particularly with the degree to 
which that organism can be specifically associated with faeces. For example, some 
of the genera detected by the methods for enumeration of thermotolerant and 
total coliform bacteria have nonfaecal sources in the environment, e.g. in soil or 
decaying vegetation, or can even grow in the aquatic environment, thus limiting 
their usefulness as indicators of faecal contamination. Other bacterial indicators 
have useful properties which enable them to be used for particular purposes. For 
example, although the faecal streptococci and enterococci and the spores of 
sulfite-reducing clostridia, typified by Clostridium perfringens, are less numerous 
than coliforms in faecally polluted water, they have greater powers of survival and 
so may be used to confirm the presence of faecal contamination when E. coli is 
not found or to assess the efficiency of treatment processes. Anaerobic bacteria, 
such as bifidobacteria and the Bacteroides fragilis group, are more abundant than 
coliform organisms in faeces, but decay rapidly in water, and accepted standard 
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methods for their detection and enumeration are not yet available. Full identifi
cation of these indicator organisms would require such an extensive series of tests 
as to be impracticable in routine monitoring. 

9.2.1 Escherichia coli 

Escherichia coli is abundant in human and animal faeces, where numbers may attain 
109 per gram of fresh faeces. It is found in sewage, treated effluents, and all natural 
waters and soils subject to recent faecal contamination, whether from humans, 
farm animals, or wild animals and birds. The presence of E. coli in water always 
indicates potentially dangerous contamination requiring immediate attention. 
Complete identification of E. coli is too complicated for routine use, hence certain 
tests have been evolved for identifYing this organism rapidly with a high degree of 
certainty. Some of them are the subject of international and national standards and 
have been accepted for routine use, whereas others are still being developed or eval
uated. Detection of E. coli on complex media entails incubation at the restrictive 
temperature of 44-45 oc in combination with demonstration of the production of 
acid and gas from lactose and of specific biochemical reactions such as indole pro
duction and ~-glucuronidase activity, and the absence of urease activity. In other 
tests, chemically defined media with specific substrates for the growth and detec
tion of enzymatic activities of E. coli, such as ~-galactosidase and ~-glucuronidase, 
are used. Confirmation of the presence of E. coli, as indicated by these methods, 
requires extensive biochemical identification or the use of alternative, commercially 
available test systems. Such confirmation is not recommended as a routine, but 
may be necessary to validate the use of routine tests under specific conditions. 

9.2.2 Thermotolerant (faecal) coliform organisms 

These are defined as the group of coliform organisms that are able to ferment lac
tose at 44-45 oc. They comprise the genus Escherichia and, to a lesser extent, 
species of Klebsiella, Enterobacter, and Citrobacter. Of these organisms, only 
E. coli is specifically of faecal origin, being always present in the faeces of 
humans, other mammals, and birds in large numbers, and rarely found in water 
or soil that has not been subject to faecal pollution. Thermotolerant coliforms 
other than E. coli may also originate from organically enriched water such as 
industrial effluents or from decaying plant materials and soils. In tropical and 
subtropical waters, thermotolerant coliform bacteria may occur without any obvi
ous relation to human pollution and have been found on vegetation in a tropical 
rainforest (2). This means that the occurrence of the thermotolerant coliform 
group in subtropical or tropical waters or those enriched with organic wastes 
does not necessarily indicate faecal contamination by humans since they can 
originate from wild animals, including birds. However, their presence in waters 
in warm climates should not be ignored, as the basic assumption that pathogens 
may be present and that treatment has been inadequate still holds good. 
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Regrowth of thermotolerant coliform organisms in the distribution system is 
unlikely unless sufficient bacterial nutrients are present (biochemical oxygen 
demand (BOO) greater than 10 mg/litre) or unsuitable materials are in contact 
with the treated water, the water temperature is above 15 °C, and there is no free 
chlorine residual. 

Thermotolerant coliforms are less reliable indicators of faecal contamination 
than E. coli, although under most circumstances their concentrations are directly 
related to E. coli concentrations in water. Their use for water-quality examination 
is therefore considered acceptable. Internationally standardized methods and 
media for their detection have been validated, and are relatively simple and 
widely available. When necessary, thermotolerant coliform isolates can be sub
jected to further confirmatory tests to detect those that are presumptive E. coli. 
Normally, a test for the ability to produce indole from tryptophan at 44 ± 0.5 oc 
is sufficient. The detection and identification of these organisms as faecal organ
isms or presumptive E. coli provide strong evidence of recent faecal contamina
tion and of the need for immediate investigation. 

Because thermotolerant coliform bacteria are readily detected by single-step 
methods, they have an important secondary role as indicators of the efficiency of 
individual water-treatment processes in removing faecal bacteria. They may 
therefore be used in assessing the degree of treatment necessary for waters of dif
ferent quality and for defining performance targets for bacterial removal (see sec
tion 11.3). 

9.2.3 Coliform organisms (total coliforms). 

Coliform organisms have long been recognized as a suitable microbial indicator 
of drinking-water quality, largely because they are easy to detect and enumerate 
in water. The term "coliform organisms (total coliforms)" refers to Gram
negative, rod-shaped bacteria capable of growth in the presence of bile salts or 
other surface-active agents with similar growth-inhibiting properties, and able to 
ferment lactose at 35-37 oc with the production of acid, gas, and aldehyde 
within 24-48 hours. They are also oxidase-negative and non-spore-forming. 
These definitions have recently been extended by the development of rapid and 
direct enzymatic methods for enumerating and confirming members of the coli
form group. By definition, coliform bacteria display [3-galactosidase activity. 
Traditionally, coliform bacteria were regarded as belonging to the genera Escheri
chia, Citrobacter, Enterobacter, and Klebsiella. However, the group of coliform 
bacteria, as defined by modern taxonomical methods, is heterogeneous and 
includes lactose-fermenting bacteria which can be found in both faeces and the 
environment, namely in nutrient-rich waters, soil, decaying vegetation and 
drinking-water containing relatively high levels of nutrients. Examples of such 
species are Enterobacter cloacae and Citrobacter fteundii. 

The coliform group also contains species that are rarely, if ever, found in 
faeces and which can multiply in relatively good-quality drinking-water, e.g. 
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Serratia fonticola, Rahnella aquatilis, and Buttiauxella agrestis. Several lactose
fermenting species of Serratia and Yersinia can be isolated from uncontaminated 
water or soil. There are also many reports of the existence of non-lactose
fermenting but otherwise characteristic coliform bacteria. Lactose-negative 
strains which otherwise resemble the traditional coliform genera lack the lactose 
permease enzyme. They do, however, possess the ~-galactosidase enzyme and will 
appear as coliform bacteria if a ~-galactosidase test is applied. The existence of 
nonfaecal bacteria that fit the definition of coliform bacteria and of lactose
negative coliform bacteria limits the applicability of this group of bacteria as 
indicators of faecal pollution. 

Coliform bacteria should not be detectable in treated water supplies and, if 
found, suggest inadequate treatment, post-treatment contamination, or excessive 
nutrients. In this sense, the coliform test can be used to assess treatment effi
ciency and the integrity of the distribution system. Although coliform organisms 
may not always be directly related to the presence of faecal contamination or 
pathogens in drinking-water, the coliform test is still useful for monitoring the 
microbial quality of public water supplies. If there is any doubt, especially when 
coliform organisms are found in the absence of faecal coliforms and E. coli, 
secondary indicator organisms may be used to determine whether faecal con
tamination is present; these include the faecal streptococci and sulfite-reducing 
clostridia, especially Clostridium perfringens. 

9.2.4 Faecal streptococci 

The term "faecal streptococci" refers to those streptococci generally present in the 
faeces of humans and animals. All possess the Lancefield group D antigen. Taxo
nomically, they belong to the genera Enterococcus and Streptococcus. The genus 
Enterococcus has recently been defined to include all streptococci sharing certain 
biochemical properties and having a wide tolerance of adverse growth conditions. 
It includes the species E. avium, E. casseliflavus, E. cecorum, E. durans, E. foecalis, 
E. foecium, E. gallinarum, E. hirae, E. malodoratus, E. mundtii, and E. solitarius. 
Most of these species are of faecal origin and can generally be regarded as specific 
indicators of human faecal pollution under many practical circumstances. They 
may, however, be isolated from the faeces of animals, whereas certain species and 
subspecies, such as E. casseliflavus, E. foecalis var. liquefociens, E. malodoratus, and 
E. solitarius occur primarily on plant material. The taxonomy of enterococci has 
recently undergone important changes, and detailed knowledge of the ecology of 
many of the new species is lacking. 

In the genus Streptococcus, only S. bovis and S. equinus possess the group D 
antigen and are members of the faecal streptococcus group. They occur mainly in 
animal faeces. Conventional media for the isolation and identification of faecal 
streptococci, such as m-enterococcus agar, KF-streptococcus agar, and azide
glucose broth, generally support the growth of all faecal streptococci. However, 
particularly in warm climates, other cocci may also develop on these media, so 
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that confirmatory tests are needed. More restnctlve media that support the 
growth of the enterococci in particular have also been proposed and have been 
widely used in the USA (3). The applicability and specificity of these media need 
to be further tested under a wide range of conditions. Faecal streptococci rarely 
multiply in polluted water and are more persistent than E. coli and coliform bac
teria. Their main value in assessing water quality is therefore as an additional 
indicator of treatment efficiency. Furthermore, streptococci are highly resistant 
to drying and may be valuable for purposes of routine control after new mains 
have been laid or distribution systems repaired, or for detecting pollution by sur
face run-off to groundwater or surface waters. 

9.2.5 Sulfite-reducing clostridia 

These are anaerobic, spore-forming organisms, of which the most characteristic, 
Clostridium perfringens (C. welch it), is normally present in faeces, though in 
much smaller numbers than E. coli. However, they are not exclusively of faecal 
origin and can be derived from other environmental sources. Clostridial spores 
can survive in water much longer than organisms of the coliform group and will 
resist disinfection. Their presence in disinfected waters may thus indicate defi
ciencies in treatment ( 4). In particular, the presence of C. perfringens in filtered 
supplies may be a sign of deficiencies in filtration practice, while C. perfringens 
spores may indicate the presence of protozoan cysts; because of their longevity, 
they are best regarded as indicating intermittent or remote contamination and 
thus are of special value. However, they are not recommended for the routine 
monitoring of distribution systems. Because they tend to survive and accumu
late, they may be detected long after pollution has occurred and far from the 
source, and thus give rise to false alarms. 

9.2.6 Bacteriophages 

Bacteriophages are viruses that infect bacterial host cells. They usually consist of a 
nucleic acid molecule (genome) surrounded by a protein coat (capsid). Bacteria
phages may contain either deoxyribonucleic acid (DNA) or ribonucleic acid 
(RNA) as the genome and may have a very simple, cubic structure or a more 
complex one with heads, tails, tail fibres, or other attachments. They are in the 
size range 25-100 nm. Bacteriophages have been proposed as indicators of water 
quality, particularly with respect to human enteric viruses, both because of their 
similar nature and because they are relatively easy to detect in water samples (5). 
Furthermore, data are accumulating showing the similarities between certain 
groups of bacteriophages and human enteric viruses in terms of survival in the 
aquatic environment and responses to water- and wastewater-treatment pro
cesses. Two groups ofbacteriophages have been studied extensively in the context 
of viral indicators in water, namely the somatic coli phages, which infect standard 
E. coli host strains via cell wall (somatic) receptors, and the F-specific RNA bac-
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teriophages which infect E. coli and related bacteria through the F- or sex-pili. 
Neither of these groups of organisms occurs in high concentration in faeces, but 
they are invariably found in sewage. They are used, therefore, primarily as an 
index of sewage contamination and, because of their high persistence as com
pared with bacterial indicators, as an additional indicator of treatment efficiency 
or groundwater protection. 

9.2.7 Miscellaneous indicators 

The bifidobacteria and the Bacteroides ftagilis group are anaerobes which are spe
cific to faeces, where they outnumber the coliform group. They do not survive or 
multiply in natural waters, and have been seen as an alternative to the coliform 
group in tropical and semitropical regions, where the latter can multiply in warm 
and organically enriched water (6). However, their numbers decline more rapidly 
then those of thermotolerant coliforms and E. coli in passing from faeces through 
sewage and into polluted waters, indicating that their rate of decay is greater than 
that of other bacterial indicators ( 6). This is a disadvantage, since bacteria in the 
coliform group are themselves more sensitive to decay than viral and protozoal 
pathogens. In addition, the methods of detecting them in water are not very reli
able and have not been standardized. 

9.3 Indicators of water quality and treatment efficacy 

9.3.1 Heterotrophic plate counts (colony counts) 

Heterotrophic plate counts may be used to assess the general bacterial content of 
water. They do not represent all the bacteria present in the water but only those 
able to grow and produce visible colonies on the media used and under the pre
scribed conditions of temperature and time of incubation. Colony counts are 
often determined following incubation at 22 oc and 37 oc to assess the relative 
proportions of naturally occurring water bacteria unrelated to faecal pollution and 
of bacteria derived from humans and warm-blooded animals, respectively. The 
count at 22 oc is of little sanitary value, but is useful in assessing the efficiency of 
water treatment, specifically the processes of coagulation, filtration, and disinfec
tion, where the objective is to keep counts as low as possible. The 22 oc count 
may also be used to assess the cleanliness and integrity of the distribution system 
and the suitability of the water for use in the manufacture of food and drink, 
where high counts may lead to spoilage. Any increase in counts in the test at 
37 oc as compared with those normally found may be an early sign of pollution. 

9.3.2 Aeromonas spp. and Pseudomonas aeruginosa 

Apart from heterotrophic plate counts, the use of other microorganisms, includ
ing Aeromonas and Pseudomonas aeruginosa, has been advocated as a means of 
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assessing the hygienic quality of drinking-water (7, 8). However, neither exami
nation for these organisms nor heterotrophic plate counts are essential for the 
routine monitoring of hygienic quality. They are of value in certain circum
stances in giving an indication of the general cleanliness of the distribution sys
tem and in assessing the quality of bottled water. However, high heterotrophic 
plate counts and counts of these bacteria may interfere with the detection of 
E. coli, coliforms, and other bacterial indicators of faecal pollution. 

9.4 Methods 

9.4.1 Standard methods 

Microbiological examination provides the most sensitive, although not the most 
rapid, indication of the pollution of drinking-water supplies. Because the growth 
medium and the conditions of incubation, as well as the nature and age of the 
water sample, can influence the species isolated and the count, the accuracy of 
microbiological examinations may vary. This means that the standardization of 
methods and of laboratory procedures is of great importance if uniform criteria 
for the microbiological quality of water are to be used in different laboratories 
and countries. International standard methods should be evaluated in local cir
cumstances before being adopted in national surveillance programmes. Informa
tion is given here on established standard methods, particularly those of the 
International Organization for Standardization (ISO), Geneva (Table 9.1), to 
encourage their use. There are also other well established national standards, such 
as those of the American Public Health Association (APHA) (3 ) and of the 
United Kingdom (9). Established standard methods should be used for routine 
examinations. 

Whatever method is chosen for the detection of E. coli and the coliform 
group, some means of "resuscitating" or recovering environmentally or disinfec
tant-damaged strains must be used, such as preincubation for a short time at a 
lower temperature (3, 9) 

9.4.2 Methods for pathogenic bacteria, protozoa, and cytopathic 
enterovi ruses 

Although the direct search for specific pathogenic bacteria has no place in the 
routine microbiological examination of water, there are occasions when examina
tion for intestinal pathogens may be necessary as, for example, during an epi
demic, when pollution is suspected, or in the evaluation of a new source. The 
chances of detecting pathogens will be greater if large samples of water are exam
ined, and if media selective for certain intestinal pathogens are used. Examina
tion for bacterial pathogens will include some, if not all, of the following steps: 
concentration of the organisms in the sample, inoculation into enrichment 
broth, subculture onto selective agar media, and biochemical and serological 
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Table 9. 1 ISO standards for water quality 
Standard no. 

5667-1·1980 
5667-2.1982 
5667-3:1985 

5667-4·1987 

5667-5·1991 

5667-6 ·1990 
6222 1988 

6461-1.1986 

6461-2 1986 

7704 1985 
7899-1 1984 

7899-2•1984 

8199.1988 
8360-1 . 1988 

8360-2·1988 

9308-1 1990 

9308-2 1990 

6579.1990 

Title 

Sampling- Part 1 Gu1dance on the des1gn of sampling programmes 
Sampl1ng- Part 2. Guidance on sampling techn1ques 
Sampling - Part 3. Guidance on the preservation and handling of 
samples 
Sampling -Part 4 Gu1dance on sampling from lakes, natural and 
man-made 
Sampling- Part 5 Gu1dance on samplmg of dnnk1ng-water and water 
used for food and beverage processing 
Sampling- Part 6· Gu1dance on sampling of nvers and streams 
Enumeration of v1able micro-organisms-colony count by inoculation 1n 
or on a nutrient agar culture medium 
Detection and enumerat1on of the spores of sulf1te-reducing anaer
obes (clostnd1a)- Part 1· Method by enrichment 1n a liquid med1um 
Detection and enumeration of the spores of sulfite-reduc1ng anaer
obes (clostnd1a)- Part 2. Method by membrane filtration 
Evaluation of membrane filters used for m1crob1olog1cal analyses 
Detection and enumeration of faecal streptococci - Part 1 Method by 
enrichment 1n a liquid medium 
Detection and enumeration of faecal streptococci- Part 2 Method by 
membrane f1ltrat1on 
General gu1de to the enumerat1on of micro-organisms by culture 
Detection and enumeration of Pseudomonas aerugmosa- Part 1. 
Method by enr1chment in liquid med1um 
Detect1on and enumerat1on of Pseudomonas aeruginosa- Part 2 
Membrane filtration method 
Detection and enumeration of coliform organ1sms, thermotolerant 
coliform organ1sms and presumptive Eschench1a co/1- Part 1. 
Membrane filtration method 
Detection and enumeration of coliform organ1sms, thermotolerant 
coliform organ1sms and presumptive Eschenchia coli- Part 2 Multiple 
tube (most probable number) method 
General gu1dance on methods for the detection of Salmonella 

examination of suspect colonies. Rather than rely on a single method, it is better 
to use as many methods as possible so that no opportunity to detect a pathogen is 
missed (3, 9). This is especially true for the detection of Salmonella, since no sin
gle method is suitable for all serotypes. 

Isolation methods are available for Salmonella spp. (3, 9), Shigella spp. (1 0), 
Vibrio cholerae ( 11 ) , Yersinia enterocolitica ( 12), Campylobacter spp. ( 13 -15), 
Legionella spp. (16, 17), P aeruginosa (3, 9), Aeromonas spp. (18), Giardia spp. 
(19-22), Cryptosporidium spp. (21-23), and Naegleria spp. (24). 

Standard methods are now available for concentrating and recovering cyto
patic enteroviruses from large volumes of water (i.e. in the range 10-1000 litres) 
(3, 25--27). A method for enumerating male-specific bacteriophages in water has 
been described (28), and some of the factors influencing their recovery have been 
reviewed (5). 
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10. 
Microbiological criteria 

1 0.1 Rationale 

1 0.1.1 Overall strategy 

A supply of drinking-water should be sufficient in quantity, wholesome, and not 
injurious to health. These requirements are all inter-related. The history of 
water-supply engineering has repeatedly shown that the provision of safe 
drinking-water is the most important step which can be taken to improve the 
health of a community by preventing the spread of waterborne disease. 

Microbiological monitoring provides a sensitive indication of the extent to 
which source protection, treatment, and distribution are effective barriers to the 
transmission of infectious agents of waterborne disease at the time that the sam
ples were taken. It is important to realize at the outset that microbiological in
tegrity is provided by source protection and treatment, and that sudden loss of 
this integrity or steady deterioration may be missed if monitoring is not frequent 
enough. Proper design of sampling schemes is important. 

The task of monitoring is properly that of the water-supply agency whereas 
surveillance-keeping public health and the safety and acceptability of water 
supplies under continuous review-is the duty of the local and national health 
authorities. Good communications between bodies responsible for monitoring 
and surveillance are essential. The user has an important role in preserving the 
quality of the water delivered to the premises through the proper design, con
struction, and maintenance of storage tanks, taps, and associated plumbing so as 
to prevent deterioration. 

1 0.1. 2 Treatment objectives and microbiological criteria 

It is difficult with the epidemiological knowledge currently available to assess the 
risk to health presented by any particular level of pathogens in water, since this 
will depend equally on the infectivity and invasiveness of the pathogen and on 
the innate and acquired immunity of the individuals consuming the water. It is 
only prudent to assume, therefore, that no water in which pathogenic micro
organisms can be detected can be regarded as safe, however low the concentration. 

Furthermore, only certain waterborne pathogens can be detected reliably and 
easily in water, and some cannot be detected at all. This has led over many years 
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to the adoption of the concept of faecal indicator species (see section 9.2) and to 
universal agreement that the most specific and suitable bacteriological indicator 
of faecal pollution is Escherichia coli. Any water that contains E. coli must be 
regarded as faecally contaminated and unsafe, and requiring immediate remedial 
action. 

Only strict attention to source protection and to the design and operation of 
efficient treatment and distribution will guarantee the exclusion of pathogens 
from drinking-water delivered to the consumer. For each water supply, the qual
ity of the source water must guide the selection of the treatment processes, and 
due attention must be given to the ability of these processes to eliminate different 
pathogens (see Chapter 11). The microbiogical water criteria presented here pro
vide the means for demonstrating that these measures have been satisfactory at 
the time of sampling. The selection and design of water-treatment processes 
capable of achieving the necessary reductions in faecal and pathogenic agents will 
ensure that, if properly operated, these systems will always be able to produce 
water of the desired quality. This strategy is the only one that can be adopted in 
the case of pathogens, such as Giardia, Cryptosporidium, and viruses, that are 
more resistant than E. coli to terminal disinfection. 

1 0.1.3 Water supplies for small remote communities 

The provision of water supplies to small remote communities encounters par
ticular problems worldwide, in that location, available facilities, and financial 
constraints often mean that only untreated water can be supplied, treatment is 
limited in extent because only local resources are available, or monitoring is infre
quent or impossible. In such circumstances, sanitary assessment of the supply is 
all-important, and it is recommended that such assessments should be carried out 
periodically and at least yearly. In addition, the guideline values recommended 
here should be regarded as a goal for the future, not an immediate requirement. 
The guideline values recommended for the elimination of hazards may be very 
difficult to achieve under some conditions, and must then be applied, together 
with adequate methods of excreta disposal, in an appropriate manner depending 
on those conditions and on the availability of resources. Unless other sources of 
risk are adequately controlled, the effect of providing pure water on the transmis
sion of diarrhoeal diseases may not be achieved. 

The particular problems of supplies for small remote communities and their 
management are the subject of Volume 3 of Guidelines for drinking-water quality. 

10.2 Bacteriological quality 

Guideline values for bacteriological quality are summarized in Table 10.1, but 
they should not be used uncritically without reference to the information given 
in the text. It is most important that the reasons for adopting them are properly 
understood. 
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Table 10.1 Bacteriological quality of drinking-water a 

Organisms Guideline value 

All water intended for drinking 

E. coli or thermotolerant colrform bactena b, c Must not be detectable rn any 100-ml 
sample 

Treated water entering the distribution system 

E coli or thermotolerant colrform bactena b 

Total colrform bactena 

Treated water in the distribution system 

E coli or thermotolerant coliform bacteria b 

Total colrform bactena 

Must not be detectable in any 100-ml 
sample 
Must not be detectable 1n any 1 00-ml 
sample 

Must not be detectable in any 1 00-ml 
sample 
Must not be detectable in any 100-ml 
sample. In the case of large supplies, 
where suffrcrent samples are examrned, 
must not be present rn 95% of samples 
taken throughout any 12-month period. 

a lmmedrate rnvestrgatrve actron must be taken rf erther E colt or total colrform bactena are detected 
The mrnrmum actiOn rn the case of total colrform bacteria IS repeat samplrng, 1f these bactena are 
detected 1n the repeat sample, the cause must be determ1ned by rmmed1ate further rnvest1gatron 

b Although E coltrs the more prec1se indrcator of faecal pollutron, the count of thermotolerant col1form 
bactena IS an acceptable alternatrve If necessary, proper confirmatory tests must be carrred out 
Total colrform bacterra are not acceptable rndrcators of the sanrtary qualrty of rural water supplres, 
partrcularly rn troprcal areas where many bacterra of no san1tary s1gnrfrcance occur rn almost all 
untreated suppl1es 

c lt 1s recogn1zed that, 1n the great ma]orrty of rural water suppl1es rn develop1ng countnes, faecal 
contamrnatron rs Widespread Under these cond1t1ons, the natronal surveillance agency should set 
med1um-term targets for the progressive Improvement of water suppl1es, as recommended 1n Volume 
3 of Gwde/mes for drmkmg-water qualtty 

It is self-evident and unquestionable that water intended for drinking must 
not contain agents of waterborne disease. However, many pathogens, including 
bacteria, viruses, and parasites, are difficult or even impossible to detect. For this 
reason, as already explained in Chapter 9, microbial indicators of water quality, 
i.e. bacteria indicating either the potential for faecal pollution or that such pollu
tion has occurred, are used, since their presence shows that pathogens could also 
be present. The most numerous of the faecal indicator bacteria is the coliform 
group, and the most suitable member of this group is Escherichia coli, since it 
alone is derived exclusively from the faeces of humans and warm-blooded ani
mals. In practice, thermotolerant coliform organisms or E. coli should not be 
detectable in any 100-ml sample of any water intended for drinking. 

A further reason for adopting this criterion is that it is readily achievable by 
water treatment. Efficient treatment, together with terminal disinfection, should 
yield water free from coliform organisms, no matter how polluted the original 
water may have been. Furthermore, in nearly all epidemics of waterborne disease, 

95 



GUIDELINES FOR DRINKING-WATER QUALITY 

it can be shown that the bacteriological quality of the water was unsatisfactory 
and that there was evidence of contamination or a failure of terminal disinfection 
(1, 2). 

In practice, the fact that E. coli can be found in wild and domestic animals 
and birds is not important because they can also carry pathogens infectious for 
humans. 

During the passage of water from the treatment works to the consumer, its 
bacteriological quality may deteriorate. Members of the coliform group may be 
present in inadequately treated supplies or those contaminated after leaving the 
treatment plant, as a result either of growth on unsuitable materials in contact 
with the water (those used for washers, packing materials, lubricants, plastics 
and plasticizers, for example) or of entry from soil or natural water through 
leaky valves and glands, repaired mains, or back-siphonage. This type of post
contamination will most probably be found when the water is untreated or 
undisinfected, or where there is limited or no residual disinfectant. The occa
sional occurrence of coliform organisms in water in the distribution system or 
untreated supplies in up to 5% of samples taken over any 12-month period, in 
the absence of E. coli, can be regarded as acceptable. It should be stressed that the 
regular occurrence of these organisms, as opposed to their occasional and spo
radic detection, in such samples must be a cause of concern. 

Bottled natural mineral waters constitute a special case; their quality is the 
subject of Codex Alimentarius standards. The water must be collected and bot
tled under conditions such that it will retain its original quality. When such 
water is marketed, the Codex standard specifies that it shall not contain E. coli, 
coliform bacteria, group D streptococci, or Pseudomonas aeruginosa in 250-ml 
samples, provision being made for re-examination if not more than rwo coliforms 
(but not E. colt) or group D streptococci are found in 250 m! (3). 

10.3 Virological quality 

1 0.3.1 Rationale 

It is essential that drinking-water supplies should be essentially free of human 
enteric viruses so that the risk of transmission of waterborne viral disease is negli
gible. It must be assumed that any drinking-water supply subject to faecal con
tamination exposes consumers to the risk of viral disease. There are thus two 
approaches to preventing viral contamination of drinking-water, namely: (i) pro
viding drinking-water from a source that is free of faecal contamination; and (ii) 
producing drinking-water from a faecally contaminated source by treating it in a 
manner capable of reducing enteric viruses to a negligible level. 

Although methods of concentrating and detecting low levels of viruses in 
water are available, they are too complex, expensive, and time-consuming for 
routine monitoring. Furthermore, not all relevant viruses can be detected by the 
methods currently available. As a result, failure to detect viruses in even very large 
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volumes of water does not prove that the water is virus-free and that consumers 
are not at risk of viral disease. In fact, a recent epidemiological-virological study 
indicated that drinking-water produced by conventional treatment from a 
faecally contaminated surface source might have been responsible for 25% of all 
gastrointestinal illness of probable viral etiology, even though the treated water 
was of acceptable microbiological quality ( 4). 

Progress has recently been made in modelling, assessing, and predicting the 
risks of waterborne disease associated with drinking-water containing different 
concentrations of viruses and protozoan cysts (5). Although this has provided 
estimates of the health risks linked to the consumption of contaminated drink
ing-water, the modelling and risk analyses are based on limited dose-response 
data and require further refinement and verification; they are therefore not suffi
ciently developed to provide quantitative criteria for virus concentrations in 
drinking-water. Even if such health risk assessments for waterborne viruses were 
possible, the inability to monitor viruses in drinking-water reliably would pre
clude their practical application. 

In the light of the foregoing, the guidelines for viruses in drinking-water pre
sented in Table 10.2 are based on the probable virological quality of the source 
water and the required degree of treatment for source waters containing different 
levels of faecal contamination and hence different levels of viruses. The aim of 
these source-protection and water-treatment guidelines is to ensure that no 
viruses are present even in very large volumes of drinking-water. 

1 0.3.2 Guidelines for groundwaters 

If groundwater is obtained from a protected source and found to be free of faecal 
contamination, it can be assumed that the water is of acceptable virological 
quality for drinking if other essential criteria are met. The water source and its 
delivery system (casing, pump, pipes, and other appurtenances) must be free of 
faecal contamination from either surface (e.g. waste infiltration) or subsurface 
(e.g. septic tanks) sources. Specifically, the water must meet the guideline criteria 
for turbidity and pH (Table 10.2), bacteriological quality (Table 10.1), and para
sitological quality (section 1 0.4) 

Groundwater obtained from a protected source showing evidence of faecal 
contamination (1-20 E. coli per 100 m!) or exposed indirectly to obvious surface 
or subsurface sources of faecal contamination (e.g. wastewater infiltration of septic 
tanks) must be adequately disinfected to reduce enteric viruses to negligible levels. 
Adequate disinfection is defined (see Table 1 0.2) as the application of chlorine to 

achieve a free residual of at least 0.5 mg/litre after a minimum contact time of 30 
minutes in water having a median turbidity not exceeding 1 NTU and a pH of 
<8.0, or an equivalent disinfection process in terns of virus inactivation. All such 
disinfection processes must produce at least 99.99% reduction of enteric viruses. 

Groundwater sources and their delivery systems not adequately protected 
from either surface or subsurface faecal contamination, such as shallow dug wells 
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Table 10.2 Recommended treatments for different water sources to 
produce water with negligible virus risk8 

Type of source 

Ground water 
Protected, deep wells; essentially free of 
faecal contamination 
Unprotected, shallow wells, faecally 
contaminated 

Surface water 
Protected, 1mpounded upland water; 
essentially free of faecal contamination 
Unprotected 1mpounded water or 
upland nver; faecal contamination 
Unprotected lowland nvers, 
faecal contam1nat1on 
Unprotected watershed, heavy 
faecal contam1nat1on 
Unprotected watershed; 
gross faecal contam1nat1on 

Recommended treatment 

D1smfectionb 

Filtration and d1s1nfect1on 

Disinfection 

Filtration and d1S1nfect1on 

Pre-d1s1nfection or storage, 
filtration, disinfection 
Pre-d1s1nfect1on or storage, f1ltrat1on, 
additional treatment and d1S1nfect1on 
Not recommended for dnnk1ng-water 
supply 

a For all sources, the med1an value of turb1d1ty before terminal dismfect1on must not exceed 1 nephelo
metnc turb1d1ty un1t (NTU) and must not exceed 5 NTU 1n Single samples 

Term1nal dis1nfect1on must produce a residual concentration of free chlor1ne of;, 0 5 mg/l1tre after at 
least 30 m1nutes of contact in water at pH<8 0, or must be shown to be an equ1valent d1s1nfection pro
cess 1n terms of the degree of enterowus 1nact1vat1on (>99 99%) 

F1ltrat1on must be e1ther slow sand filtration or rap1d f1ltrat1on (sand, dual, or m1xed med1a) preceded 
by adequate coagulat1on-flocculat1on (w1th sed1mentat1on or flotat1on) D1atomaceous earth 
filtration or a flltrat1on process demonstrated to be equ1valent for wus reduct1on can also be used 
The degree of v1rus reduction must be >90% 

Add1t1onal treatment may cons1st of slow sand flltrat1on, ozonatlon w1th granular activated carbon 
absorption, or any other process demonstrated to ach1eve >99% enterowus reduct1on 

b D1s1nfect1on should be used 1f mon1tonng has shown the presence of E coli or thermotolerant 
col1form bacteria 

or other unsealed or uncased wells, may be used as drinking-water sources if their 
E. coli count does not exceed 2000 per 100 ml and the water is treated by filtra
tion and disinfection. Unprotected groundwaters containing more than 2000 
E. coli per 100 ml are considered grossly faecally contaminated and are not rec
ommended as water-supply sources regardless of treatment, unless no higher
quality water sources are available. In this situation, the water must be treated by 
at least three unit processes each of which is individually capable of reducing 
viruses, as prescribed for contaminated surface water (see Table 10.2). 

1 0.3.3 Guidelines for surface water sources 

In general, surface waters are never completely pure and will always be subject to 
some degree of faecal contamination, so that treatment to reduce viruses to negli
gible levels will always be required. The quality of the source water in terms of 
the degree of faecal contamination (as defined by E. coli counts in the raw source 
water) will determine the degree of treatment required (see Table 1 0.2). 
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For source waters derived from protected watersheds essentially free of 
human faecal contamination, possibly subject only to low levels of faecal con
tamination from indigenous animals, and containing fewer than 20 E. coli per 
100 ml, the required degree of treatment is adequate disinfection. However, it is 
essential that the source water should have a median turbidity not exceeding 
1 NTU and a maximum turbidity not exceeding 5 NTU in single samples in 
order to ensure adequate virus inactivation by disinfection. Surface water sources 
that meet these virological criteria may nevertheless be contaminated with unac
ceptable levels of Giardia cysts and Cryptosporidium oocysts, neither of which can 
be adequately controlled by disinfection treatment to control viruses. If there is a 
risk of protozoal contamination, the source water may have to be treated by 
means of strictly controlled coagulation and filtration to ensure that these agents 
are removed. Where necessary, special investigations can be conducted to deter
mine whether source water contamination by protozoan cysts or oocysts is prob
able or demonstrable. 

Surface waters from inadequately protected watersheds contaminated by 
both human and animal faeces and containing 20-2000 E. coli per 100 ml must 
be treated by both filtration and disinfection in order to reduce enteric viruses to 
negligible levels. Because such waters are likely to contain protozoal cysts or 
oocysts as well as enteric viruses, filtration and disinfection must be adequate to 
control both of these classes of pathogens. 

Surface waters from inadequately protected watersheds heavily contaminated 
by human and animal faeces and having E. coli counts of over 2000 per 100 ml 
but not more than 20 000 per 100 ml, will require extensive treatment consisting 
of filtration, disinfection, and at least one other process (e.g. long-term storage or 
an additional filtration or disinfection process) capable of producing additional 
reduction of viruses of >99%. Such surface waters are clearly inferior as sources of 
drinking-water and should be used only when no other source ofhigher quality is 
available. If such a source is used, the local authorities will have to bear the con
siderable burden of ensuring that the treatment is properly designed, operated, 
and maintained and that there is adequate monitoring and surveillance of the 
water system and its water quality to ensure a continuous supply of acceptable 
virological quality. 

Surface waters from inadequately protected sources containing more than 
20 000 E. coli per 100 ml are considered to be grossly faecally contaminated and 
hence unsuitable for drinking-water supply regardless of the extent and type of 
treatment. Production of drinking-water from such a source carries a great risk of 
inadequate virological quality and would be undertaken only under the most 
extraordinary circumstances. 

10.4 Parasitological quality 

It is not possible to set guideline values for pathogenic protozoa, helminths, and 
free-living organisms, other than that these agents should not be present in 
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drinking-water, because only one or very few organisms are required for humans 
to become infected. The analytical methods for protozoan pathogens are expen
sive and time-consuming and cannot be recommended for routine use. Methods 
for concentrating the resting stages of Giardia and Cryptosporidium from large 
volumes of water are being standardized. When facilities are available for study
ing the incidence of these parasites in surface water, these methods could be used 
for measuring the efficiency of different water-treatment processes in removing 
them and the incidence of carriage of these parasites by animal vectors in the 
watershed. A better understanding of information on the epidemiology and zoo
notic relationships of these parasites from the point of view of human health will 
then be possible. 

The control of parasitic disease and of invertebrate animal life in water mains 
is best accomplished by means of appropriate treatment. 

10.5 Monitoring 

I 0.5.1 Approaches and strategies 

The monitoring of drinking-water quality ideally consists of the following com
ponents: 

the control of quality on a routine basis to verify that treatment and distribu
tion comply with the prescribed objectives and regulations; 
the surveillance, usually at specified intervals, of the entire water-supply sys
tem from source to consumer from the point of view of microbiological safety. 

Continuous control is an integral pan of the responsibilities of the water
supply agency, through which the waterworks management ensures the satisfac
tory performance of the treatment processes, the quality of the water produced 
and the absence of secondary contamination within the distribution network. In 
principle, an independent body should verify that the waterworks correctly per
forms its duties. This surveillance is usually the responsibility of the local, 
regional and national health authorities. 

I 0.5.2 Sampling frequencies and procedures 

The frequency of sampling will be determined by the resources available. The 
more frequently the water is examined, the more likely it is that chance contami
nation will be detected. Two main points should be noted. Firstly, the chance of 
detecting pollution which occurs periodically, rather than randomly, is increased 
if samples are taken at different times of the day and on different days of the 
week. Secondly, frequent examination by a simple method is more valuable than 
frequent examination by a complex test or series of tests. Sampling frequencies 
for raw water sources will depend on their overall quality, their size, the likeli
hood of contamination, and the season of the year. They should be established by 
local control agencies and are often specified in national regulations and guide-
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lines. The results, together with information from the sanitary inspection of the 
gathering grounds, will often indicate whether increased vigilance is needed. 

Sampling frequencies for treated water leaving the waterworks depend on the 
quality of the water source and the type of treatment. Minimum frequencies are 
one sample every 2 weeks for waterworks with a groundwater source, and one 
sample every week for waterworks with a surface water source. 

The frequency of sampling should be greater where a large number of people 
are supplied because of the larger number of people at risk. Advice on the design 
of sampling programmes and on the frequency of sampling is given in ISO stan
dards (see Table 9.1) and in many national regulations. The minimum number 
of samples to be taken each month for water in the distribution system is given 
for different population sizes in Table 10.3. 

Table 10.3 Minimum sampling frequencies for drinking-water in the 
distribution system 

Population served 

Less than 5000 
5000-1 00 000 
More than 100 000 

Samples to be taken monthly 

1 sample 
1 sample per 5000 population 
1 sample per 10 000 population, plus 10 
additional samples 

Samples should be taken at random intervals in each month from fixed 
points, such as pumping stations and tanks, from random locations throughout 
the distribution system and from taps connected directly to the mains in houses 
and large multioccupancy buildings, where there is a greater risk of contamina
tion through cross-connections and back-siphonage. The frequency of sampling 
should be increased at times of epidemics, flooding, and emergency operations, 
or following interruptions of supply or repair work. With systems serving small 
communities, periodic sanitary surveys are likely to yield more information than 
infrequent sampling. 

No general recommendation can be made for unpiped supplies and 
untreated water because the quality and likelihood of contamination will vary 
seasonally and with local conditions. The frequency should be established by the 
local control agency and reflect local conditions, including the results of sanitary 
surveys. 

Detailed advice on the procedures to be used for sampling different sources 
of water or treatment plants and distribution systems and at the tap are given in 
Volume 3 of Guidelines for drinking-water quality and in standard methods ( 6. 7) 
(see Table 9.1). However, the following general points should be noted. 

Care must be taken to ensure that samples are representative of the water to 
be examined and that no accidental contamination occurs during sampling. 
Sample collectors should therefore be trained and made aware of the responsible 
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nature of their work. Samples should be clearly labelled with the site, date, time 
and other relevant information, and sent to the laboratory for analysis without 
delay. 

If the water to be examined is likely to contain chlorine, chloramine, chlo
rine dioxide, or ozone, sodium thiosulfate should be added to neutralize any 
residual disinfectant. Properly controlled, the concentration of thiosulfate has no 
significant effect on the coliform organisms, including E. coli, either in chlori
nated or in unchlorinated water samples during storage ( 6). If heavy metals, par
ticularly copper, are present, chelating agents (e.g. edetic acid (EDTA) or 
nitrilotriacetic acid (NTA)) should also be added. 

When samples of disinfected water are taken, the concentration of residual 
disinfectant at the sampling point and the pH should be determined at the time 
of collection. 

When a number of samples are to be taken for various purposes from the 
same location, the sample for bacteriological examination should be collected 
first to avoid the risk of contamination of the sampling point. 

Samples must be taken from different parts of the distribution system to 

ensure that all parts of it are tested. When streams, lakes, or cisterns are being 
sampled, the water must be taken from below the surface, away from banks, sides 
of tanks, and stagnant zones, and without stirring up sediments. Taps, sampling 
ports, and the orifices of pumps should, if possible, be disinfected and a quantity 
of water run to waste to flush out the stagnant water in the pipe before the sam
ple is taken. Sampling ports in treatment processes and on water mains must be 
carefully sited to ensure that samples are representative. The length of pipework 
to the tap should be as short as possible. 

The changes that may occur in the bacterial content of water on storage can 
be reduced to a minimum by ensuring that samples are not exposed to light and 
are kept cool, preferably between 4 and 10 ac, but not frozen. Examination 
should begin as soon as possible after sampling and certainly within 24 hours. If 
samples cannot be cooled, they must be examined within 2 hours of sampling. If 
neither condition can be met, the sample should not be analysed. 

1 0.5.3 Surveillance programme requirements 

Surveillance is the continuous and vigilant public health assessment and review 
of the safety and acceptability of drinking-water supplies. Each component of the 
drinking-water system-the source, treatment, storage, and distribution-must 
function without risk of failure. A failure in one part will jeopardize and nullify 
the effects of other parts that function perfectly, as well as the care that has been 
taken to ensure that they do so. Water is liable to contamination at all stages in 
the process of supply, hence the need for constant vigilance. At the same time, 
careful and intelligent assessment of likely sources of risk and breakdown is nec
essary before a supply system is planned and installed and, indeed, continously 
thereafter, because of possible changes in conditions and potential sources of con-
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tamination. Contingency plans must be made to deal with any emergencies that 
may arise through natural or man-made disasters, such as accidents, wars, and 
civil commotions, or the cessation of supplies of essential chemicals used in treat
ment. 

An essential part of surveillance is the establishment of a proper network for 
regulation and command. At government level, this means the establishment and 
enforcement of national standards, and the promulgation of national guidelines 
for achieving compliance with the laws and standards; for the water-supply 
agency, it means promotion of local codes of good waterworks practice together 
with formal instruction and training. A national inspectorate should be estab
lished to ensure that the legal requirements are met and standards complied with. 
This body should be separate from that representing the interests of the water 
provider. 

Both the water provider and the inspectorate should have properly equipped 
laboratory facilities staffed by trained and properly qualified personnel, adequate 
facilities for sustaining at all times the level of monitoring required, and suffi
cient capacity to carry out additional examinations as required to meet special 
needs. Operational staff at the waterworks, should also be appropriately trained 
and qualified. 

Lines of communication and command must be established at the outset and 
must be properly understood by all staff up to the highest levels. This will ensure 
the effective functioning of day-to-day operations and also that immediate re
medial action is taken in emergencies and when contamination is discovered. 
Bacteriological failures must be acted on as soon as discovered, so that the micro
biologist must have the authority to instruct the engineer and the operational 
staff to take the necessary action. The lines of communication needed in an 
emergency will be complex, involving not only different public bodies but also 
authorities responsible for different geographical regions. Appropriate instruc
tions must be laid down and understood at each site. 

The scope of surveillance, together with examples covering the points made 
in this section, has been considered in a separate WHO publication, which 
should be consulted (8). The importance of surveillance is highlighted repeatedly 
in official reports of serious outbreaks of waterborne disease, which usually reveal 
deficiencies in more than one area (I, 2, 9). Surveillance procedures are described 
further in Volume 3 of Guidelines for drinking-water quality. 

The levels of surveillance of drinking-water quality differ widely in develop
ing countries in line with the differences in economic development and the pro
vision of community water supplies in those countries. Surveillance should be 
progressively developed and expanded by adapting the level to the local situation 
and economic resources, with gradual implementation, consolidation, and devel
opment to the level ultimately desired. 
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10.6 Action to be taken when contamination is detected 

No surface water can be assumed to be free from enteric pathogens, including 
viruses and parasites, since they can be derived from wild or farm animals living 
in the catchment area as well as from human faecal contamination. The geo
graphical and seasonal distribution of specific pathogens in natural waters can 
provide valuable information on the epidemiology of disease in animal popula
tions and the routes of transmission to the human population. Such information 
also indicates the precautions needed to safeguard the sources of water and the 
degree of treatment needed. 

The occurrence of any pathogenic agent, bacterial, viral, or animal, in a 
drinking-water supply is always a matter for the gravest concern, demanding 
immediate attention to treatment and to determining the cause. The examina
tion of drinking-water for a particular pathogen will most probably be required 
when the water is suspected to be the cause of an outbreak of disease in the com
munity supplied with the water. The finding of the causal agent of the disease in 
the water, together with the distribution of primary cases among those using it, 
prove that the supply is implicated, particularly if the disease is not found among 
those not using the water and not acquiring infection secondarily. 

1 0.6.1 Bacterial indicators of faecal contamination 

The finding of Escherichia coli in any sample of water intended for drinking is a 
matter for concern, since it indicates that the water has been recently contami
nated by faecal material from humans or animals, and that there is a likelihood 
that pathogens will also be present. If the water is a treated piped supply, there is 
also the strongest reason for suspecting that there has been a breakdown in disin
fection, treatment before disinfection has failed, or contaminated water has 
entered the system. Immediate action must be taken to discover the source of 
contamination and to increase the dosage of disinfectant so as to ensure that an 
adequate residual is present in the water delivered to the consumer, until the 
problem is overcome. Consideration should be given to telling consumers to boil 
water intended for drinking. If the quality of water leaving the works is satisfac
tory, ingress of contaminated water will most usually arise as a result either of 
damage to the distribution system or repairs to it, or through infiltration into 
underground service reservoirs or directly into the mains as a result of low pres
sure and back-siphonage or cross-connections. Where treatment is minimal, 
because source water is normally of high qualiry, sudden deterioration resulting 
from storms, flooding, or massive pollution incidents will mean that the disinfec
tion applied is inadequate. Prior assessment of hazards by sanitary survey or by 
the establishment of "early-warning" monitoring systems in the catchment area 
will help avoid such events. 

A finding of thermotolerant or total coliform bacteria in the presumptive test 
demands instant attention. The positively reacting tubes or colonies must be 
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examined further using confirmatory tests, and for the presence of E. coli. The 
water must immediately be resampled from the same source. The waterworks 
engineer must be informed at once, so that investigations can be made to dis
cover the source of the contamination. Such action must be regarded as the min
imum. Where the failure concerns water leaving the treatment works, 
investigations and corrective action as outlined in the previous paragraph are nec
essary immediately and before the results of the confirmatory test are known. 

The finding of total coliform organisms, in the absence of thermotolerant 
coliforms or E. coli, in a treated piped supply usually indicates post-treatment con
tamination, or growth on pipes or fittings, when the treated water entering the 
supply system is satisfactory. It suggests either that materials coming into contact 
with water, such as those used for pipes, washers, pipe sealants, and packings, or 
rubber and plastics used for other purposes, are supporting growth or that untreat
ed water is entering the distribution network. Because total coliforms of nonfaecal 
origin can exist in natural waters, their presence can occasionally be tolerated in 
unpiped or untreated water, if thermotolerant coliform bacteria and E. coli are 
absent. If they are present repeatedly or in consecutive samples, as indicated in 
Table 10.1, action must be taken to improve the sanitary protection of the source. 

In temperate or cold climates, the finding of total or thermotolerant coliform 
bacteria in the presumptive test leads in a high proportion of cases to confirmation 
of the presence of E. coli and therefore of evidence of faecal contamination. This 
may be less common in tropical and semitropical regions, particularly where the 
water is untreated. Nevertheless, the indication must not be ignored for the reasons 
given in section 9 .2. If desired, the faecal origin of such coliform organisms can be 
confirmed using the faecal streptococcus and sulfite-reducing clostridia tests. 

1 0.6.2 Miscellaneous indicators 

Occasionally, and particularly where the source water is derived from lowland 
rivers and where the water temperatures in the distribution system are 20 ac or 
higher, Aeromonas spp. can occur and will interfere with the interpretation of the 
total coliform tests. At these temperatures and where the free chlorine residual is 
below 0.2 mg/litre, these bacteria are able to grow on assimilable organic carbon 
in the water. Similar significance attaches to the finding of Pseudomonas aerugi
nosa in supply systems. Both these organisms can occur in the absence of coli
form bacteria and will interfere with the interpretation of the coliform tests. 
Their sanitary significance is unclear, although they can be opportunistically 
pathogenic and are undesirable where water is used in the manufacture of food 
and drink, or is supplied to hospitals. Measures to eradicate them must be taken, 
and may include eliminating unsatisfactory materials in contact with the water, 
cleaning distribution systems and plumbing in the buildings affected, and main
taining adequate residual disinfectant in the supply. 

Bacteria recovered in colony counts at 22 ac are without sanitary signifi
cance. However, the occurrence of such bacteria in numbers exceeding 100 per 
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100 ml in piped water may indicate enrichment of the water with assimilable 
organic carbon. Large numbers are undesirable in water used for preparing food 
and drink or for bottling. Any increase in the numbers of colonies above normal 
levels when counts are made at 37 ac should be regarded with suspicion, since it 
may be caused by the onset of polluting conditions, particularly if not accompa
nied by an increase in the count at 22 oc. An increase in the count at 37 ac is 
often a valuable indication of undesirable changes and should prompt an investi
gation of the supply or of the gathering grounds, if the water is untreated. 

The presence of macroscopic animal life in drinking-water is aesthetically 
objectionable if nothing else. With piped supplies, it is an indication that flush
ing and cleaning of the distribution system are needed (see section 8.2). Their 
occurrence may sometimes reflect unusually high water temperatures as, for 
example, when chironomid larvae are discharged from slow sand filters into the 
treated water. 
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11. 
Protection and improvement of 
water quality 

The emphasis in this section is on protecting and improving the microbiological 
quality of drinking-water. It is a basic principle, long established as a result of the 
lessons learned from serious outbreaks of waterborne disease, that a single barrier 
to the spread of pathogenic organisms is not sufficient to ensure the purity of 
drinking-water (I, 2). Purity is not the only requirement, however; the drinking
water supply must also be capable of meeting the anticipated demand. Inade
quate supply, together with geographical factors, often means that raw water of 
poor microbiological quality and possibly containing significant amounts of 
wastewater has to be used. A second principle is that to ensure that the drinking
water delivered to the consumer is free from pathogens, the level of treatment 
should be related to the degree of pollution expected in the source water. In the 
case of contaminated water sources, several treatment processes, designed primar
ily for such water will be necessary. Together, these processes will progressively 
remove pathogens and other contaminants from raw water and consistently pro
duce a safe and wholesome supply of drinking-water. Ideally, safety should be 
achieved before the final treatment step, so that the failure of any one process will 
not result in waterborne disease, i.e. the system is fail-safe. The protection of the 
source from pollution and the provision of adequate and properly operated treat
ment processes constitute the essential barriers to the transmission of disease on 
which the supply of wholesome water depends (I, 2). 

11.1 Water sources 

11 .1.1 Selection of sources 

Before a new source of drinking-water supply is selected, it is important to ensure 
that: (1) the quality of the water is satisfactory or can be improved by treatment 
to make it suitable for drinking; (2) the source will yield enough water to meet 
the needs of the community not only under the normal conditions of the average 
annual cycle but also under conditions which are unusual but can be expected, 
say, once in 10 years; (3) under normal abstraction conditions, the change in 
local water flow patterns will not cause any unacceptable deterioration in the 
quality of the water abstracted; and (4) the water to be abstracted can be pro
tected against pollution. 
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A full sanitary and microbiological survey of the catchment area should be 
carried out to locate all the sources of pollution. It may be that the treatment or 
diversion of a small polluting discharge could make a large potential source 
acceptable (3). If remote upland sources of surface waters are being considered, 
it is important to assess whether access by people or livestock can be prevented 
and whether wild animals are likely to be vectors of salmonellae, Giardia, and 
Cryptosporidium. 

11.1.2 Source protection 

In the past, isolation of the watershed from human activity was an important 
means of protecting a waterway or aquifer from contamination. The rising cost 
of land and increases in population have made this procedure more costly and 
difficult, especially when new sources must be found in an area that is already 
developed. It is still desirable for water suppliers to own or control the land to the 
extent that this is feasible (1). 

Another line of defence is to prevent polluting activities in the area which 
may be a source of infection. This means, for instance, defining areas where sew
age sludge may not be applied, and exercising strict control over discharges of 
sewage effluents and agricultural wastes, the location of sites for the dumping of 
garbage and toxic wastes, and drilling, mining, and quarrying. Control of such 
activities does not necessarily mean that they should be banned, but that, in the 
interests of public health, they should be licensed and open to inspection and 
monitoring whenever water quality could be affected. Where potentially harmful 
substances are handled or made, steps should be taken to ensure that any efflu
ents are either adequately treated or conveyed safely over the catchment area (3). 

Sources of groundwater such as springs and wells should be sited and con
structed so as to be protected from surface drainage and flooding. Zones of 
groundwater abstraction should be fenced off to prevent public access, kept free 
from rubbish, and sloped to prevent the formation of pools in wet weather. Ani
mal husbandry should be adequately controlled in such zones (1, 3). 

Protection of open surface water is difficult. It may be possible to protect a 
reservoir from major human activity, but the protection of a river, if possible at 
all, may be feasible only over a limited stretch. Often it is necessary to accept 
existing and historical uses of a river or lake and to design the treatment accord
ingly. Adequate sewage treatment is important in preserving water quality at 
downstream intakes (3). 

11.2 Treatment processes 

The fundamental purpose of water treatment is to protect the consumer from 
pathogens and from impurities in the water that may be injurious to human 
health or offensive. Where appropriate, treatment should also remove impurities 
which, although not harmful to human health, may make the water unappealing 
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to drink, damage pipes, plant, or other items with which the water may come 
into contact, or render operation more difficult or costly. 

These purposes are achieved, as previously mentioned, by introducing suc
cessive barriers, such as coagulation, sedimentation (or flotation), and filtration, 
to remove pathogens and impurities. The final barrier is disinfection. The func
tion of the entire system, and indeed of much of water treatment, may with some 
justification be regarded as that of conditioning the water for effective and re
liable disinfection (3). 

11.2.1 Storage 

The storage of water in reservoirs creates favourable conditions for the self
purification of the stored water, but may also cause undesirable changes in water 
quality. The benefits of storage include the provision of a continuous supply of 
water, reduction in turbidity, reduction in pathogens through the action of sun
light and sedimentation, dilution of undesirable substances that may accidentally 
enter the intake, and oxidation of impurities. It also provides a buffer should pol
lution occur in the river. Undesirable conditions created by storage include those 
associated with the production of algae, pollution by birds and animals, evapora
tion, and the leaching of iron and manganese from soils and rocks (2, 3). 

Reservoirs should either be constructed in series or designed to prevent 
short-circuiting, since this will enhance removal of pathogens and self-purifica
tion. The benefits of reservoir storage are greatest in the summer and when resi
dence periods are about 3-4 weeks. 

11.2.2 Presedimentation 

Highly turbid surface water may require presedimentation before further treat
ment. Presedimentation basins are constructed in excavated ground or of steel or 
concrete. Such basins may be preceded by equipment for the addition of chemi
cals to provide partial coagulation during periods when the water is too turbid to 
clarifY by sedimentation alone. 

11.2.3 Prechlorination 

Prechlorination to breakpoint has been widely used as an alternative to storage 
for water derived from lowland rivers and is also used when stored water contains 
much planktonic life. Its purpose is to reduce counts of faecal bacteria and patho
gens, destroy animal life and algae, and oxidize ammoniacal nitrogen, iron, and 
manganese, thereby assisting in their removal. The combined and free chlorine 
which remains effectively discourages microbial activities, such as protozoal pre
dation and nitrification, as well as microbial growth during subsequent filtration. 
When used to disinfect raw water, the oxidative effect of chlorine and even more 
of ozone will result in the partial conversion of total organic carbon into bio-
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degradable organic carbon which, if not removed by biological activity during 
treatment (e.g. during slow sand or granular activated carbon filtration), can 
result in the growth of nuisance organisms during distribution. Prechlorination 
of organically enriched surface waters has been shown to produce a substantial 
increase in the content of trihalomethanes and is often a wasteful use of chlorine. 
It is important to balance the maintenance of the microbiological safety of 
drinking-water against possible hazards associated with the formation of such 
disinfection by-products. 

11.2.4 Coagulation and flocculation 

To remove particulate matter, a water-treatment plant will generally include 
equipment for coagulation and flocculation, followed by sedimentation and fil
tration. 

Coagulation involves the addition of chemicals (e.g. aluminium sulfate, fer
ric sulfate) to neutralize the charges on particles and facilitate their agglomeration 
during the slow mixing provided in the flocculation step ( 1). Floes thus formed 
eo-precipitate, adsorb and entrap natural colour and mineral particles, and can 
bring about major reductions in counts of protozoa, faecal bacteria, pathogens, 
and viruses. 

Coagulation and flocculation require a high level of operational skill. Chem
ical dosages and pH control must be correct, and the plant must be designed to 

ensure proper floc formation. Before it is decided to use coagulation as part of a 
treatment process, careful consideration must be given to the likelihood of pro
cess stability, the availability of regular supplies of chemicals, and the need for 
qualified personnel (3). 

11.2.5 Sedimentation or flotation 

The purpose of sedimentation is to permit settleable floc to be deposited and 
thus reduce the concentration of suspended solids that must be removed by filters 
(2). Flotation is an alternative to sedimentation, and has advantages when the 
amount of floc is small. 

The factors that influence sedimentation include the size, shape, and weight 
of the floc, viscosity and hence the temperature of the water, the detention time, 
the number, depth, and areas of the basins, the surface overflow rate, the velocity 
of flow, and the inlet and outlet design (1, 2). 

Arrangements must be made for the collection and safe disposal of sludge 
from sedimentation tanks. 

11.2.6 Rapid filtration 

Typically, rapid sand filters consist of 0.4-1.2 m of sand, usually of an effective 
size of0.5-1.0 mm, supported by gravel and underdrains. In recent years, single-
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medium filters have often been replaced by dual-medium or multimedia ones. 
During filtration, residual particles of floc not removed by sedimentation are 
trapped in the interstices of the bed, and may induce further flocculation of par
tides. A limited amount of biological activity may also occur, if it is not sup
pressed by prechlorination or by high flow rates. Both sand and mixed-media 
filters are normally cleaned by reversal of the flow though the bed (backwashing). 
Backwash water is either discharged to the sewer or drying beds or recycled after 
removal of sludge. 

The performance of rapid filters in removing microorganisms and turbidity 
varies over the duration of the run between backwashings. Immediately after 
backwashing, performance is poor, until the bed has compacted. In some plants, 
water is filtered and diverted for recycling for 15-30 min at the start of each filter 
run. In some waterworks, a 30-min slow start for each filter run is included to 

prevent the initial breakthrough. Performance will also deteriorate progressively 
when backwashing is needed, since floc may escape through the bed into the 
treated water, thereby increasing its turbidity. In view of the foregoing, proper 
supervision and control of filtration at the waterworks are essential. 

11.2.7 Slow sand filtration 

Typically, slow sand filters consist of 0. 5-l. 5 m of silica sand with an effective 
size of 0.3-0.6 mm. The upper layer of fine sand is supported on gravel and a 
system of underdrains. 

Slow sand filtration is simpler to operate than rapid filtration, as frequent 
backwashing is not required ( 4, 5). It is therefore particularly suitable for devel
oping countries and small rural systems, but is applicable only if sufficient land is 
available. On the other hand, the filters are readily clogged by algal blooms and 
do not remove heavy metals and many micropollutants efficiently. They effec
tively remove biodegradable organic carbon and oxidize ammonia. 

When the filter is first brought into use, a microbial slime community 
(schmutzdecke) develops at the surface of the bed. This consists of bacteria, free
living ciliated protozoa and amoebae, crustacea, and invertebrate larvae acting in 
food chains, resulting in the oxidation of organic substances in the water and of 
ammoniacal nitrogen to nitrate. Pathogenic bacteria, viruses, and resting stages 
of parasites are removed, principally by adsorption on to the schmutzdecke and by 
subsequent predation. When correctly loaded and operated, slow sand filtration 
is capable of bringing about a great improvement in water quality (6). Slow sand 
filters, operated at a filtration rate of 1.1-4.2 m/day, were able to remove 
97-99% of enteroviruses at water temperatures of 6-11 ac. This was somewhat 
greater than for E. coli, and removal was greatest when the water was warmest 
(7). A slow sand filter is more efficient than any other process in removing para
sites (helminths and protozoa). Nevertheless, the effluent from such a filter might 
well contain a few E. coli and viruses, especially during the early phase of a filter 
run. It is usual to divert or recycle the filtered water produced immediately after 
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commissioning or cleaning a filter bed until the schmutzdecke has been estab
lished and become effective. 

11.2.8 Infiltration 

Surface water can also be treated by infiltration of the raw or partly treated water 
into river banks or sand dunes, followed by underground passage; this is an effec
tive means of removing undesirable microorganisms and viruses. Infiltration is 
applicable only in areas where suitable geological conditions exist. Pretreatment is 
required to prevent clogging of the infiltration area. In addition, water abstracted 
from the aquifer usually needs some additional treatment, such as aeration and 
filtration, to remove, e.g. iron and manganese present in anaerobic groundwater. 
The residence time underground should be as long as possible to obtain a water 
comparable in quality to groundwater. 

11.2.9 Disinfection 

The overall objective of disinfection is to ensure that the quality criteria specified 
in Table 10.1 (seep. 95) are always met. 

Terminal disinfection of piped drinking-water supplies is of paramount 
importance and is almost universal, since it is the final barrier to the transmission 
of waterborne bacterial and viral diseases. Although chlorine and hypochlorite 
are most often used, water may also be disinfected with chloramines, chlorine 
dioxide, ozone, and ultraviolet irradiation (3, 8). 

The efficacy of any disinfection process will depend on the degree of purity 
achieved by prior treatment, as disinfectants are highly active and will be neutral
ized to a greater or lesser extent by organic matter and readily oxidizable com
pounds in water. Microorganisms that are aggregated or adsorbed on to 
particulate matter will also be partly protected from disinfection. It is therefore 
recommended that the median turbidity of water before disinfection should not 
exceed 1 NTU; it should not exceed 5 NTU in any individual sample. 

Practical experience has shown that the kinetics of the disinfection of 
drinking-water follow the first-order model of Chick's law, in which the fraction 
of the original population surviving, x/ x

0
, after treatment for a time t is given by 

x/x
0 

= e-kt, 
where k is the specific death rate. This law is based on the assumption that all the 
agents being removed are equally sensitive to the disinfectant and that they are 
randomly distributed and not clumped together. 

The specific death rate with disinfection, k, or the contact time, t, required 
to kill a given percentage of the original population is usually proportional to the 
concentration, C, of disinfectant, as in Watson's empirical dilution law: 

Cnt= k 
where k is a constant of proportionality and n is the dilution exponent. For water 
disinfection, the value of n is close to 1, and it is therefore convenient to express 
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the product of the concentration and the time required to bring about 99% 
removal of a given agent as a Ctvalue. This must be done with caution, because 
it is assumed that Chick's law is followed and that the conditions of disinfection 
(temperature, pH, chemical composition of the water, its disinfectant demand, 
and the physiological state of the agents being disinfected) are constant (9). Table 
11.1 lists C t values for different agents and disinfectants, and shows that, of the 
microorganisms listed, E. coli is generally the most sensitive, that the three viruses 
differ in sensitivity not only among themselves but also to the different disinfec
tants, and that the parasites Giardia and Cryptosporidium are the most resistant 
(1 0-12). Table 11.1 also indicates that normal chlorination conditions (i.e. free 
chlorine residual of 0.5 mg!litre, a contact time of 30 min, pH less than 8.0, and 
water turbidity less than 1 NTU) can be expected to bring about reductions 
greatly in excess of 99% for E. coli and the viruses specified but not for the para
sitic protozoa. 

Table 11.1 C.t values (mg.min/1) for 99% inactivation of various 
agents by disinfectants at 5 oca 

Agent Disinfectant 

Free chlorine Preformed chloramine Chlorine dioxide Ozone 

pH 6-7 pH 8-9 pH 6-7 pH6-7 

Ecol1 0 034-0 05 95-180 0 4-0 75 0 02 

Pol1ov1rus type 1 11-2 5 768-3740 0 2-6 7 01-0 2 

HepatitiS A VIrUS 1 8 ca590 1 7 

Rotawus 0 01-0 05 3810-6480 0 2-21 0 006-0 06 

G1ard1a Iambiia 

cysts 47->150 0 5-0 6 

G1ard1a muns 

cysts 30-630 7 2-18 5 1 8-2 0 

Cryptospond1um 

parvum oocysts 6 5-8 9 <33-64 

Cryptospond1um 

oocysts from human 77x10 6-

faeces 8 7 X 10 6 

a Calculated from data 1n references 10-12 

It is thus clear that great care is needed to ensure that the treatment processes 
preceding terminal disinfection are operated correctly to ensure the effective 
removal of pathogens. There are many instances of disinfection failure when 
turbidity was 5 NTU or more. It is therefore axiomatic that, for successful disin
fection, turbidity should always be less than 5 NTU and preferably less than 1 
NTU. 

As with chemical disinfection, ultraviolet disinfection is more effective 
against vegetative bacteria than against viruses and bacterial spores, while proto
zoal cysts are the most resistant. Data show that the minimum dosage recom
mended, 16 mWs/cm2, is sufficient to inactivate more than 99.9% of vegetative 
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bacteria but not the other agents (I 0). Disinfection by ultraviolet radiation is 
applicable only to clear waters, since appreciable turbidity or dissolved organic 
carbon will attenuate the radiation. Although there is no residual effect of disin
fection by ultraviolet radiation, this is not a drawback when the water has been 
treated to a high standard to remove biodegradable organic carbon and where the 
water distribution system is well maintained. 

11.3 Choice of treatment 

11.3.1 Microbiological conditions 

In rural areas supplying small communities, protection of the source of water 
may be the only "treatment" possible. Such supplies are considered in detail in 
Volume 3 of Guidelines for drinking-water quality. In large communities, the 
demand for water is high and can often be met only by using sources of poor 
microbiological quality. 

Two considerations are of paramount importance: firstly, the quality of 
drinking-water is totally dependent on protection of the source, treatment of the 
water, and maintenance of the integrity of the distribution system; and secondly, 
microbiological monitoring can influence water quality only if its findings, and 
those of the agency responsible for surveillance, are made known to the water 
engineer and any remedial measures necessary are implemented. 

11.3.2 Treatment of groundwater 

Groundwater extracted from well protected aquifers is usually free from patho
genic microorganisms, and the distribution of such groundwater without treat
ment is common practice in many countries. However, the catchment area must 
be protected by effective regulatory measures and the distribution system ade
quately protected against secondary contamination of the drinking-water. If the 
water, in its passage from source to consumer, cannot be protected at all times, 
disinfection and the maintenance of adequate chlorine residuals are imperative. 

11.3.3 Treatment of surface water 

The extent to which faecal bacteria, viruses, and parasites are removed by prop
erly designed and operated equipment for flocculation, coagulation, sedimenta
tion, and rapid filtration is equivalent to that achieved by slow sand filtration. 

Additional treatment, such as ozonation, will have a considerable disinfect
ing action besides converting part of the total organic carbon into a biodegrad
able form. If it is followed by activated carbon treatment or other biological 
filtration stage, some of the biodegradable organic carbon will be removed by 
microbial activity, thus reducing the potential for aftergrowth of nuisance bac
teria in distribution networks. 
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Disinfection should be regarded as obligatory for all piped supplies of surface 
water, even if derived from high-quality, unpolluted sources, since there should 
always be more than one barrier against the transmission of infection by a water 
supply. In large, properly run waterworks, the criteria for the absence of E. coli 
and coliform bacteria can then be met with a very high degree of probability. 

Table 11.2 shows that conventional urban water treatment relies on pretreat
ment and terminal disinfection to remove much of the microbial contamination. 
Nevertheless, conventional treatment can be effectively operated as a three-stage 
multiple-barrier system involving: (1) coagulation and settling or flotation; (2) 
rapid filtration; and (3) terminal disinfection. 

Table 11.2 An example to illustrate the level of performance that can 
be achieved in removal of turbidity and thermotolerant 
coliform bacteria in conventional urban water treatment 

Stage and process Turbidity Thermotolerant coliform bacteria 

Removal a Average Maximum Removal a Average Maximum 

(%) loading loading (h)% loading loading 
(NTU)b (NTU)b (per 1 00 ml) (per 1 00 ml) 

Mtcro-stratmng NAG NA NA NA NA NA 

Pretreatmentd NA NA NA >99 9 1000 10 000 
Coagulatton/settltng8 90 50 300 NA NA NA 

Rapid ftltratton 8 >80 5 30 80 10 
Termtnal chlonnatton NA 5 >99 9 <1 2 

Matns dtstnbu!IOn NA <1 <5 NA <1 <1 

a Requtred performance 
b NTU, nephelometnc turbtdtty untts 
c NA, not appltcable, Process not destgned to remove turbidtty and/or bactena Mtcro-stratntng 

removes mtcro-algae and zooplankton 
d Pretreatments that can result m stgntftcant reductions tn thermotolerant coltform bactena are storage 

1n reservotrs for 3-4 weeks, and pre-dtstnfectton 
e Taken together, coagulatton, settltng, and raptd ftltratton should be expected to remove 99 9% of ther

motolerant coltform bactena 

Another approach to the application of the multiple-barrier principle has 
been applied in urban areas for supplies derived from rivers. It involves: (1) raw 
water storage (or plain sedimentation); (2) rapid sand filtration; (3) slow sand fil
tration; and (4) terminal disinfection. Steps 1-3 remove turbidity, while 1, 3 and 
4 remove microbes. Infiltration, which is highly effective in removing bacteria, 
viruses, and organic carbon, has been used, notably in the Netherlands, as an 
additional process following storage and rapid filtration. 

11.3.4 Small-scale treatment of surface water 

The multiple-barrier concept, as applied in the treatment of surface water for 
urban supplies, can be adapted for use in rural and remote regions. A typical 
series of processes would include: (1) storage, sedimentation, or screening; (2) 
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triple-stage gravel prefiltration; (3) slow sand filtration; and ( 4) disinfection. 
Table 11.3 lists typical performance objectives for the removal of turbidity and 
thermotolerant coliform bacteria in such plants. 

A detailed account of water treatment and supply for small remote commu
nities is given in Volume 3 of Guidelines for drinking-water quality. 

Table 11.3 An example of performance objectives for removal of 
turbidity and thermotolerant coliform bacteria in small-
scale water treatment 

Stage and process Turbidity Thermotolerant coliform bacteria 

Removal a Average Maximum Removal a Average Maximum 
(%) loading loading (h)% loading loading 

(NTU)b (NTU)b (per 100 ml) (per 100 ml) 

Screen1ng NAC NA NA NA NA NA 

Pla1n sed1mentat1on 50 60 600 50 1000 10 000 

Gravel pre-f1lters 

(3-stage) 80 30 300 90 500 5000 

Slow sand filter >90 6 60 95 50 500 

D1s1nfect1on NA <1 <5 >99 9 <3 25 

D1stnbuted water NA <1 <5 NA <1 <1 

a Requ1red performance 
b NTU, nephelometnc turb1d1ty un1ts 
c NA, not applicable Process not des1gned to remove turb1d1ty and/or bactena 

11.4 Distribution networks 

A distribution network transports water from the place of treatment to the con
sumer. Its design and size will be governed both by the topography and the loca
tion and size of the community. The aim is always to ensure that the consumer 
receives a sufficient and uninterrupted supply and that contamination is not 
introduced in transit. The shape of the network will be influenced by the loca
tion of consumers. 

Distribution systems are especially vulnerable to contamination when the 
pressure falls, particularly in the intermittent supplies of many cities in develop
ing countries. Suction is often created by direct pumping from the mains to pri
vate storage tanks, a practice which should be prohibited. 

The bacteriological quality of water can deteriorate during distribution, and 
there are a number of places where contamination can be introduced. If the water 
contains significant assimilable organic carbon and adequate residual levels of 
disinfectant are not maintained, or if water mains are not flushed and cleaned fre
quently enough, growth of nuisance bacteria and other organisms can occur. 
Where the water contains appreciable assimilable organic carbon and where the 
water temperature exceeds 20 oc, a chlorine residual of 0.25 mg!litre may be 
required to prevent the growth of Aeromonas and other nuisance bacteria. 
Attached microorganisms may grow even in the presence of residual chlorine. 
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Underground storage tanks and service reservoirs must be inspected for de
terioration and for infiltration of surface water and groundwater. It is desirable 
for the land enclosing underground storage tanks to be fenced off, both to pre
vent access by people and animals and to prevent damage to the structures. 

Repair work on mains provides another opportunity for contamination to 
occur. Local loss of pressure may result in back-siphonage of contaminated water 
unless check valves are introduced into the consumers' water system at sensitive 
points, such as supplies to ornamental pools, garden irrigation, urinals, and water 
closets. When repairs to mains have been completed or when new mains are 
installed, it is essential that the pipes are cleaned, disinfected, and then emptied 
and refilled with mains water. The water should then be tested bacteriologically 
after 24 hours, and new mains should not be brought into service until the water 
quality is bacteriologically satisfactory. If the main has been damaged and water 
from a fractured sewer or drain may have entered, the situation is most serious 
and, in addition to chlorination of the water in the repaired main, the level of 
chlorination should be increased and the main not returned to service until the 
water quality is satisfactory. These and other actions to be taken should be speci
fied both in national codes of practice and in local instructions to waterworks 
staff. 

As already mentioned, microbial contamination can occur as a result of the 
use of unsuitable materials for items coming into contact with water; such 
materials include those used for washers, jointing and packing materials, pipe 
and tank lining compounds, and plastics used in pipes, tanks, and faucets, all of 
which can deteriorate to form substances that support the growth of microorgan
isms. Such materials should be subject to approval by the authority responsible 
for the water-supply system. 
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12. 
Chemical and physical aspects: 
introduction 

12.1 Background information used 

The assessment of the toxicity of drinking-water contaminants has been made on 
the basis of published reports from the open literature, information submitted by 
governments and other interested parties, and unpublished proprietary data. In 
the development of the guideline values, existing international approaches to 
developing guidelines were carefully considered. Previous risk assessments 
developed by the International Programme on Chemical Safety (IPCS) in Envi
ronmental Health Criteria monographs, the International Agency for Research 
on Cancer (IARC), the Joint FAO/WHO Meetings on Pesticide Residues 
(JMPR), and the Joint FAO/WHO Expert Committee on Food Additives 
(JECFA) were reviewed. These assessments were relied upon except where new 
information justified a reassessment. The quality of new data was critically 
evaluated prior to their use in risk assessment. 

12.2 Drinking-water consumption and body weight 

Global data on the consumption of drinking-water are limited. In studies carried 
out in Canada, the Netherlands, the United Kingdom, and the United States of 
America, the average daily per capita consumption was usually found to be less 
than 2 litres, but there was considerable variation between individuals. As water 
intake is likely to vary with climate, physical activity, and culture, the above stud
ies, which were conducted in temperate zones, can give only a limited view of 
consumption patterns throughout the world. At temperatures above 25 oc, for 
example, there is a sharp rise in fluid intake, largely to meet the demands of an 
increased sweat rate (1). 

In developing the guideline values for potentially hazardous chemicals, a 
daily per capita consumption of 2 litres by a person weighing 60 kg was generally 
assumed. The guideline values set for drinking-water using this assumption do, 
on average, err on the side of caution. However, such an assumption may under
estimate the consumption of water per unit weight, and thus exposure, for those 
living in hot climates as well as for infants and children, who consume more fluid 
per unit weight than adults. 

The higher intakes, and hence exposure, for infants and children apply for 
only a limited time, but this period may coincide with greater sensitivity to some 
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toxic agents and less for others. Irreversible effects that occur at a young age will 
have more social and public health significance than those that are delayed. 
Where it was judged that this segment of the population was at a particularly 
high risk from exposure to certain chemicals, the guideline value was derived on 
the basis of a 10-kg child consuming 1 litre per day or a 5-kg infant consuming 
0.75 litre per day. The corresponding daily fluid intakes are higher than for 
adults on a body weight basis. 

12.3 Inhalation and dermal absorption 

The contribution of drinking-water to daily exposure includes direct ingestion as 
well as some indirect routes, such as inhalation of volatile substances and dermal 
contact during bathing or showering. 

In most cases, the data were insufficient to permit reliable estimates of expo
sure by inhalation and dermal absorption of contaminants present in drinking
water. It was not possible, therefore, to address intake from these routes 
specifically in the derivation of the guideline values. However, that portion of the 
total tolerable daily intake (TDI) allocated to drinking-water is generally suffi
cient to allow for these additional routes of intake (see section 12.4.1). When 
there is concern that potential inhalation of volatile compounds and dermal 
exposure from various indoor water uses (such as showering) are not adequately 
addressed, authorities could adjust the guideline value. 

12.4 Health risk assessment 

There are two principal sources of information on health effects resulting from 
exposure to chemicals that can be used in deriving guideline values. The first is 
studies on human populations. The value of such investigations is often limited, 
owing to lack of quantitative information on the concentrations to which people 
are exposed or on simultaneous exposure to other agents. The second, and the 
one used most often, is toxicity studies using laboratory animals. Such studies are 
generally limited because of the relatively small number of animals used and the 
relatively high doses administered. Furthermore, there is a need to extrapolate the 
results to the low doses to which human populations are usually exposed. 

In order to derive a guideline value to protect human health, it is necessary to 
select the most suitable experimental animal study on which to base the extrapo
lation. Data from well-conducted studies, where a clear dose-response relation
ship has been demonstrated, are preferred. Expert judgement was exercised in the 
selection of the most appropriate study from the range of information available. 
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12.4.1 Derivation of guideline values using a tolerable daily 
intake approach 

For most kinds or toxicity, it is generally believed that there is a dose below which 
no adverse effects will occur. For chemicals that give rise to such toxic effects, a 
tolerable daily intake (TDI) can be derived as follows: 

TDI = NOAEL or LOAEL 
UF 

where NOAEL = no-observed-adverse-effect level, 
LOAEL = lowest-observed-adverse-effect level, 
UF = uncertainty factor. 

The guideline value (GV) is then derived from the TDI as follows: 

GV= TD!x bwx P 
c 

where bw =body weight (60 kg for adults, 10 kg for children, 5 kg for infants), 
P =fraction of the TDI allocated to drinking-water, 
C = daily drinking-water consumption (2 litres for adults, 1 litre for 

children, 0. 75 litre for infants). 

Tolerable daily intake 

The TDI is an estimate of the amount of a substance in food or drinking-water, 
expressed on a body weight basis (mg/kg or ~g/kg of body weight), that can be 
ingested daily over a lifetime without appreciable health risk (2). 

Over many years, JECFA and JMPR have developed certain principles in the 
derivation of acceptable daily intakes (AD Is). These principles have been adopted 
where appropriate in the derivation ofTDis used in developing guideline values 
for drinking-water quality (3, 4). 

ADis are established for food additives and pesticide residues that occur in 
food for necessary technological purposes or plant protection reasons. For chemi
cal contaminants, which usually have no intended function in drinking-water, 
the term "tolerable daily intake" is seen as more appropriate than "acceptable 
daily intake", as it signifies permissibility rather than acceptability (3). 

As TDis are regarded as representing a tolerable intake for a lifetime, they are 
not so precise that they cannot be exceeded for short periods of time ( 4). Short
term exposure to levels exceeding the TDI is not a cause for concern, provided 
the individual's intake averaged over longer periods of time does not appreciably 
exceed the level set (5). The large uncertainty factors generally involved in estab
lishing a TDI (see page 124) serve to provide assurance that exposure exceeding 
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the TDI for short periods is unlikely to have any deleterious effects upon health. 
However, consideration should be given to any potential acute toxic effects that 
may occur if the TO I is substantially exceeded for short periods of time ( 4). 

The calculated TDI was used to derive the guideline value, which was then 
rounded to one significant figure. In some instances, ADI values with only one 
significant figure set by JECFA or JMPR were used to calculate the guideline val
ue ( 4). The guideline value was generally rounded to one significant figure to 
reflect the uncertainty in animal toxicity data and exposure assumptions made. 
More than one significant figure was used for guideline values only where exten
sive information on toxicity and exposure to humans provided greater certainty. 

No-observed-adverse-effect level and lowest-observed-adverse
effect level 

The NOAEL is defined as the highest dose or concentration of a chemical in a 
single study, found by experiment or observation, that causes no detectable ad
verse health effect. Whenever possible, the NOAEL is based on long-term stud
ies, preferably of ingestion in drinking-water. However, NOAELs obtained from 
short-term studies and studies using other sources of exposure (e.g., food, air) 
may also be used. 

If a NOAEL is not available, a LOAEL may be used, which is the lowest ob
served dose or concentration of a substance at which there is a detectable adverse 
health effect. When a LOAEL is used instead of a NOAEL, an additional uncer
tainty factor is normally used (see below). 

Uncertainty factors 

The application of uncertainty factors has been widely used in the derivation of 
ADis for food additives, pesticides, and environmental contaminants. The deri
vation of these factors requires expert judgement and a careful sifting of the avail
able scientific evidence. 

In the derivation of the WHO drinking-water quality guideline values, un
certainty factors were applied to the lowest NOAEL or LOAEL for the response 
considered to be the most biologically significant and were determined by con
sensus among a group of experts using the approach outlined below: 

Source of uncertainty 
Interspecies variation (animals to humans) 
Intraspecies variation (individual variations) 
Adequacy of studies or database 
Nature and severity of effect 

Factor 
1-10 
1-10 
1-10 
1-10 

Inadequate studies or databases include those that used a LOAEL instead of a 
NOAEL and studies considered to be shorter in duration than desirable. Situa-
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tions in which the nature or severity of effect might warrant an additional uncer
tainty factor include studies in which the end-point was malformation of a fetus 
or in which the end-point determining the NOAEL was directly related to possi
ble carcinogenicity. In the latter case, an additional uncertainty factor was ap
plied for carcinogenic compounds for which a guideline value was derived using 
a TDI approach (see section 12.4.2). Factors lower than 10 were used, for exam
ple, for interspecies variation when humans are known to be less sensitive than 
the animal species studied. 

The total uncertainty factor should not exceed 10 000. If the risk assessment 
would lead to a higher uncertainty factor, then the resulting TDI would be so 
imprecise as to lack meaning. For substances for which uncertainty factors were 
greater than 1000, guideline values are designated as provisional in order to em
phasize the high level of uncertainty inherent in these values. 

The selection and application of uncertainty factors are important in the deri
vation of guideline values for chemicals, as they can make a considerable differ
ence to the values set. For contaminants for which there is relatively little un
certainty, the guideline value was derived using a small uncertainty factor. For 
most contaminants, however, there is great scientific uncertainty, and a large un
certainty factor was used. Hence, there may be a large margin of safety above the 
guideline value before adverse health effects result. 

There is considerable merit in using a method that allows a high degree of 
flexibility. However, it is important that, where possible, the derivation of the un
certainty factor used in calculating a guideline value is clearly presented as part of 
the rationale. This helps authorities in using the guidelines, as the safety margin 
in allowing for local circumstances is clear. It also helps in determining the 
urgency and nature of the action required in the event that a guideline value is 
exceeded. 

Allocation of intake 

Drinking-water is not usually the sole source of human exposure to the sub
stances for which guideline values have been set. In many cases, the intake from 
drinking-water is small in comparison with that from other sources such as food 
and air. Guideline values derived using the TDI approach take into account 
exposure from all sources by apportioning a percentage of the TDI to drinking
water. This approach ensures that total daily intake from all sources (including 
drinking-water containing concentrations of the substance at or near the guide
line value) does not exceed the TO I. 

Wherever possible, data concerning the proportion of total intake normally 
ingested in drinking-water (based on mean levels in food, air, and drinking-water) 
or intakes estimated on the basis of consideration of physical and chemical prop
erties were used in the derivation of the guideline values. Where such information 
was not available, an arbitrary (default) value of 1 Oo/o for drinking-water was 
used. This default value is, in most cases, sufficient to account for additional 
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routes of intake (i.e., inhalation and dermal absorption) of contaminants in water. 
It is recognized that exposure from various media may vary with local cir

cumstances. It should be emphasized, therefore, that the derived guideline values 
apply to a typical exposure scenario or are based on default values that may not 
be applicable for all areas. In those areas where relevant data on exposure are 
available, authorities are encouraged to develop context-specific guideline values 
that are tailored to local circumstances and conditions. For example, in areas 
where the intake of a particular contaminant in drinking-water is known to be 
much greater than that from other sources (i.e., air and food), it may be appro
priate to allocate a greater proportion of the TDI to drinking-water to derive a 
guideline value more suited to the local conditions. In addition, in cases in which 
guideline values are exceeded, efforts should be made to assess the contribution 
of other sources to total intake; if practicable, exposure from these sources should 
be minimized. 

12.4.2 Derivation of guideline values for potential carcinogens 

The evaluation of the potential carcinogenicity of chemical substances is usually 
based on long-term animal studies. Sometimes data are available on carcino
genicity in humans, mostly from occupational exposure. 

On the basis of the available evidence, IARC categorizes chemical substances 
with respect to their potential carcinogenic risk into the following groups ( 6) (for 
a detailed description of the classifications, see box on pp. 127-128): 

Group 1 : the agent is carcinogenic to humans 
Group 2A : the agent is probably carcinogenic to humans 
Group 2B : the agent is possibly carcinogenic to humans 
Group 3 : the agent is not classifiable as to its carcinogenicity to humans 
Group 4 : the agent is probably not carcinogenic to humans. 
In establishing the present guideline values for drinking-water quality, the 

IARC classification for carcinogenic compounds was taken into consideration. 
For a number of compounds, additional information was also available. 

It is generally considered that the initiating event in the process of chemical 
carcinogenesis is the induction of a mutation in the genetic material (DNA) of 
somatic cells (i.e., cells other than ova or sperm). Because the genotoxic mecha
nism theoretically does not have a threshold, there is a probability of harm at any 
level of exposure. Therefore, the development of a TDI is considered inappro
priate, and mathematical low-dose extrapolation is applied. On the other hand, 
there are carcinogens that are capable of producing tumours in animals or hu
mans without exerting genotoxic activity, but acting through an indirect mecha
nism. It is generally believed that a threshold dose exists for these nongenotoxic 
carcmogens. 

In order to make the distinction with respect to the underlying mechanism 
of carcinogenicity, each compound that has been shown to be a carcinogen was 
evaluated on a case-by-case basis, taking into account the evidence of genotox-
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Evaluation of carcinogenic risk to humans 

IARC considers the body of evidence as a whole in order to reach an overall 
evaluation of the carc1nogenicity for humans of an agent, mixture, or Circum
stance of exposure 

The agent, m1xture, or exposure Circumstance is descnbed according to 
the word1ng of one of the following categones, and the des1gnated group IS 

given The categorization of an agent, mixture, or exposure Circumstance IS a 
matter of scientific Judgement, reflecting the strength of the evidence denved 
from studies 1n humans and 1n experimental an1mals and from other relevant 
data 

Group 1. The agent (mixture) is carcinogenic to humans. 
The exposure circumstance entails exposures that are carcinogenic 
to humans. 

This category IS used when there is sufftctent evidence of carcmogen1c1ty 1n 

humans. Exceptionally, an agent (m1xture) may be placed 1n th1s category 
when ev1dence in humans is less than sufficient but there IS sufftctent evtdence 
of carcmogen1c1ty in expenmental an1mals and strong ev1dence in exposed 
humans that the agent (m1xture) acts through a relevant mechanism of carclno
geniCity. 

Group2 

This category mcludes agents, mixtures, and exposure Circumstances for 
which, at one extreme, the degree of ev1dence of carc1nogen1c1ty in humans IS 

almost suff1c1ent, as well as those for wh1ch, at the other extreme, there are no 
human data but for wh1ch there is ev1dence of carcmogen1c1ty in expenmental 
an1mals. Agents, mixtures, and exposure Circumstances are assigned to e1ther 
group 2A (probably carc1nogen1c to humans) or group 28 (possibly carcino
genic to humans) on the bas1s of epidem1olog1cal and expenmental evidence 
of carcmogen1city and other relevant data. 

Group 2A. The agent (mixture) is probably carcinogenic to humans. 
The exposure circumstance entails exposures that are probably carcino
genic to humans. 

Th1s category 1s used when there 1s ftmited evtdence of carc1nogen1c1ty 1n hu
mans and sufftctent evidence of carcinogen1c1ty 1n experimental an1mals In 
some cases, an agent (m1xture) may be class1f1ed in th1s category when there 
IS madequate evtdence of carc1nogen1city in humans and sufftctent evtdence of 
carc1nogenic1ty 1n experimental an1mals and strong ev1dence that the carcino
genesis IS med1ated by a mechanism that also operates 1n humans Exception
ally, an agent, m1xture, or exposure Circumstance may be classified 1n th1s cat
egory solely on the basis of limtted evtdence of carc1nogenicity in humans. 
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Group 28. The agent (mixture) is possibly carcinogenic to humans. 
The exposure circumstance entails exposures that are possibly carcino
genic to humans. 

This category is used for agents, m1xtures, and exposure Circumstances for 
which there IS limited ev1dence of carc1nogenic1ty 1n humans and less than suf
ficient evidence of carcinogen1city in expenmental an1mals lt may also be 
used when there IS madequate ev1dence of carcinogen1c1ty in humans but 
there IS sufficient ev1dence of carcmogen1city 1n experimental an1mals. In some 
Instances, an agent, m1xture, or exposure Circumstance for wh1ch there is inad
equate ev1dence of carc1nogenicity 1n humans but 11m1ted evidence of carcmo
genicity 1n experimental an1mals together with supporting evidence from other 
relevant data may be placed 1n th1s group 

Group 3. The agent (mixture or exposure circumstance) is not classifiable 
as to its carcinogenicity to humans. 

This category is used most commonly for agents, mixtures, and exposure Cir
cumstances for wh1ch the evidence of carcinogen1c1ty is inadequate in humans 
and inadequate or lim1ted 1n experimental an1mals. 

Exceptionally, agents (mixtures) for wh1ch the ev1dence for carc1nogenicity 
IS Inadequate In humans but sufficient 1n experimental an1mals may be placed 
1n th1s category when there IS strong ev1dence that the mechanism of carc1no
genic1ty 1n experimental an1mals does not operate 1n humans 

Agents, mixtures, and exposure Circumstances that do not fall 1nto any 
other group are also placed 1n th1s category. 

Group 4. The agent (mixture) is probably not carcinogenic to humans. 

This category is used for agents or m1xtures for wh1ch there IS ev1dence sug
gesting lack of carcinogemc1ty in humans and in experimental an1mals In 
some Instances, agents or mixtures for which there is inadequate ev1dence of 
carcmogenicity in humans but ev1dence suggesting lack of carcmogeniCJty 1n 
expenmental animals, consistently and strongly supported by a broad range of 
other relevant data, may be class1f1ed in this group 

icity, the range of species affected, and the relevance to humans of the tumours 
observed in experimental animals. 

For carcinogens for which there is convincing evidence to suggest a nongeno
toxic mechanism, guideline values were calculated using a TDI approach, as de
scribed in section 12.4.1. 

In the case of compounds considered to be genotoxic carcinogens, guideline 
values were determined using a mathematical model, and the guideline values 
presented in Volume 1 are the concentrations in drinking-water associated with 
an estimated upper bound excess lifetime cancer risk of IQ-5 (one additional can
cer case per 100 000 of the population ingesting drinking-water containing the 
substance at the guideline value for 70 years). Concentrations associated with es
timated excess lifetime cancer risks of 1 o-4 and 10-6 can be calculated by multi
plying and dividing, respectively, the guideline value by 10. These values are also 
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presented in this volume to emphasize the fact that each country should select its 
own appropriate risk level. In cases in which the concentration associated with a 
1 Q-5 excess lifetime cancer risk is not practical because of inadequate analytical or 
treatment technology, a provisional guideline value was set at a practicable level 
and the estimated associated cancer risk presented. 

Although several models exist, the linearized multistage model was generally 
adopted in the development of these guidelines. Other models were considered 
more appropriate in a few cases. 

It should be emphasized, however, that guideline values for carcinogenic 
compounds computed using mathematical models must be considered at best as 
a rough estimate of the cancer risk. These models do not usually take into ac
count a number of biologically important considerations, such as pharmaco
kinetics, DNA repair, or immunological protection mechanisms. However, the 
models used are conservative and probably err on the side of caution. 

To account for differences in metabolic rates between experimental animals 
and humans-the former are more closely correlated with the ratio of body sur
face areas than with body weights-a surface area to body weight correction is 
sometimes applied to quantitative estimates of cancer risk derived on the basis of 
models for low-dose extrapolation. Incorporation of this factor increases the risk 
by approximately one order of magnitude (depending on the species upon which 
the estimate is based) and increases the risk estimated on the basis of studies in 
mice relative to that in rats. The incorporation of this factor is considered to be 
overly conservative, particularly in view of the fact that linear extrapolation most 
likely overestimates risk at low doses; indeed, Crump et al. (7) concluded that 
"all measures of dose except dose rate per unit of body weight tend to result in 
overestimation of human risk". Consequently, guideline values for carcinogenic 
contaminants were developed on the basis of quantitative estimates of risk that 
were not corrected for the ratio of surface area to body weight. 

12.5 Mixtures 

Chemical contaminants of drinking-water supplies are present together with 
numerous other inorganic and organic constituents. The guideline values were 
calculated separately for individual substances, without specific consideration of 
the potential for interaction of each substance with other compounds present. 
However, the large margin of safety incorporated in the majority of guideline val
ues is considered to be sufficient to account for such potential interactions. In ad
dition, the majority of contaminants will not be present at concentrations at or 
near their guideline value. 

There may, however, be occasions when a number of contaminants with sim
ilar toxicological effects are present at levels near their respective guideline values. 
In such cases, decisions concerning appropriate action should be made, taking 
into consideration local circumstances. Unless there is evidence to the contrary, 
it is appropriate to assume that the toxic effects of these compounds are additive. 
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12.6 Format of monographs for chemical substances 

The format adopted for the monographs in this publication is shown below. All 
of the headings may not, however, be required in every monograph. 

General description 
Identity 
Physicochemical properties 
Organoleptic properties 
Major uses 
Environmental fate 

Analytical methods 

Environmental levels and human exposure 
Air 
Water 
Food 
Estimated total exposure and relative contribution of drinking-water 

Kinetics and metabolism in laboratory animals and humans 

Effects on laboratory animals and in vitro test systems 
Acute exposure 
Short-term exposure 
Long-term exposure 
Reproductive toxicity, embryotoxicity, and teratogenicity 
Mutagenicity and related end-points 
Carcinogenicity 

Effects on humans 

Guideline value 
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13. 
Inorganic constituents and physical 
parameters 

13.1 Aluminium 

13.1.1 General description 

Identity 

Aluminium is a widespread and abundant element, accounting for some 8% of 
the earth's crust. It is found as a normal constituent of soils, plants, and animal 
tissues. 

Compound 
Aluminium 
Aluminium oxide 
Aluminium chloride 
(hexahydrate) 
Aluminium sulfate 
Aluminium hydroxide 

CAS no. 
7429-90-5 
1344-28-1 
7446-70-0 

10043-01-3 
21645-51-2 

Physicochemical properties (1) 

Property Al Al203 
Melting point (°C) 660.37 2072 

Boiling point (°C) 2467 2980 
Density at 20 oc 2.702 3.965 
(g/cm3) 
Water solubility insoluble msoluble 

(g!litre) 

Organoleptic properties 

Molecular formula 
AI 
Al203 
A1Cl3.6H20 

Al2(504)3 
Al(OH) 3 

AlC!3.6H20 
100 
(decomposes) 

2.398 

soluble 

AL2(SO,J3 
770 
(decomposes) 

2.71 

31.3 at 0 oc 

Al(OHh 
300 

2.42 

-

In the presence of aluminium, levels of iron normally too low to cause problems 
may produce obvious discoloration of water. The incidence of discoloration in 
distribution system water, and therefore the frequency of consumer complaints, 
increases if the aluminium level exceeds about 0.1-0.2 mg/litre in the final water. 
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Major uses 

Aluminium has many industrial and domestic applications. Its compounds are 
used as antacids, antiperspirants, food additives, and vaccine adjuvants. Alu
minium salts are also widely used in water treatment as flocculants. 

Environmental fate 

Aluminium is usually present in treated drinking-water in the form of reactive 
species of low relative molecular mass; in natural waters, it is usually associated 
with particulate matter or organic complexes of high relative molecular mass (2). 

13.1.2 Analytical methods 

Aluminium may be determined by colorimetry (lower detection limit 5 jlg/litre) 
and by inductively coupled plasma emission spectrometry (lower detection limit 
40 ]lg/litre). 

13.1.3 Environmental levels and human exposure 

Air 

Aluminium is present in air at nanogram per cubic metre levels as a result of the 
weathering of aluminosilicate rocks and emissions from industrial sources, auto
mobiles, and cigarette smoke (3). 

Water 

Aluminium may be present in natural waters as a consequence of leaching from 
soil and rock. In a survey of aluminium in raw waters in the USA, ranges of 
14-290 jlg/litre in groundwater and 16-1170 ]lg/litre in surface water were re
ported ( 4). In the United Kingdom, concentrations of 200-300 jlg!litre were as
sociated with low pH levels and 400-600 jlg/litre with an afforested catchment 
(5). 

Aluminium salts are used as coagulants in water treatment. Residual alumin
ium concentrations in finished waters are a function of the aluminium levels in 
the source water, the amount of aluminium coagulant used, and the efficiency of 
filtration of the aluminium floc. Where residual concentrations are high, alumin
ium may be deposited in the distribution system, and a gradual reduction with 
increasing distance from the treatment plant may then be observed. Disturbance 
of the deposits by changes in flow rate may increase aluminium levels at the tap 
and render the water aesthetically unacceptable ( 6). 
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Food 

The concentrations of aluminium in food vary widely depending on the nature 
of the foodstuffs. Studies suggest that aluminium leached from tea leaves can 
make a significant contribution to dietary intake (7). Use of food additives con
taining aluminium, such as preservatives, fillers, colouring agents, anticaking 
agents, emulsifiers, and baking powders, also increases dietary intake. 

In addition to its presence in food per se, aluminium leaching from cooking 
utensils may represent a potential source of dietary exposure (8, 9). Use of alu
minium by the food industry in containers and packaging constitutes another 
dietary source (10). 

It should be noted that the ubiquitous nature of aluminium makes it difficult 
to ensure freedom from contamination throughout the various stages of analysis. 
The reported concentrations of aluminium in foodstuffs such as vegetables, 
which are readily contaminated with soil, appear to be decreasing as analytical 
techniques improve. 

Pharmaceuticals 

The use of antacids, analgesics, and other aluminium-containing medications is a 
significant source of exposure for some individuals (11, 12). 

Estimated total exposure and relative contribution of drinking-water 

A value of 20 mg/day has been suggested as a "typical" daily aluminium intake 
(13,14). However, because of individual and geographical variations in eating 
and drinking habits, a range of 5-20 mg of aluminium per day is probably more 
realistic. Aluminium in drinking-water will usually contribute only a very small 
proportion of the total daily intake. If a contribution of 20 mg/day from food is 
assumed, an adult drinking 2 litres of water per day containing 200 Jlg of alumin
ium per litre would receive approximately 2% of his or her total intake from 
drinking-water. 

13.1.4 Kinetics and metabolism in laboratory animals and humans 

Studies suggest that less than 1 o/o of dietary inorganic aluminium is absorbed ( 15, 
16). Factors affecting absorption may include vitamin D and fluoride (17) and 
the presence of complexing agents (18). Aluminium, once absorbed, appears to 

bind to serum proteins (19); it is eliminated from the body by the kidneys (17). 
Individuals with renal insufficiency tend to accumulate aluminium as a conse
quence of their inability to excrete it via the kidneys (20). 
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13.1.5 Effects on laboratory animals and in vitro test systems 

Short-term exposure 

Groups of 25 male Sprague-Dawley rats were fed diets containing basic sodium 
aluminium phosphates or aluminium hydroxide at mean aluminium doses rang
ing from 67 to 302 mg/kg of body weight per day for 28 days. No treatment
related effects on body weight, organ weights, haematology, and clinical chemis
try were observed, and there was no evidence of increased aluminium concentra
tions in bone (21). 

In a study in which rats received drinking-water containing aluminium 
nitrate for 1 month, elevated aluminium levels were found in the heart and 
spleen, and histological changes were apparent in the liver and spleen at doses of 
54 and 108 mg of aluminium per kg of body weight per day. No adverse effects 
were observed at a dose level of 27 mg of aluminium per kg of body weight per 
day (22). 

Rats fed diets containing aluminium hydroxide at 257 or 1075 mg of alu
minium per kg of diet for 67 days, equivalent to 13 or 54 mg of aluminium per 
kg of body weight per day, exhibited elevated levels of aluminium in the tibia, 
liver, and kidneys. Reduced bone strengths were also noted at the highest dose 
level (23). 

Groups of 10 female Sprague-Dawley rats received aluminium nitrate in 
their drinking-water at doses of 0, 360, 720, or 3600 mg/kg of body weight for 
100 days (equivalent to 0, 26, 52, or 260 mg of aluminium per kg of body weight 
per day). The only effect observed was depression of body weight gain associated 
with reduced water and feed intake at the highest dose level. Organ weight, his
topathology of the brain, heart, lungs, kidneys, liver, and spleen, haematology, 
and some clinical chemistry indices were also examined (24). 

Rats given oral doses of 0.0025, 0.25, or 2.5 mg of aluminium per kg of 
body weight for 6 months exhibited some changes in behaviour and mild 
changes in the biochemistry of the testes at the highest dose level, but there 
were no significant effects at the lower doses (25). 

In a study in which dogs (4 per sex per dose) were fed diets containing basic 
sodium aluminium phosphate at 0, 3000, 10 000, or 30 000 mg/kg (mean daily 
aluminium doses of 4, 10, 27, or 75 mg/kg of body weight for males and 3, 10, 
22, or 80 mg/kg of body weight for females) for 26 weeks, mild histopathological 
changes were observed in the liver, kidney, and testes of males in the highest-dose 
group, whereas brain aluminium concentrations were slightly elevated in females 
given the highest dose. No effects were noted at the lower dose levels (26). 

Long-term exposure 

Chronic oral intake of aluminium in the diet at doses of about 50 or 100 mg/kg 
of body weight per day decreased locomotor responses and slowed the acquisition 
of avoidance behaviour in rats (27). In other studies in rats, it was reported that 

135 



GUIDELINES FOR DRINKING-WATER QUALITY 

aluminium produced osteomalacia (28) and microcytic anaemia (29), initiated 
impairment of kidney function (30), and caused damage to the lysosomes in the 
liver, spleen, and kidneys (31). 

Reproductive toxicity, embryotoxicity, and teratogenicity 

An increase in the aluminium content of the placenta and fetus was found when 
pregnant mice were given oral doses of aluminium chloride (equivalent to 0, 40, 
or 60 mg of aluminium per kg of body weight per day) on days 7-16 of gestation 
(32 ). No evidence of embryotoxicity or teratogenicity was found in a study of 
pregnant rats fed aluminium chloride in their diet on days 6-19 of gestation at 
doses of approximately 5 or 10 mg of aluminium per kg of body weight per day 
(33). A delay in weight gain and neuromotor development was reported in the 
offspring of rats given oral doses of aluminium chloride (equivalent to 155 or 
192 mg of aluminium per kg of body weight per day) from day 8 of gestation to 
parturition (34). 

Mouse dams fed a diet containing 500 or 1000 mg of aluminium per kg 
(equivalent to 75 or 150 mg/kg of body weight per day) exhibited neurotoxicity, 
and their offspring showed neurological changes consistent with maternal toxici
ty and subsequent delayed development (35). In a study in which groups of 10 
pregnant rats were given oral doses of aluminium nitrate of 0, 180, 360, or 720 
mg/kg of body weight per day from day 14 of gestation to day 21 of lactation, 
offspring of dams receiving the highest dose exhibited depressed body weight 
gain (36). 

No evidence of impaired reproductive performance was observed in male rats 
receiving drinking-water containing aluminium chloride at doses of approxi
mately 0.5, 5, or 50 mg of aluminium per kg of body weight per day for 90 days 
(37). 

13.1.6 Effects on humans 

In the early 1970s, a syndrome known as dialysis dementia was described in pa
tients on dialysis, characterized by an insidious onset of altered behaviour, de
mentia, speech disturbance, muscular twitching, and convulsions, usually with a 
fatal outcome. Patients had markedly elevated serum aluminium levels with in
creased concentrations in many tissues, including the cerebral cortex (38). Inves
tigations established a correlation between the aluminium concentration in the 
water used to prepare the dialysate fluid and the incidence of the syndrome (39, 
40). Aluminium from other sources, such as phosphate-binding gels, albumin, 
and peritoneal dialysis fluid, may also result in elevated aluminium levels in 
patients on dialysis. 

Aluminium has been implicated in the etiology of two severe neurodegener
ative diseases, amyotrophic lateral sclerosis and parkinsonism dementia, observed 
at very high incidence among the Chamorro people of Guam. One hypothesis 
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suggests that chronic nutritional deficiencies of calcium and magnesium might 
lead to increased absorption of aluminium, resulting in its deposition in neurons 
( 41 ) , with consequent interference with their structure and eventual formation 
of the neurofibrillary tangles in the brain that characterize these diseases ( 42). 

In Alzheimer disease, the first recognizable symptoms are memory lapses, 
disorientation, confusion, and frequently depression. These symptoms mark the 
start of a progressive mental deterioration for which there is no treatment. Alu
minium is one of numerous causal factors that have been proposed for this 
disease. The brains of Alzheimer patients appear to have elevated levels of alu
minium in regions containing large numbers of neurofibrillary tangles ( 43, 
44). 

Several hypotheses have been put forward to explain the role of aluminium 
in Alzheimer disease. The normal blood-brain and cytoplasmic barriers to alu
minium may be defective, allowing aluminium to enter the nuclei of brain neu
rons ( 45). The localization of aluminium in the amyloid plaque cores of 
Alzheimer brains has led to the proposition that aluminium might in some way 
be involved in initiating events leading to plaque formation ( 46). Aluminium 
present in the DNA-containing structures of nuclei from the affected regions of 
such brains may reduce transcription and account for disorders in many cellular 
processes ( 47). It has also been proposed that aluminium may interfere with cal
cium metabolism ( 48). 

Few attempts have been made to study the relationship between Alzheimer 
disease and exposure to aluminium from an epidemiological point of view. Vogt 
( 49) investigated the relationship between concentrations of aluminium in water 
and the frequency of Alzheimer disease in southern Norway. Rates of mortality 
associated with dementia listed as the cause of death on death certificates were 
found to correlate positively with concentrations of aluminium in the water of 
different geographical areas. However, this study had a number of weaknesses, in
cluding the use of data on raw water rather than on distributed supplies, dubious 
epidemiological statistics, and inadequate adjustment for other confounding 
factors. 

In a further retrospective epidemiological study of Alzheimer disease and alu
minium in drinking-water in Norway, it was concluded that a geographical asso
ciation existed between aluminium in drinking-water and registered death rates 
from dementia (50). However, rates of dementia were also correlated with popu
lation density and other socioeconomic variables, so that the evidence provided 
by this study must be regarded as very weak. 

An epidemiological study has been carried out in the United Kingdom in 
which exposure to aluminium from drinking-water was calculated from data pro
vided by local water undertakings (51). Rates of Alzheimer disease were esti
mated from the records of computerized tomographic scanning units. Districts in 
which aluminium concentrations in drinking-water exceeded 0.01 mg/litre (four 
subsets: 0.02-0.04 mg/litre, 0.05-0.07 mg/litre, 0.08-0.11 mg!litre, and >0.11 
mg/litre) were found to have an approximately 50% greater incidence of Alz-
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heimer disease as compared with those in which aluminium concentrations were 
below 0.01 mg/litre (one set only). A slight but unconvincing increase in the rate 
of Alzheimer disease was found with increasing aluminium concentrations for 
patients aged 40-64 but not those aged 40-69. As all four sets of districts with 
aluminium concentrations above 0.01 mg!litre showed a higher, and similar, in
cidence of Alzheimer disease as compared with the set with concentrations below 
0.01 mg!litre, the conclusions of this study seem to hinge on the ability of the 
data to represent adequately the incidence of Alzheimer disease in the latter 
group. 

These three studies give some support to the hypothesis of a positive rela
tionship between the concentration of aluminium in drinking-water and the in
cidence of Alzheimer disease. The results cannot be considered as conclusive, 
however, as there are particular difficulties in evaluating the relationship berween 
aluminium and Alzheimer disease by epidemiological means, namely doubts as 
to the reliability of the data for aluminium exposure and the ability to identifY 
accurately the frequency of Alzheimer disease in different areas, and the possi
bility of unknown confounding factors. 

13.1. 7 Conclusions 

Aluminium is of low toxicity in laboratory animals, and JECFA established a 
provisional tolerable weekly intake (PTWI) of 7 mg/kg of body weight in 1988 
(52). However, this was based on studies of aluminium phosphate (acidic), which 
is not the chemical form in which aluminium is present in drinking-water. 

In some studies, aluminium appeared to be associated with the brain lesions 
characteristic of Alzheimer disease, and in a few ecological epidemiological stud
ies the incidence of this disease has been associated with aluminium in drinking
water. These ecological analyses must be interpreted with caution and need to be 
confirmed by analytical epidemiological studies. 

While further studies are needed, the balance of epidemiological and physio
logical evidence does not at present support a causal role for aluminium in Alz
heimer disease. No health-based guideline value is therefore derived. However, a 
concentration of aluminium of 0.2 mg/litre in drinking-water provides a com
promise between the practical use of aluminium salts in water treatment and dis
coloration of distributed water. 
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13.2 Ammonia 

13.2.1 General description 

Identity 

CAS no.: 7664-41-7 
Molecular formula: NH3 

In what follows, the term "ammonia" covers both the nonionized form (NH3) 

and the ammonium cation (NHi) unless stated otherwise. 

Physicochemical properties (1, 2) 

Property 
Melting point 
Boiling point 
Density of vapour 
Water solubility 
Vapour pressure 

Value 
-77.76 oc 
-33.43 oc 
0.6 g/litre at 20 ac 
421 g!litre at 20 °C; 706 g!litre at 0 ac 
882 kPa at 20 ac 
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Organoleptic properties 

The threshold odour concentration of ammonia in water is approximately 
1.5 mg/litre. 1 A taste threshold of 35 mg/litre has been proposed for the ammo
nium cation (1). 

Major uses 

Ammonia is used in fertilizer and animal feed production and in the manufacture 
of fibres, plastics, explosives, paper, and rubber. It is used as a coolant, in metal 
processing, and as a starting product for many nitrogen-containing compounds 
(3 ). Ammonia and ammonium salts are used in cleansing agents and as food 
additives (I, 4), and ammonium chloride is used as a diuretic.2 

Environmental fate 

On dissolution in water, ammonia forms the ammonium cation; hydroxyl ions 
are formed at the same time. The equilibrium constant of this reaction, K B is 
1.78 x 10-s (3). The degree of ionization depends on the temperature, the pH, 
and the concentration of dissolved salts in the water. 

The environmental cycling of nitrogen relies mainly on nitrate, followed by 
ammonia and the ammonium cation, which predominates. The ammonium cat
ion is less mobile in soil and water than ammonia and is involved in the bio
logical processes of nitrogen fixation, mineralization, and nitrification (2). 

13.2.2 Analytical methods 

Ammonia and ammonium cation at concentrations between 0.025 and 3 
mg!litre can be determined by the indophenol reaction (I, 2, 5, 6). An ammo
nia-selective electrode can also be used, as can titrimetry, which is less sensitive 
(2, 5, 6). 

13.2.3 Environmental levels and human exposure 

Air 

Air in urban areas contains up to 20 11g of ammonia per m·'. Air in areas where 
farm animals are reared intensively may contain levels as high as 300 11g/m3 
(/). 

1 Source: Hazardous Substances Data Bank: Ammonia. Berhesda, MD, National Library of 
Medicine, 1990. 

2 Source: Hazardous Substances Data Bank: Ammonium chloride. Bethesda, MD, National Library 
of Medicine, 1990. 
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Water 

Natural levels in groundwaters are usually below 0.2 mg of ammonia per litre. 
Higher natural contents (up to 3 mg!litre) are found in strata rich in humic sub
stances or iron or in forests (8). Surface waters may contain up to 12 mg/litre 
(1 ). Ammonia may be present in drinking-water as a result of disinfection with 
chloramines. 

The presence of ammonia at higher than geogenic levels is an important in
dicator of faecal pollution (5). Taste and odour problems as well as decreased dis
infection efficiency are to be expected if drinking-water containing more than 
0.2 mg of ammonia per litre is chlorinated (9), as up to 68% of the chlorine may 
react with the ammonia and become unavailable for disinfection (10). Cement 
mortar used for coating the insides of water pipes may release considerable 
amounts of ammonia into drinking-water and compromise disinfection with 
chlorine (1 0). 

The presence of elevated ammonia levels in raw water may interfere with the 
operation of manganese-removal filters because too much oxygen is consumed by 
nitrification, resulting in mouldy, earthy-tasting water ( 8). The presence of the 
ammonium cation in raw water may result in a drinking-water containing nitrite 
as the result of catalytic action (11 ) or the accidental colonization of filters by 
ammoni urn -oxidizing bacteria. 

Food 

Ammonium is a natural component of many foods. Minor amounts of ammoni
um compounds (<0.001-3.2%) are also added to foods as acid regulators, stabi
lizers, flavouring substances, and fermentation aids (1). 

Estimated total exposure and relative contribution of drinking-water 

The estimated daily ammonia intake through food and drinking-water is 18 mg, 
by inhalation less than 1 mg, and through cigarette smoking (20 cigarettes per 
day) also less than 1 mg. In contrast, 4000 mg of ammonia per day are produced 
endogenously in the human intestine (1). 

13.2.4 Kinetics and metabolism in laboratory animals and humans 

Ammonia is a key metabolite in mammals. It has an essential role in acid-base 
regulation and the biosynthesis of purines, pyrimidines, and non-essential amino 
acids (2). It is formed in the body by the deamination of amino acids in the liver, 
as a metabolite in nerve excitation and muscular activity, and in the gastrointes
tinal tract by the enzymatic breakdown of food components with the assistance 
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of bacterial f1ora. 1 About 99% of metabolically produced ammonia is absorbed 
from the gastrointestinal tract and transported to the liver, where it is incorpo
rated into urea as part of the urea cycle. Urea formed in the liver is absorbed by 
the blood, transferred to the kidney, and excreted in urine (2). Of the ammonia 
found in urine, two-thirds originates from the tubular epithelium of the kidney 
where, as a product of the glutaminase reaction, it maintains the acid-base equi
librium by the uptake of hydrogen ions (I). 

13.2.5 Effects on laboratory animals and in vitro test systems 

Acute exposure 

Oral LD50 values for ammonium salts are in the range 350-750 mg/kg of body 
weight ( 4). Single doses of different ammonium salts at 200-500 mg/kg of body 
weight resulted in lung oedema, nervous system dysfunction, acidosis, and kid
ney damage (I). 

Short-term exposure 

Animals subchronically exposed to different ammonium salts (75-360 mg/kg of 
body weight as the ammonium ion) in drinking-water exhibited physiological 
adaptation to induced acidosis, slight organ effects, or increased blood pressure 
(I, 2). 

Long-term exposure 

In male Sprague-Dawley rats given drinking-water containing 1.5% ammonium 
chloride (about 478 mg of ammonium ion per kg of body weight per day) over a 
period of 330 days, significant decreases were found in bone mass, calcium con
tent, and blood pH. The treated animals also had lower body weights and lower 
fat accumulation than controls (I). 

Reproductive toxicity, embryotoxicity, and teratogenicity 

Oral administration of different ammonium compounds at doses of 100-200 
mg/kg of body weight to impuberal female rabbits resulted in enlargement of the 
ovaries and uterus, hypertrophy of the breast with milk secretion, follicular 
ripening, and formation of the corpus luteum. A dose of 0.9% ammonium 
chloride (approximately 290 mg of ammonia per kg of body weight per day) 
in the drinking-water of pregnant rats inhibited fetal growth but had no terato
genic effects (I ) . 

1 Source: Hazardous Substances Data Bank: Ammonia. Bethesda, MD, National Library of 
Medicine, 1990. 
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Mutagenicity and related end-points 

At high concentrations, positive results in the Balb e/3T3-transformation test, 
the sex-linked dominant/lethal mutation test, and chromosomal aberrations in 
fibroblasts of Chinese hamsters were observed; other genotoxicity tests gave 
negative results (2). 

Carcinogenicity 

There is no evidence that ammonia is carcinogenic (2). 

13.2.6 Effects on humans 

Ammonia has a toxic effect on healthy humans only if the intake becomes higher 
than the capacity to detoxifY. 

If ammonia is administered in the form of its ammonium salts, the effects of 
the anion must also be taken into account. With ammonium chloride, the aci
dotic effects of the chloride ion seem to be of greater importance than those of 
the ammonium ion ( 1). At a dose of more than 100 mg/kg of body weight per 
day (33.7 mg of ammonium ion per kg of body weight per day), ammonium 
chloride influences metabolism by shifting the acid-base equilibrium, disturbing 
the glucose tolerance, and reducing the tissue sensitivity to insulin (2). 

13.2.7 Conclusions 

Ammonia is not of direct importance for health in the concentrations to be ex
pected in drinking-water. A health-based guideline has therefore not been derived. 

Ammonia can, however, indicate faecal contamination, compromise disin
fection efficiency, cause taste and odour problems, result in nitrite formation in 
distribution systems, and cause the failure of filters for the removal of manganese. 
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13.3 Antimony 

13.3.1 General description 

Identity 

Compound 
Antimony 
Potassium antimony tartrate 
Sodium antimony tartrate 
Sodium antimony bis(pyrocatechol) 
2,4-disulfate 

CAS no. 
7440-36-0 
28300-74-5 
34521-09-0 
15489-16-4 
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Physicochemical properties (1-3)1 

Property Sb KSbOC4H40 6 NaSbOC4H40 6 C12H18Na50 23S4Sb 
Melting point (QC) 630.5 100 
Boiling point (QC) 1635 
Density at 20 QC 6.691 2.6 
(g/cm3) 

Vapour pressure 0.133 
at 886 QC (kPa) 

Water solubility insoluble 83 666.7 soluble 

(g/litre) 

Organoleptic properties 

Potassium antimony tartrate is odourless and has a sweet metallic taste (2). 

Major uses 

Antimony is used in semiconductor alloys, batteries, antifriction compounds, 
ammunition, cable sheathing, flameproofing compounds, ceramics, glass, pot
tery, type castings for commercial printing, solder alloys, and fireworks. Some 
antimony compounds are used for the treatment of parasitic diseases and as pesti
cides (J-3). 

Environmental fate 

Antimony may be present in the atmosphere in gaseous, vapour, and particulate 
forms. In water, it may undergo either oxidation or reduction, depending on the 
pH and the other ions present. Soluble forms tend to be quite mobile in water, 
whereas less soluble species are adsorbed onto clay or soil particles. Antimony 
may be leached from landfills and sewage sludge into groundwater, surface water, 
and sediment ( 4), from the last of which it can be released to the atmosphere 
through microbial activity under anaerobic conditions (5). More than half of the 
naturally occurring antimony in sediments is bound to extractable iron and alu
minium (6). Antimony is only slightly bioaccumulated. 

13.3.2 Analytical methods 

Antimony can be determined by graphite furnace atomic absorption spectrome
try (lower detection limit 0.8 )lgllitre, EPA method 204.2) or inductively 
coupled plasma mass spectrometry (lower detection limit 0.02 )lg!litre, EPA 
method 6020). Following separation of antimony(III) from antimony(V) using 

1 Source: Hazardous Substances Data Bank. Bethesda, MD, National Library of Medicine, 1990. 
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N-(p-methoxyphenyl)-2-furylacrylohydroxamic acid, the two species can be 
determined by electrothermal atomic absorption spectrometry at concentrations 
down to 0.01 ~g/litre (7). 

13.3.3 Environmental levels and human exposure 

Air 

Antimony was present in the air of four of 58 American cities at levels of 
0.42-0.85 ~gfm3. Three of29 nonurban areas had concentrations of 1-2 ngfm3 
(8). Smoking can result in antimony contamination of indoor air (9). 

Water 

Antimony has been identified in natural waters in both the antimony(III) and 
antimony(V) oxidation states and as methyl antimony compounds. It occurs in 
seawater at a concentration of about 0.2 ~g/litre (10, 11 ). A survey in the USA 
found antimony in only three of 988 samples of finished drinking-water from 
groundwater sources, the concentrations ranging from 41 to 45 ~g!litre (lower 
detection limit 9 ~g/litre)(J2 ). In a study of 3834 samples of drinking-water, 
antimony was found in 16.5% of samples, at concentrations ranging from 0.6 to 

4 ~g!litre (mean 1.87 ~g/litre) (13). 

Food 

Trace quantities of antimony are present in the food supply, the concentration in 
the diet of a typical adult male being 9.3 ~g/kg dry weight based on the analysis 
offood composites (14). 

Estimated total exposure and relative contribution of drinking-water 

The average intake of antimony by ingestion offood is about 18 ~g/day (14); the 
corresponding figure for drinking-water will usually be less than 8 ~g/day. 

13.3.4 Kinetics and metabolism in laboratory animals and humans 

Antimony is not readily absorbed from the gastrointestinal tract, regardless of 
valence state (15), absorption ranging from less than 5% in cows (16) to 15% in 
rats (17). Most of the antimony absorbed accumulates in the spleen, liver, and 
bone (I 8, 19). Transfer of antimony from maternal to fetal blood has been dem
onstrated (20). Trivalent antimony readily enters red blood cells, but pentavalent 
antimony does not (21, 22). Available data are insufficient to determine whether 
antimony(V) compounds are reduced to antimony(III) in vivo. Parenterally ad
ministered trivalent antimony was excreted via the faeces and urine in mice, 
white rats, hamsters, guinea-pigs, rabbits, dogs, and humans (23 ). Pentavalent 
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antimony was excreted primarily in the urine. In cows, orally administered anti
mony trichloride was excreted primarily in the faeces ( 16 ) . In adult males, 
21.6-70% of the antimony administered daily was excreted in urine, only low 
levels (0.8-8.4%) being present in faeces. Pentavalent antimony was excreted in 
urine more rapidly than trivalent antimony (22, 24). 

13.3.5 Effects on laboratory animals and in vitro test systems 

Acute exposure 

The acute oral LD50 values for potassium antimony tartrate in mice and rats 
range from 115 to 600 mg of antimony per kg of body weight, whereas an oral 
LD50 of 15 mg of antimony per kg of body weight has been reported for rabbits 
(4). 

Short-term exposure 

Four rabbits were given potassium antimony tartrate at 15 mg/kg of body weight 
per day (5.6 mg of antimony per kg of body weight per day) for 7-22 days (25). 
Small increases in nonprotein nitrogen in blood and urine and in mean urine 
ammonia nitrogen were observed, which the author interpreted as evidence of 
increased protein catabolism. Gross and microscopic examination showed haem
orrhagic lesions in the stomach and small intestine, liver atrophy with fat accu
mulation and congestion, haemorrhage in the renal cortex, with some tubular 
necrosis. This study suggests a LOAEL of 5.6 mg/kg of body weight per day, 
based on minimal histological injury in tissues. 

Male and female Wistar rats were given two antimony-containing pigments 
in the diet at concentrations up to 10 000 mg/kg (36 and 22 mg/kg of body 
weight per day, respectively) for 91 days. No effects on behaviour, food consump
tion, growth, mortality, haematology, clinical data, or organ weights were ob
served (26). No toxic effects were observed in rats given potassium antimony 
tartrate, potassium antimonate, antimony trioxide, or antimony pentoxide in 
food at doses ranging from 0.1 to 4 mg/day for 107 days (1). 

Long-term exposure 

Potassium antimony tartrate (0 or 5 mg of antimony per litre) was administered 
in drinking-water to male and female Charles River CD mice from the time of 
weaning until death (27). Weight loss was observed in males after 18 months and 
decreased weight gain in females at 12 and 18 months, and life spans were de
creased in females but not in males. No significant fatty degeneration of the liver 
was observed. This study suggests a LOAEL of 0.5 mg/kg of body weight per day. 

In a companion study, potassium antimony tartrate (0 or 5 mg of anti
mony per litre) was administered in drinking-water to Long-Evans rats (50 per 
sex per dose) from the time of weaning until death (28). This corresponds to an 
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average dose of 0.43 mg of antimony per kg of body weight per day, assuming a 
body weight of 0.35 kg and water consumption of 30 ml/day. No significant ef
fects on glucosuria, proteinuria, fasting blood glucose levels, body weight, heart 
weight, or heart-to-body-weight ratio were observed. Mean longevity decreased 
in both sexes. Serum cholesterol levels were increased in male rats and decreased 
in female rats. Nonfasting blood glucose levels were lower in both sexes. Anti
mony accumulated in kidney, liver, heart, lung, and spleen, increasing with age 
and dose. This study identified a LOAEL of 0.43 mg of antimony per kg of body 
weight per day based on decreased longevity and altered blood glucose and serum 
cholesterol levels. 

Reproductive toxicity, embryotoxicity, and teratogenicity 

Four ewes fed antimony potassium tartrate at a dose level of 2 mg/kg of body 
weight for 45 days or throughout gestation gave birth to normal, full-term lambs 
(29). Sterility and fewer offspring were observed in rats following inhalation ex
posures to antimony trioxide over 2 months (1, 30). In female rabbits and mice 
injected with sodium antimony tartrate or an unknown organic antimony com
pound over a period ranging from 16 to 77 days, some contraception, abortion, 
and fetal damage occurred, but sterility in male mice was not observed (31). No 
abnormalities were reported in Wistar rat fetuses whose mothers were given 
intramuscular injections of antimony dextran glycoside during gestation (19). 

Mutagenicity and related end-points 

Antimony trichloride, antimony pentachloride, and antimony trioxide were 
mutagenic in the Bacillus subtilis (H17 and M45) rec-assay (1, 32, 33). Potassium 
and sodium antimony tartrate induced chromosomal aberrations in cultured hu
man leukocytes (34, 35). Piperazine and potassium antimony tartrate induced 
chromosomal aberrations in rat bone marrow cells in vivo (36). 

Carcinogenicity 

The effect of lifetime exposure to antimony on tumour frequency was investi
gated in Charles River CD mice given potassium antimony tartrate (0 or 5 mg of 
antimony per litre) in drinking-water from the time of weaning until death (27). 
Tumours (benign and malignant) were found in 34.8% of control animals (no 
explanation given) and 18.8% of the antimony-treated animals. The authors 
concluded that antimony exposure had no effect on the incidence or type of 
spontaneous tumours. In a companion study (28), no significant effects of anti
mony exposure on tumour frequency were observed in male or female rats. 

Antimony trioxide and antimony ore concentrate were found to cause lung 
tumours in female rats exposed by inhalation (1, 37, 38). 
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13.3.6 Effects on humans 

Acute antimony poisoning may result in vommng, diarrhoea, and death 
(39, 40). Sodium stibogluconate given intravenously in a daily dose of 600 mg of 
antimony(V) for 10 days to 16 patients with skin lesions caused by parasitic pro
tozoa did not adversely affect either glomerular or renal function ( 41 ) . Tri
valent and pentavalent antimony compounds affected the ECGs of patients 
being treated for schistosomiasis ( 42, 43). 

Six adult males who had worked in an antimony smelter for 2-13 years ex
hibited no signs of adverse cardiac, bladder, kidney, or haematological effects, nor 
were there any reported effects on general health (I, 44). Workmen in a plant 
where antimony trisulfide was used exhibited increased blood pressure (14 of 
113 ), significant changes in their ECGs (37 of75 ), and ulcers (7 of 111 as com
pared with 15 out of 1000 in the total plant population) (I, 45). Female workers 
employed in an antimony plant showed an increased incidence of spontaneous 
late abortions (12.5%) as compared with female workers not exposed to anti
mony dust ( 4.1 o/o) (30). 

Workers exposed for 9-31 years to dust containing a mixture of antimony 
trioxide and antimony pentoxide in an antimony smelting plant (I, 46) exhibit
ed symptoms such as chronic coughing, bronchitis, and emphysema, conjunctiv
itis, staining of frontal tooth surface, inactive tuberculosis, and pleural adhesions. 
"Antimony dermatitis" characterized by vesicular or pustular lesions was seen in 
more than half the exposed workers. 

13.3.7 Provisional guideline value 

In its overall evaluation based on inhalation exposure, IARC concluded that anti
mony trioxide is possibly carcinogenic to humans (Group 2B) and antimony tri
sulfide is not classifiable as to its carcinogenicity to humans (Group 3) (I). 

In a limited lifetime study in which rats were exposed to antimony in 
drinking-water at a single dose level of 0.43 mg of antimony per kg of body 
weight per day, decreased longevity and altered blood levels of glucose and cho
lesterol were observed (28). The incidence of benign or malignant tumours was 
not affected. Using an uncertainty factor of 500 (1 00 for inter- and intraspecies 
variation and 5 for the use of a LOAEL instead of a NOAEL), a TDI of 0.86 
11g/kg of body weight can be calculated. An allocation of 10% of the TDI to 
drinking-water gives a concentration of0.003 mg/litre (rounded figure), which is 
below the practical limit of quantitative analysis. 

A provisional guideline value for antimony has therefore been set at a practi
cal quantification level of 0.005 mg!litre. This results in a margin of safety of 
approximately 250-fold for potential health effects, based on the LOAEL of 
0.43 mg/kg of body weight per day observed in the limited lifetime study in rats. 
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13.4 Arsenic 

13.4.1 General description 

Identity 

Arsenic exists in oxidation states of -3, 0, 3, and 5. It is widely distributed through
out the earth's crust, most often as arsenic sulfide or as metal arsenates and 
arsenides. 

Compound 
Arsenic 
Arsenic trioxide 
Arsenic pentoxide 
Arsenic sulfide 
Dimethylarsinic acid 
Lead arsenate 
Potassium arsenate 
Potassium arsenite 

CAS no. 
7440-38-2 
1327-53-3 
1303-28-2 
1303-33-9 
75-60-5 
10102-48-4 
7784-41-0 
10124-50-2 

Molecular formula 
As 
As20 3 
As20 5 
As2S3 
(CH3hAsO(OH) 
PbHAs04 
KH2As04 
KAs02·HAs02 
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Physicochemical properties (1, 2) 

Compound Melting Boiling Density Water 
point point (gfcm3) solubility 
(oC) (oC) (gll) 

As 613 5.727 at 14 oc insoluble 
As20 3 312.3 465 3.738 37at20°C 
As20 5 315 4.32 1500 at 16 oc 

(decomposes) 

As2S3 300 707 3.43 5x 10-4 

(at 18 °C) 
(CH3hAsO(OH) 200 829 at 22 oc 
PbHAs04 720 5.79 very slightly 

(decomposes) soluble 
KH2As04 288 2.867 190 at 6 oc 
KAs02 HAs02 soluble 

Major uses 

Arsenicals are used commercially and industrially as alloying agents in the manu
facture of transistors, lasers, and semiconductors, as well as in the processing of 
glass, pigments, textiles, paper, metal adhesives, wood preservatives, and ammu
nition. They are also used in the hide tanning process and, to a limited extent, as 
pesticides, feed additives, and pharmaceuticals. 

Environmental fate 

Arsenic is introduced into water through the dissolution of minerals and ores, 
from industrial effluents, and via atmospheric deposition (3-5). In well oxygen
ated surface waters, arsenic(V) is generally the most common species present 
(6, 7); under reducing conditions, such as those often found in deep lake sedi
ments or groundwaters, the predominant form is arsenic(III) (8, 9). An increase 
in pH may increase the concentration of dissolved arsenic in water (10). 

13.4.2 Analytical methods 

A silver diethyldithiocarbamate spectrophotometric method is available for the 
determination of arsenic: the detection limit is about 1 ~g!litre (11 ). Graphite 
furnace atomic absorption spectroscopy in combination with high-pressure 
liquid chromatography can also be used to determine various arsenic species (6). 
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13.4.3 Environmental levels and human exposure 

Air 

Arsenic concentrations in air range from 0.4 to 30 ng/m3 (12-14); higher con
centrations are present in the vicinity of industrial sources (12, 15). 

Water 

The level of arsenic in natural waters generally varies between 1 and 2 ~g!litre 
(3). Concentrations may be elevated, however, in areas containing natural sour
ces; values as high as 12 mg/litre have been reported (16). 

Food 

Fish and meat are the main sources of dietary intake of arsenic (17); levels rang
ing from 0.4 to 118 mg/kg have been reported in marine fish sold for human 
consumption, and concentrations in meat and poultry can be as high as 0.44 
mg/kg (18). 

The mean daily intake of arsenic in food for adults has been estimated to 

range from 16.7 to 129 ~g (17, 19-21); the corresponding figures for infants and 
children are 1.26-15.5 ~g (22, 23). 

On the basis of data on the arsenic content of various foodstuffs (20, 24), it 
can be estimated that approximately 25% of the intake of arsenic from food is in
organic and 75% is organic. 

Estimated total exposure and relative contribution of drinking-water 

The estimated mean daily intake of arsenic from food is approximately 40 ~g, 
about 10 ~g of which is inorganic arsenic. The mean daily intake of arsenic from 
drinking-water will generally be less than 10 ~g, based on a concentration of ar
senic in drinking-water in areas without natural sources ofless than 5 ~g/litre and 
an average daily consumption of 2 litres of drinking-water. The estimated intake 
from air is generally less than 1 ~g. 

13.4.4 Kinetics and metabolism in laboratory animals and humans 

Ingested elemental arsenic is poorly absorbed and largely eliminated unchanged. 
Soluble arsenic compounds are rapidly absorbed from the gastrointestinal tract 
(3); arsenic(V) and organic arsenic are rapidly and almost completely eliminated 
via the kidneys (25-27). Inorganic arsenic may accumulate in skin, bone, and 
muscle (28); its half-life in humans is between 2 and 40 days (29). 

Arsenic(III) is eliminated from the body by the rapid urinary excretion of 
nonmethylated arsenic in both the trivalent and pentavalent forms and by 
detoxification by sequential methylation of arsenic(III) in the liver to mono-
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methylarsonic acid (MMAA) and dimethylarsinic acid (DMAA) (30, 31). 
Limited short-term studies on humans indicate that the capacity to methylate in
organic arsenic is progressively, but not completely, saturated when daily intake 
exceeds 0.5 mg (32). 

In humans, inorganic arsenic does not appear to cross the blood-brain bar
rier; however, transplacental transfer of arsenic in humans has been reported 
(33). 

13.4.5 Effects on laboratory animals and in vitro test systems 

Long-term exposure 

There were significant reductions in cardiac output and stroke volume in male 
Wistar rats and female New Zealand rabbits ingesting drinking-water containing 
50 Jlg of arsenic(III) per ml for 18 and 10 months, respectively. In contrast, there 
was no effect on cardiac function in rats following ingestion of the same concen
tration of arsenic(V) for 18 months (34). 

Reproductive toxicity, embryotoxicity, and teratogenicity 

Teratogenic effects of arsenic in chicks, golden hamsters, and mice have been re
ported (35, 36). Arsenate was teratogenic in the offspring of pregnant hamsters 
following exposure on days 4-7 of gestation by minipump implantation (37); 
the threshold blood level for teratogenesis was 4.3 Jlmol!kg (38 ). The specific 
form of arsenic responsible for teratogenesis is not known, but it may be arsenite 
(39). 

Mutagenicity and related end-points 

Arsenic does not appear to be mutagenic in bacterial and mammalian assays, al
though it can induce chromosome breakage, chromosomal aberrations, and sister 
chromatid exchange in a linear, dose-dependent fashion in a variety of cultured 
cell types, including human cells (24, 40). Arsenic(III) is about an order of mag
nitude more potent than arsenic(V) in this respect (24). 

Carcinogenicity 

Arsenic has not been found to be carcinogenic in animal bioassays, with one ex
ception. In a study of the potential of arsenic compounds to act as promoters, a 
significant increase in the incidence of kidney tumours was observed in male 
Wistar rats injected intraperitoneally with a single dose of diethylnitrosamine 
(30 mg/kg) and, from day 7, given the maximum tolerated dose (160 mg/litre) of 
arsenic(III) in drinking-water for 25 weeks ( 41). 
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13.4.6 Effects on humans 

Although the results of available studies indicate that arsenic may be an essential 
element for several animal species (e.g. goats, rats, and chicks), there is no evi
dence that it is essential for humans (24). 

The acute toxicity of arsenic compounds in humans is predominantly a func
tion of their rate of removal from the body. Arsine is considered to be the most 
toxic form, followed by the arsenites [arsenic(III)], the arsenates [arsenic(V)] and 
organic arsenic compounds. Lethal doses in humans range from 1.5 mg/kg of 
body weight (diarsenic trioxide) to 500 mg/kg of body weight (DMAA) (42 ). 
Acute arsenic intoxication associated with the ingestion of well-water containing 
1.2 and 21.0 mg of arsenic per litre has been reported ( 43, 44). 

Early clinical symptoms of acute intoxication include abdominal pain, vom
iting, diarrhoea, muscular pain, and weakness, with flushing of the skin. These 
symptoms are often followed by numbness and tingling of the extremities, mus
cular cramping, and the appearance of a papular erythematous rash ( 45). Within 
a month, symptoms may include burning paraesthesias of the extremities, palmo
plantar hyperkeratosis, Mee's lines on fingernails, and progressive deterioration in 
motor and sensory responses ( 4~47). 

Signs of chronic arsenicalism, including dermal lesions, peripheral neuropa
thy, skin cancer, and peripheral vascular disease, have been observed in popula
tions ingesting arsenic-contaminated drinking-water ( 48-5 5 ) . Dermal lesions 
were the most commonly observed symptoms, occurring after minimum expo
sure periods of approximately 5 years. Effects on the cardiovascular system were 
observed in children consuming arsenic-contaminated water (mean concentra
tion 0.6 mg!litre) for an average of7 years (51, 52). 

In a large study conducted in China (Province of Taiwan), a population of 
40 421 was divided into three groups based on the arsenic content of their well
water (high, >0.60 mg/litre; medium, 0.30-0.59 mg/litre; and low, <0.29 mglli
tre) ( 48 ) . There was a clear dose-response relationship between exposure to 
arsenic and the frequency of dermal lesions, "blackfoot disease" (a peripheral vas
cular disorder), and skin cancer. However, several methodological weaknesses 
(e.g. investigators were not "blinded") complicate the interpretation of the re
sults. In addition, the possibility that other compounds present in the water sup
ply might have been responsible for blackfoot disease was not considered. It has 
been suggested, for example, that humic acid in artesian well-water is the cause of 
the disease, not arsenic (56). 

In a study in which cancer mortality was examined in relation to the arsenic 
content of contaminated drinking-water in the same villages of China (Province 
of Taiwan) and at the same three levels, there were significant dose-response rela
tionships for age-adjusted rates for cancers of the bladder, kidney, skin, and lung 
in both sexes and cancers of the prostate and liver in males (57). A study in 
which the ecological correlations between the arsenic level of well-water and 
mortality from various malignant neoplasms in China (Province of Taiwan) were 
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examined demonstrated a significant association with the arsenic level in well
water for cancers of the liver, nasal cavity, lung, skin, bladder, and kidney in both 
males and females and for prostate cancer in males (58). 

In an investigation of the association between cancer incidence and the in
gestion of arsenic-contaminated water in a limited area of China (Province of 
Taiwan), standardized mortality ratios (SMRs) for cancers of the bladder, kidney, 
skin, lung, liver, and colon were significantly elevated in the area of arsenic con
tamination. The SMRs for all but colon cancer also correlated well with the 
prevalence rate for blackfoot disease (59). In a case-control study of 204 subjects 
who died of cancer (69 of bladder, 76 of lung, and 59 of liver cancer) and 368 
community controls matched for age and sex, the odds ratios of developing these 
cancers for those who had used artesian well-water for 40 or more years were 
3.90, 3.39, and 2.67, respectively. Dose-response relationships were observed for 
all three cancer types by duration of exposure, and the odds ratios were not 
changed significantly when several other risk factors were taken into considera
tion in logistic regression analysis ( 60). A Technical Panel on Arsenic established 
by the US Environmental Protection Agency concluded that, although these 
studies demonstrated a qualitative relationship between the ingestion of arsenic
contaminated water and internal cancers, the data were not sufficient to enable 
the dose-response relationship to be assessed (24). 

In a study conducted in Mexico, the health status of the populations of two 
rural towns was examined, the towns differing in the average arsenic concentra
tion of their water supplies, which was 0.41 ± 0.114 mg/litre ("exposed") in the 
first and 0.005 ± 0.007 mg!litre ("control") in the second (54). The prevalence 
of nonspecific symptoms, such as nausea, abdominal pain, and diarrhoea, was 
significantly higher in the "exposed" population; the relative risks for these symp
toms ranged from 1.9 to 4.8, while that of developing cutaneous lesions ranged 
from 3.6 to 36. The prevalence of skin cancer in the "exposed" population in 
Mexico was 6.4%, as compared with 1.06% in the population with similar expo
sure in China (Province ofTaiwan) (0.30-0.59 mg/litre group) (48). This study 
suffered from methodological weaknesses; for example, the investigators were not 
blinded and drinking-water was assumed to be the only source of arsenic. 

In a case-control study of 270 children with congenital heart disease and 
665 healthy children, maternal consumption during pregnancy of drinking
water containing detectable arsenic concentrations was associated with a three
fold increase in the occurrence of coarctation of the aorta (the prevalence odds 
ratio adjusted for all measured contaminants and source of drinking-water was 
3.4 with 95% confidence limits of 1.3-8.9) (35). However, no adjustment was 
made for maternal age, socioeconomic status, or previous reproductive history, 
and exposure was not determined directly. 

In a case-control study in Massachusetts of 286 women with spontaneous 
abortions and 1391 women with live births, elevated odds ratios for miscarriages 
were associated with exposure to arsenic in drinking-water (61 ). The odds ratio 
for spontaneous abortion, adjusted for maternal age, educational level, and histo-
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ry of prior spontaneous abortion, for women exposed to undetectable concentra
tions, 0.8-1.3 )lg/litre, and 1.4-1.9 )lg/litre of arsenic in their drinking-water 
were 1.0, 1.1, and 1.5, respectively. Again, however, exposure was determined in
directly, and it would be desirable to follow up these preliminary results in stud
ies designed to assess exposure more accurately. 

13.4.7 Provisional guideline value 

Inorganic arsenic compounds are classified by IARC in Group 1 (carcinogenic to 
humans) on the basis of sufficient evidence for carcinogenicity in humans and 
limited evidence for carcinogenicity in animals ( 62). No adequate data on the 
carcinogenicity of organic arsenicals were available. The guideline value has been 
derived on the basis of estimated lifetime cancer risk. 

Data on the association between internal cancers and ingestion of arsenic in 
drinking-water are limited and insufficient for quantitative assessment of an 
exposure-response relationship (24). However, based on the increased incidence 
of skin cancer observed in the population in China (Province of Taiwan), the US 
Environmental Protection Agency has used a multistage model that is both linear 
and quadratic in dose to estimate the lifetime skin cancer risk associated with the 
ingestion of arsenic in drinking-water. With this model and data on males (24), 
the concentrations of arsenic in drinking-water associated with estimated excess 
lifetime skin cancer risks of 10-4, IQ-5, and IQ-6 are 1.7, 0.17, and 0.017 )lg!litre, 
respectively. 

It should be noted, however, that these values may overestimate the actual 
risk of skin cancer because of possible simultaneous exposure to other com
pounds in the water and possible dose-dependent variations in metabolism that 
could not be taken into consideration. In addition, the concentration of arsenic 
in drinking-water at an estimated skin cancer risk of IQ-5 is below the practical 
quantification limit of 10 )lg/litre. 

A value of 13 )lg/litre may be derived (assuming a 20% allocation to drinking
water) on the basis of the provisional maximum tolerable daily intake (PMTDI) of 
inorganic arsenic of 2 )lglkg of body weight set by the Joint FAO/WHO Expert 
Committee on Food Additives QECFA) in 1983 and confirmed as a provisional 
tolerable weekly intake (PTWI) of 15 )lg/kg of body weight in 1988 (63). JECFA 
noted, however, that the margin between the PTWI and intakes reported to have 
toxic effects in epidemiological studies was narrow. 

With a view to reducing the concentration of arsenic in drinking-water, a pro
visional guideline value of0.01 mg/litre is recommended. The estimated excess life
time risk of skin cancer associated with exposure to this concentration is 6 x 1 o-4. 
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13.5 Asbestos 

13.5.1 General description 

Identity 

Asbestos is a general term for fibrous silicate minerals containing iron, magne
sium, calcium, or sodium. These can be divided into rwo main groups, namely 
serpentine (e.g. chrysotile) and amphibole (e.g. amosite, crocidolite, and tremo
lite). 
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Physicochemical properties 

Chrysotile is easily degraded by strong acids, whereas amphiboles are more resis
tant. The various forms of asbestos are generally resistant to alkali. The chemical 
nature and crystalline structure of asbestos impart to it a number of characteris
tics, including high tensile strength, durability, flexibility, and resistance to heat 
and chemicals (I). 

Major uses 

Asbestos, particularly chrysotile, is used in a large number of applications, par
ticularly in construction materials, such as asbestos-cement (A/C) sheet and pipe, 
electrical and thermal insulation, and friction products, such as brake linings and 
clutch pads (1). 

13.5.2 Analytical methods 

The method of choice for the quantitative determination of asbestos in ambient 
air and water is transmission electron microscopy (TEM) with identification 
by energy-dispersive X-ray analysis and selected-area electron diffraction 
(TEM/SAED). However, TEM/SAED is costly, and preliminary screening with 
TEM alone (2), which has a detection limit of below 0.1 million fibres per litre 
(MFL) in water (3), is therefore often used. 

13.5.3 Environmental levels and human exposure 

Air 

Mean chrysotile concentrations at 24 locations in southern Ontario (Canada) 
ranged from <2 to 11 fibres longer than 5 Jlm per litre. Concentrations at 10 re
mote rural locations were all below the detection limit in this study ( <2 
fibres/litre) (1, 4). Levels in samples from downtown and suburban locations in 
Stockholm (Sweden) were in the range 1-3 fibres longer than 5 flm per litre 
(I, 4). 

Airborne asbestos may be released from tapwater in the home. Mean air
borne asbestos concentrations were significantly higher ( 1. 7 ng/ m 3) in three 
homes with water containing elevated concentrations of asbestos than in three 
control homes (0.31 ngfm3); however, the difference in concentration was due 
primarily to increased numbers of short fibres ( <1 flm), which are considered to 
pose little health risk. Moreover, all the fibre concentrations found in this limited 
study were within the range of those measured in indoor and outdoor air in 
other investigations (5). Negligible amounts of asbestos fibres were released to air 
from water containing 40 ± 10 MFL via a conventional drum-type humidifier 
(6). 
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Water 

Asbestos is introduced into water by the dissolution of asbestos-containing min
erals and ores as well as from industrial effluents, atmospheric pollution, and A/C 
pipes in water-distribution systems. Exfoliation of asbestos fibres from A/C pipes 
is related to the aggressiveness of the water supply (3 ). Although A/C piping is 
used in about 19% of water-distribution systems in Canada, erosion of such pip
ing appeared to contribute measurably to the asbestos content of water supplies 
at only two of71locations surveyed (7). In contrast, high levels of asbestos have 
been recorded in association with the severe deterioration of A/C pipe containing 
chrysotile and crocidolite in Woodstock, New York (USA) (8). 

Chrysotile was the predominant type of asbestos detected in a national sur
vey of the water supplies of 71 communities in Canada; concentrations varied 
from not detectable ( <0.1 MFL) to 2000 MFL, while median fibre lengths were 
in the range 0.5-0.8 )lm. It was estimated that concentrations were >1 MFL in 
the water supplies of 25% of the population, > 10 MFL for 5% of the population, 
and > 100 MFL for 0.6% of the population. Concentrations were higher in raw 
than in treated water (7). 

The results of a number of surveys indicate that most of the population of 
the USA consumes drinking-water containing asbestos in concentrations below 1 
MFL (9). In 1974, concentrations of optically visible fibres up to 33 MFL were 
detected in drinking-water supplies in the Netherlands (1 0). The results of a sur
vey of asbestos concentrations in raw and treated waters in the United Kingdom 
suggest that most drinking-waters contain asbestos fibres in concentrations vary
ing from not detectable up to 1 MFL ( 11). 

Food 

The asbestos content of solid foodstuffs has not been well studied because of the 
lack of a simple, reliable analytical method. Foods that contain soil particles, 
dust, or dirt probably contain asbestos fibres; crude estimates suggest that the 
intake of asbestos in food may be significant in comparison with that in 
drinking-water (12). Concentrations of 0.151 MFL and 4.3-6.6 MFL in beer 
and 1.7-12.2 MFL in soft drinks have been reported (13). 

13.5.4 Kinetics and metabolism in laboratory animals and humans 

Information on the transmigration of ingested asbestos through the gastrointes
tinal tract to other tissues is contradictory (I, 3 ). Available data indicate that 
penetration, if it occurs at all, is extremely limited. 
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13.5.5 Effects on laboratory animals and in vitro test systems 

Reproductive toxicity, embryotoxicity, and teratogenicity 

Administration of 4-400 mg of chrysotile per kg of body weight to CD-1 mice 
on days 1-15 of pregnancy did not affect the survival of the progeny. In vitro ad
ministration did not interfere with implantation on transfer of exposed blasto
cysts to recipient females but did result in a decrease in post-implantation 
survival. The authors concluded that asbestos was not teratogenic in these studies 
(14). 

Mutagenicity and related end-points 

Although not mutagenic, all types of asbestos have induced chromosomal aberra
tions in in vitro studies ( 15). In in vivo studies, a single oral administration of 
chrysotile did not increase the frequency of micronuclei in mice, and there was 
no increase in chromosomal aberrations in monkeys following oral administra
tion of chrysotile by gavage (10). 

Carcinogenicity 

Although the carcinogenicity of inhaled asbestos is well established, there is no 
conclusive evidence that ingested asbestos is carcinogenic (I, 3, 16). In a series of 
extensive investigations involving treatment groups of 250 animals of each sex 
(17-19), no treatment-related increases in tumour incidence were observed in 
Syrian golden hamsters fed 1 o/o amosite or short-range (98% shorter than 10 p.m) 
or intermediate-range (65% longer than 10 p.m) chrysotile, or in Fischer 344 rats 
fed 1 o/o tremolite or amosite or short-range chrysotile in the diet over their life
time. Although the incidence of benign epithelial neoplasms in the gastrointes
tinal tract in male Fischer 344 rats fed 1 o/o intermediate-range chrysotile was 
significantly increased as compared with that in pooled controls from contempo
rary lifetime asbestos feeding studies in the same laboratory, the increase was not 
statistically significant in comparison with the data for concurrent controls and 
was limited to one sex. 

13.5.6 Effects on humans 

The health hazards associated with the inhalation of asbestos in the occupational 
environment have long been recognized and include asbestosis, bronchial carci
noma, malignant mesothelioma of the pleura and peritoneum, and possibly 
cancers of the gastrointestinal tract and larynx. In contrast, little convincing 
evidence has been found of the carcinogenicity of ingested asbestos in epidemio
logical studies of populations supplied with drinking-water containing high 
concentrations of asbestos (1, 15, 19-26). Moreover, the ability of asbestos fibres 
ingested in drinking-water to migrate through the walls of the gastrointestinal 
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tract in sufficient numbers to cause adverse local or systemic effects is the subject 
of considerable disagreement (I, 27, 28). 

In ecological population studies (I, 20, 22-25) (i.e. studies in which indi
vidual exposures were not estimated and population mobility was not adequately 
addressed), no consistent evidence was found of an association between cancer 
mortality or incidence and the ingestion of asbestos in drinking-water. In an ana
lytical epidemiological (case-control) study that was inherently more sensitive 
than the ecological studies, there was no consistent evidence of a cancer risk asso
ciated with the ingestion of asbestos in drinking-water in Puget Sound, where 
levels up to 200 MFL were observed (26). 

13.5.7 Conclusions 

Although asbestos is a known human carcinogen by the inhalation route, avail
able epidemiological studies do not support the hypothesis that an increased can
cer risk is associated with the ingestion of asbestos in drinking-water. Moreover, 
in extensive feeding studies in animals, asbestos has not consistently increased the 
incidence of tumours of the gastrointestinal tract. There is therefore no consis
tent, convincing evidence that ingested asbestos is hazardous to health, and it is 
concluded that there is no need to establish a guideline value for asbestos in 
drinking-water. 

References 

1. Asbestos and other natural mineral fibres. Geneva, World Health Organization, 1986 
(Environmental Health Criteria, No. 53). 

2. Pitt R. Asbestos as an urban area pollutant. journal of the Water Pollution Control 
Federation, 1988, 60:1993-2001. 

3. Toft P et al. Asbestos in drinking-water. Ottawa, Ontario, Canada, Department of 
National Health and Welfare, Health Protection Branch, 1984 (CRC critical reviews 
in environmental control). 

4. Charfield E. Measurement of asbestos fibre concentrations in ambient atmospheres. Re
port prepared for the Royal Commission on Matters of Health and Safety Arising 
from the Use of Asbestos in Ontario. Toronto, Ontario, Canada, 1983. 

5. Webber JS, Syrotynski S, King MV. Asbestos-contaminated drinking water: its im
pact on household air. Environmental research, 1988, 46:153-167. 

6. Meranger JC, Reid WW, Davey ABC. The transfer of asbestos from water to air via a 
portable drum-type home humidifier. Canadian journal of public health, 1979, 
70:276-278. 

171 



GUIDELINES FOR DRINKING-WATER QUALITY 

7. Chatfield EJ, Dillon MJ. A national survey for asbestos fibres in Canadian drinking 
water supplies. Ottawa, Canada, Department of National Health and Welfare, 1979 
(Environmental Health Directorate Report 79-EHD-34). 

8. Webber JS, Covey JR, King MV. Asbestos in drinking water supplied through gross
ly deteriorated A-C pipe. journal of the American Water Works Association, 1989, 
81:80. 

9. Millette JR et al. Asbestos in water supplies of the United States. Environmental 
health perspectives, 1983, 53:45-48. 

10. Montizaan GK, Knaap AG, van der Heijden CA. Asbestos: toxicology and risk as
sessment for the general population in The Netherlands. Food chemistry and toxicol
ogy, 1989, 27:53-63. 

11. Con way DM, Lacey RF. Asbestos in drinking water. Results of a survey. Medmenham, 
Water Research Centre, 1984 (Technical Report TR202). 

12. Rowe JN. Relative source contributions of diet and air to ingested asbestos exposure. 
Environmental health research, 1983, 53:115-120. 

13. Cunningham HM, Pontefract RD. Asbestos fibres in beverages and drinking water. 
Nature (London), 1971, 232:332-333. 

14. Schneider U, Maurer RR. Asbestos and embryonic development. Teratology, 1977, 
15:273-279. 

15. International Agency for Research on Cancer. Overall evaluations of carcinogenicity: 
an updating of !ARC Monographs volumes 1-42. Lyon, 1987:106-116 (IARC Mono
graphs on the Evaluation of Carcinogenic Risks to Humans, Suppl. 7). 

16. DHHS Working Group. Report on cancer risks associated with the ingestion of as
bestos. Environmental health perspectives, 1987, 72:253-265. 

17. McConnell EE et al. Chronic effects of dietary exposure to amosite and chrysotile as
bestos in Syrian golden hamsters. Environmental health perspectives, 1983, 53:11-25. 

18. McConnell EE et al. Chronic effects of dietary exposure to amosite asbestos and 
tremolite in F344 rats. Environmental health perspectives, 1983, 53:27-44. 

19. National Toxicology Program. Toxicology and carcinogenesis studies ofchrysotile asbes
tos in F344 rats. Research Triangle Park, NC, US Department of Health and Human 
Services, 1985 (NIH Publication No. 86-2551; Technical Report No. 295). 

20. Toft Pet al. Asbestos and drinking water in Canada. Science of the total environment, 
1981, 18:77-89. 

172 



13. INORGANIC CONSTITUENTS AND PHYSICAL PARAMETERS 

21. Conforti PM et al. Asbestos in drinking water and cancer in the San Francisco Bay 
area: 1969-197 4 incidence. Journal of chronic diseases, 1981, 34:211-224. 

22. Sigurdson EE et al. Cancer morbidity investigations: lessons from the Duluth study 
of possible effects of asbestos in drinking water. Environmental research, 1981, 25:50-
61. 

23. Meigs JW et al. Asbestos cement pipe and cancer in Connecticut 1955-1974. journal 
of environmental health, 1980,42:187. 

24. Millette JR et al. Epidemiology study of the use of asbestos-cement pipe for the dis
tribution of drinking water in Escambia County, Florida. Environmental health per
spectives, 1983, 53:91-98. 

25. Sadler TD et al. The use of asbestos-cement pipe for public water supply and the in
cidence of cancer in selected communities in Utah. journal of community health, 
1984, 9:285-293. 

26. Polissar L, Severson RK, Boatman ES. A case control study of asbestos in drinking 
water and cancer risk. American journal of epidemiology, 1984, 119:456-471. 

27. Boatman ES et al. Use of quantitative analysis of urine to assess exposure to asbestos 
fibres in drinking water in the Puget Sound region. Environmental health perspectives, 
1983, 53:131-139. 

28. Carter RE, Taylor WF. Identification of a particular amphibole asbestos fibre in tis
sues of persons exposed to a high oral intake of the mineral. Environmental research, 
1980, 21:85-93. 

13.6 Barium 

13.6.1 General description 

Identity 

Barium is present as a trace element in both igneous and sedimentary rocks. Al
though it is not found free in nature (I) , it occurs in a number of compounds, 

most commonly barium sulfate (barite) and, to a lesser extent, barium carbonate 
(witherite). 
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Compound CAS no. Molecular formula 
Barium sulfide 21109-95-5 BaS 
Barium chloride 10361-37-2 BaC12 
Barium oxide 1304-28-5 BaO 
Barium hydroxide 17194-00-2 Ba(OHh 
Barium bromide 10553-31-8 BaBr2 
Barium nitrate 10022-31-8 Ba(N03h 
Barium nitrite 13465-94-6 Ba(N02h 
Barium sulfate 7727-43-7 BaS04 
Barium acetate 543-80-6 Ba(C2H 30 2h 

Physicochemical properties (2, 3) 

Compound Melting Boiling Density Water 

point point (g!cm3) solubility 
(oC) (oC) (gll) 

BaS 1200 4.25 readily soluble 

BaC12 960 1560 3.856 at 24 oc 310 at 0 oc 
BaO 1923 2000 5.32-5.72 15at0°C 

Ba(OH)z 77.9 800 2.18 at 16 oc 38.9 at 20 oc 
BaBr2 847 decomposes 4.781 at 24 oc 980 at 0 oc 
Ba(N03)z 592 decomposes 3.24 at 23 oc 92 at 20 oc 
Ba(N02)z 217 decomposes 3.23 675 at 20 oc 
BaS04 1580 4.50 at 15 oc 0.00285 at 30 oc 
Ba(C2H 30 2)z - 2.47 770 at 26 oc 

Major uses 

Barium compounds, including barium sulfate and barium carbonate, are used in 
the plastics, rubber, electronics, and textiles industries, in ceramic glazes and ena
mels, in glass-making, brick-making, and paper-making, as a lubricant additive, 
in pharmaceuticals and cosmetics, in case-hardening of steel, and in the oil and 
gas industry as a wetting agent for drilling mud ( 4, 5). 

Environmental fate 

Barium in water comes primarily from natural sources. The acetate, nitrate, and 
halides are soluble in water, but the carbonate, chromate, fluoride, oxalate, phos
phate, and sulfate are quite insoluble. The solubility of barium compounds in
creases as the pH level decreases (I). 

Organic barium compounds are ionic and are hydrolysed in water (6). The 
concentration of barium ions in natural aquatic systems is limited by the pres
ence of naturally occurring anions and possibly also by the adsorption of these 
ions onto metal oxides and hydroxides (7). 
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13.6.2 Analytical methods 

Barium concentrations in water may be determined by atomic absorption spec
troscopy, using either direct aspiration into an air-acetylene flame (detection 
limit 2 rg/litre) or atomization in a furnace (detection limit 100 rg/litre) (1 ) . 
Barium in water may also be determined by inductively coupled plasma atomic 
emission spectrometry, the detection limits being equivalent or superior to those 
of flame atomic absorption spectroscopy (B). 

13.6.3 Environmental levels and human exposure 

Air 

Barium is generally present in air in particulate form as a result of industrial 
emissions, particularly in combustion of coal and diesel oil and waste incinera
tion. Concentrations ranging from 0.0015 to 0.95 rgfm3 have been reported. 
The estimated respiratory intake for an adult male is in the range 0.03-22 rg/day 
(US Environmental Protection Agency, unpublished data, 1984). 

Water 

The concentration of barium in groundwater in the Netherlands was measured at 
60 locations; the mean and maximum concentrations were 0.23 and 2.5 mg/litre, 
respectively (9). 

Barium concentrations in distributed drinking-water in Canada were found 
to range from not detectable (detection limit 5 rg/litre) to 600 rgllitre, with a 
median value of 18 rg/litre; in 86% of the 122locations surveyed, the concentra
tions were below 100 rg/litre (1 0 ). In 83% of 262 locations surveyed in the 
Netherlands in 1983, barium concentrations in drinking-water were below 
50 rg/litre; the maximum concentration found was below 200 rg/litre (11 ). 
In a study of the water supplies of cities in the USA, a median value of 43 rg/litre 
was reported; in 94% of all determinations the concentrations found were 
<100 rgllitre (12). Levels of barium in municipal water supplies in Sweden var
ied from 1 to 20 rg/litre (12). 

If an average daily water consumption of 2 litres and a concentration of 
about 30 rgllitre are assumed, the daily intake of barium from drinking-water is 
approximately 60 rg. 

Food 

Most foods contain less than 0.002 mg of barium per gram (13 ). Some cereal 
products and nuts may contain high levels: e.g. bran flakes, 0.0039 mg/g; pecans, 
0.0067 mg/g; and Brazil nuts, up to 4 mg/g (14). 
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The long-term mean dietary barium intake for adults has been found to be 
0.75 mg/day (range 0.44-1.8 mg/day), including food and fluids (15 ); 0.6 
mg/day from total diet (12); and 1.24 mg/day (range 0.65-1.8 mg/day) for food 
only (16). 

Estimated total exposure and relative contribution of drinking-water 

On the basis of the above considerations, the mean daily intake of barium from 
food, water, and air is estimated to be slightly more than 1 mg/ day, food being 
the primary source for the non-occupationally exposed population. However, 
where barium levels in water are high, drinking-water may contribute signifi
cantly to barium intake. 

13.6.4 Kinetics and metabolism in laboratory animals and humans 

Soluble barium salts are most readily absorbed, although insoluble compounds 
may also be absorbed to a significant extent ( 17, 18). The degree of absorption of 
barium from the gastrointestinal tract also depends on the animal species, the 
contents of the gastrointestinal tract, diet, and age (I 7-19). 

Barium is rapidly transported in blood plasma, principally to bone (20). Ele
vated barium/calcium ratios were found in the teeth of children exposed to 
drinking-water containing 10 mg of barium per litre (21 ). It has been reponed 
that barium crosses the placental barrier in humans (I 6). 

The faecal route of excretion of barium is the most important in humans and 
animals (22); in humans, 20% of an ingested dose is excreted in the faeces and 
7% in the urine within 24 hours (12, 20). 

13.6.5 Effects on laboratory animals and in vitro test systems 

Acute exposure 

The oral LD50 of barium chloride in rats is reported to be 118 mg/kg of body 
weight (23). 

Short-term exposure 

No effects on blood pressure were seen in Sprague-Dawley rats exposed to 100 
mg of barium per litre as barium chloride in drinking-water (equivalent to 1.5 
mg/kg of body weight per day) for up to 20 weeks (24). In the same series of 
studies, no changes were seen in blood pressure in hypertension-susceptible Dahl 
and uninephrectomized rats exposed for 16 weeks to up to 1000 mg of barium 
per litre in distilled water or 0.9% saline. At 1000 mg/litre, however, ultrastruc
tural changes in the glomeruli of the kidney were discernible by electron micros-
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copy. In addition, no significant electrocardiographic changes during (-)-nor
epinephrine challenge were observed in Sprague-Dawley rats ingesting drinking
water containing 250 mg of barium per litre for 5 months (24). 

Long-term exposure 

In a study on the lifetime exposure ofLong-Evans rats to 5 mg of barium per litre 
as barium acetate in drinking-water, the only significant effect reported was an 
increase in proteinuria in males (25). In a similar study in which 5 mg of barium 
per litre as barium acetate was administered in drinking-water to Charles River 
CD mice over their entire life span, there was a slight reduction in the survival of 
males, but no effects on body weight gain, oedema, or blanching of incisor teeth 
(26). No histopathological effects were found in 34 tissues of male and female 
Sprague-Dawley rats exposed to 1, 10, 100, or 250 mg of barium per litre as bar
ium chloride in drinking-water for up to 68 weeks (24). 

Groups of female Long-Evans rats were exposed to 1, 10, or 100 mg of bar
ium per litre as barium chloride in drinking-water for 1, 4, or 16 months (27), 
equivalent to average doses of 0.051, 0.51, and 5.1 mg of barium per kg of body 
weight per day (2). Mean systolic pressure remained unchanged in animals ex
posed to the lowest dose for 16 months. At the intermediate dose, there were 
mean increases in blood pressure of0.533-0.933 kPa (4-7 mmHg) by 8 months, 
which persisted thereafter. In rats receiving the highest dose, significant and per
sistent increases in mean systolic pressure of 1.60 kPa ( 12 mmHg) were seen after 
only 1 month, gradually increasing to a mean of 2.13 kPa (16 mmHg) after 16 
months of exposure. Rates of cardiac contraction, electrical excitability, and high
energy phosphate and phosphorylation potential were decreased. As increases in 
systolic pressure of 0.533-0.933 kPa (4-7 mmHg) are deemed small enough not 
to constitute an adverse effect, the NOAEL can be considered to be 0.51 mg of 
barium per kg of body weight per day, and the LOAEL is 5.1 mg of barium per 
kg of body weight per day. 

It has been estimated that a 0.1-1% increase in the clinical incidence of 
coronary heart disease in the USA over a 6-year period could result from a 2kPa 
(15 mmHg) increase in mean systolic blood pressure. Although a 0.67 kPa 
(5 mmHg) increase in systolic blood pressure would have virtually no short-term 
clinical implications for those aged 35 years and younger, such an increase may 
become a difference of nearly 1.33 kPa (10 mmHg) by age 65, which would in
crease the average risk of a heart attack by 14% in the USA (28). 

Reproductive toxicity, embryotoxicity, and teratogenicity 

No studies on the reproductive, embryotoxic, or teratogenic effects of the inges
tion of barium in food or drinking-water were found. In contrast, the inhalation 
of barium carbonate dust adversely affected spermatogenesis in male rats exposed 
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to 22.6 mgfm3, and shortened the estrous cycle and disturbed the morphological 
structure of the ovaries in female rats exposed to 13.4 and 3.1 mgfm3 for 4 
months (29). 

Mutagenicity and related end-points 

Barium chloride did not increase the frequency of mutation in repair-deficient 
strains of Bacillus subtilis (30) or induce errors in viral DNA transcription in vitro 
(31). 

Carcinogenicity 

In extremely limited lifetime bioassays of rats and mice exposed to 5 mg!litre in 
drinking-water, no evidence was found on gross examination at autopsy to show 
that barium is carcinogenic (25, 26). 

i 3.6.6 Effects on humans 

Barium is not considered to be an essential element for human nutrition (16). 
At high concentrations, barium causes vasoconstriction by its direct stimula

tion of arterial muscle, peristalsis as a result of the violent stimulation of smooth 
muscle, and convulsions and paralysis following stimulation of the central ner
vous system (32). Depending on the dose and solubility of the barium salt, death 
may occur in a few hours or a few days. The acute toxic oral dose of barium chlo
ride for humans is 0.2-0.5 g; the estimated acute lethal oral dose is between 3 
and 4 g (33). Repeated exposures to barium chloride in table salt are believed to 
have caused recurrent outbreaks of "pa-ping" disease (a transient paralysis resem
bling familial periodic paralysis) in China (34), but recovery was usually rapid 
(12). 

The prevalence of dental caries was reported to be significantly lower in 39 
children from a community ingesting drinking-water containing 8-10 mg of bar
ium per litre as compared with that in 36 children from another community 
ingesting drinking-water containing <0.03 mg!litre (35). However, the study 
population was small, and dental examinations were not conducted in a blind 
manner. 

Associations between the barium content of drinking-water and mortality 
from cardiovascular disease have been observed in several ecological epidemio
logical studies. Significant negative correlations between barium concentrations 
in drinking-water and mortality from atherosclerotic heart disease (36) and total 
cardiovascular disease (37) have been reported. Conversely, significantly higher 
sex- and age-adjusted death rates for "all cardiovascular diseases" and "heart dis
ease" have been reported in an unspecified number of Illinois communities with 
high concentrations of barium in drinking-water (2-1 0 mg/litre) as compared 
with those with low concentrations (<0.2 mg!litre) in 1971-75 (38). There were, 
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however, several confounding factors; although the communities were matched 
for demographic characteristics and socioeconomic status, population mobility 
differed between the communities with high and low barium levels. Moreover, it 
was not possible to control for the use of water softeners in the home (39). 

The results of the ecological study in Illinois were not confirmed in a cross
sectional study of the prevalence of cardiovascular disease in 1175 adult residents 
of West Dundee, Illinois (mean barium concentration in drinking-water 7.3 
mg!litre, range 2-10 mg/litre), as compared with 1203 adult residents of 
McHenry (mean concentrations of barium in drinking-water 0.1 mg/litre) ( 40). 
The socioeconomic status and demographic characteristics of the populations in 
the two towns were similar. Blood pressures of all participants were measured, 
and data on the occurrence of cardiovascular, cerebrovascular, and renal disease 
and possible confounding factors were obtained by means of questionnaires ad
ministered by trained survey workers. There were no significant differences be
tween the two populations in the prevalence of hypertension, stroke, and heart 
and kidney disease, even when the use of water softeners, medication, duration of 
exposure, smoking, and obesity were taken into account. The authors concluded 
that blood pressure in adults does not appear to be adversely affected even follow
ing prolonged ingestion of drinking-water containing more than 7 mg of barium 
per litre. 

In a recent clinical study, 11 "healthy'' men were exposed to barium (as bar
ium chloride) in drinking-water (O mg/litre for 2 weeks, 5 mg/litre for the next 4 
weeks, and 10 mg!litre for the last 4 weeks) ( 4 1). Attempts were made to control 
several of the risk factors for cardiovascular disease, including diet, exercise, 
smoking, and alcohol consumption, throughout the study period (although sub
jects were not continuously monitored in this regard). No consistent indication 
of any adverse effects was found. There was, however, a trend towards an increase 
in serum calcium between 0 and 5 mg/liue, which persisted at 10 mg!litre; for 
total calcium, normalized for differences in albumin level, this increase was statis
tically significant. The authors suggested that the increase would not be expected 
to be clinically important. The lack of adverse effects observed in this study may 
be attributable to the small number of subjects included or the short period of 
exposure. 

13.6.7 Guideline value 

As there is no evidence that barium is carcinogenic (12), the guideline value for 
barium in drinking-water is derived using the TDI approach. 

In the most sensitive epidemiological study conducted to date, there were no 
significant differences in blood pressure or in the prevalence of cardiovascular 
disease between a population drinking water containing a mean barium concen
tration of 7.3 mg/litre and one whose water contained a concentration of 0.1 
mg!litre ( 40). Using the NOAEL of7.3 mg!litre obtained from this study and an 
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uncertainty factor of 10 to account for intraspecies variation, a guideline value of 
0.7 mg!litre (rounded figure) can be derived for barium in drinking-water. 

This value is close to that derived from the results of toxicological studies in 
animal species. A TDI of 51 ]-lg/kg of body weight can be calculated, based on a 
NOAEL of 0.51 mg/kg of body weight per day in a chronic study in rats (27) 
and incorporating uncertainty factors of 10 for intraspecies variation and 1 for 
interspecies variation, as the results of a well-conducted epidemiological study 
( 40) indicate that humans are not more sensitive than rats to barium in drinking
water. The value derived from this TDI, based on a 20% allocation to drinking
water, is 0.3 mg/litre (rounded figure). 

References 

1. Office of Drinking Water. Health advisory-barium. Washington, DC, US Environ
mental Protection Agency, 1985. 

2. Office of Drinking Water. Drinking water criteria document for barium. Washington, 
DC, US Environmental Protection Agency, 1985. 

3. Lide DR, ed. CRC handbook of chemistry and physics, 73rd ed. Boca Raton, FL, CRC 
Press, 1992-93. 

4. Brooks SM. Pulmonary reactions to miscellaneous mineral dusts, man-made mineral 
fibers, and miscellaneous pneumoconioses. In: Merchant JA, ed. Occupational respir
atory diseases. Cincinnati, OH, US Department of Health and Human Services, Ap
palachian Laboratory for Occupational Safety and Health, 1986:401-458 (DHHS 
(NIOSH) Publication No. 86-102). 

5. MinerS. Preliminary air pollution survey of barium and its compounds. A literature re
view. Raleigh, NC, US Department of Health, Education, and Welfare, National Air 
Pollution Control Administration, 1969. 

6. Cotton FA, Wilkinson G. Advanced inorganic chemistry: comprehensive text, 4th ed. 
New York, NY, John Wiley, 1980:286. 

7. Hem JD. Study and interpretation of the chemical characteristics of natural water. US 
Geologic Survey sampling data, Washington, DC, US Government Printing Office, 
1959 (Water Supply Paper 1473). 

8. Laboratory Services Branch. The determination of trace metals in surfoce waters by 
ICP-AAS. Toronto, Canada, Ontario Ministry of the Environment, 1988. 

9. Van Duijvenbooden W. The quality of ground water in the Netherlands. Bilthoven, 
Netherlands, National Institute of Public Health and Environmental Protection, 
1989 (RIVM Report No. 728820001). 

180 



13 INORGANIC CONSTITUENTS AND PHYSICAL PARAMETERS 

10. Subramanian KS, Meranger JC. A survey for sodium, potassium, barium, arsenic, 
and selenium in Canadian drinking water supplies. Atomic spectroscopy, 1984, 5:34-
37. 

11. Fonds AW, Van Den Eshof AJ, Smit E. Integrated criteria document barium. 
Bilthoven, Netherlands, National Institute of Public Health and Environmental Pro
tection, 1987 (RIVM Report No. 218108004). 

12. Barium. Geneva, World Health Organization, 1990 (Environmental Health Criteria 
No. 107). 

13. Gormican A. Inorganic elements in foods used in hospital menus. journal of the 
American Dietetic Association, 1970, 56:397-403. 

14. Mertz W, ed. Trace elements in human and animal nutrition, 5th ed. New York, NY, 
Academic Press, 1986:418-420. 

15. International Commission on Radiological Protection. Report of the task group on ref 
erence man. New York, NY, Pergamon Press, 1975 (Publication 23). 

16. Schroeder HA, Tipton IH, Nason P. Trace metals in man: strontium and barium. 
journal of chronic diseases, 1972, 25:491-517. 

17. McCauley PT, Washington IS. Barium bioavailability as the chloride, sulfate, or car
bonate salt in the rat. Drug and chemical toxicology, 1983, 6:209-217. 

18. Clavel JP et al. Intestinal absorption of barium during radiological studies. Therapie, 
1987, 42(2):239-243. 

19. Taylor DM, Bligh PH, Duggan MH. The absorption of calcium, strontium, barium 
and radium from the gasrrointestinal tract of the rat. Biochemical journal, 1962, 
83:25-29. 

20. National Research Council. Drinking water and health, Vol. 1. Washington, DC, 
National Academy of Sciences, 1977. 

21. Miller RG et al. Barium in teeth as indicator of body burden. In: Calabrese EJ, 
Tuthill RW, Condie L, eds. Inorganics in drinking water and cardiovascular disease. 
Princeton, NJ, Princeton Scientific Publishing Co., 1985: 211-219 (Advances in 
modern environmental toxicology, Vol. 9). 

22. Ohanian EV, Lappenbusch WL. Problems associated with toxicological evaluations of 
barium and chromium in drinking water. Washington, DC, US Environmental Pro
tection Agency, Office of Drinking Water, 1983. 

23. National Institute of Occupational Safety and Health. Registry of Toxic Effects of 
Chemical Substances (RTECS) (database). Washington, DC, US Department of 
Health and Human Services, 1989. 

181 



GUIDELINES FOR DRINKING-WATER QUALITY 

24. McCauley PT et al. Investigations into the effect of drinking water barium on rats. 
In: Calabrese EJ, Tuthill RW, Condie L, eds. Inorganics in drinking water and 
cardiovascular disease. Princeton, NJ, Princeton Scientific Publishing Co., 1985: 
197-210 (Advances in modern environmental toxicology, Vol. 9). 

25. Schroeder HA, Mitchener M. Life-term studies in rats: effects of aluminum, barium, 
beryllium and tungsten. journal of nutrition, 1975, 105:421-427. 

26. Schroeder HA, Mitchener M. Life-term effects of mercury, methyl mercury and nine 
other trace elements on mice. journal of nutrition, 1975, 105:452-458. 

27. Perry HM et al. Cardiovascular effects of chronic barium ingestion. Trace substances 
and environmental health, 1983, 16:155-164. 

28. Wilkins JR, Calabrese EJ. Health implications of a 5 mmHg increase in blood pres
sure. Toxicology and industrial health, 1985, 1:13-28. 

29. Tarasenko NY, Pronin OA, Silayev AA. Barium compounds as industrial poisons (an 
experimental study). Journal of hygiene, epidemiology, microbiOlogy, and immunology, 
1977, 21:361-373. 

30. Nishioka H. Mutagenic activities of metal compounds in bacteria. Mutation research, 
1975, 31:186-189. 

31. Loeb L, Sirover M, Agarwal S. Infidelity of DNA synthesis as related to mutagenesis 
and carcinogenesis. In: Advances in experimental medicine and biology, 1978, 91:103. 
Cited in US Environmental Protection Agency. Health efficts assessment for barium. 
Washington, DC, 1984. 

32. Stockinger HE. The metals. In: Clayton GD, Clayton FE, eds. Patty's industrial hy
giene and toxicology, 3rd ed. Vol. 2A. New York, NY, John Wiley, 1981:1493-2060. 

33. Reeves AL. Barium. In: Friberg L, Nordberg GF, Vouk VB, eds. Handbook on the 
toxicology of metals. 2nd ed. Amsterdam, Elsevier/North Holland Biomedical Press, 
1986:84-94. 

34. Shankle R, Keane JR. Acute paralysis from barium carbonate. Archives of neurology, 
1988, 45(5):579-580. 

35. Zdanowicz JA et al. Inhibitory effect of barium on human caries prevalence. Commu
nity dentistry and oral epidemiology, 1987, 15:6-9. 

36. Schroeder HA, Kramer LA. Cardiovascular mortality, municipal water, and corro
sion. Archives of environmental health, 1974, 28:303-311. 

37. Elwood PC, Abernethy M, Morton M. Mortality in adults and trace elements in wa
ter. Lancet, 1974,2:1470-1472. 

182 



13 INORGANIC CONSTITUENTS AND PHYSICAL PARAMETERS 

38. Brenniman GR et al. Cardiovascular disease death rates in communities with elevat
ed levels of barium in drinking water. Environmental research, 1979, 20:318-324. 

39. National Research Council. Drinking water and health, Vol. 4. Washington, DC, 
National Academy Press, 1982:167-170. 

40. Brenniman GR, Levy PS. Epidemiological study of barium in Illinois drinking water 
supplies. In: Calabrese EJ, Tuthill RW, Condie L, eds. Inorganics in water and cardio
vascular disease. Princeton, NJ, Princeton Scientific Publishing Co., 1985:231-240. 

41. Wones RG, Stadler BL, Frohman LA. Lack of effect of drinking water barium on car
diovascular risk factors. Environmental health perspectives, 1990, 85:355-359. 

13.7 Beryllium 

13.7 .1 General description 

Identity 

Beryllium is an alkaline earth metal and a constituent of many common miner
als, such as beryl and beryllonite (I). 

Physicochemical properties (2) 

Value 

Grey solid 
1278 ac 
2970 ac 

Property 

Physical state 
Melting point 
Boiling point 
Density 1.848 g/cm3 at 20 ac 

Organoleptic properties 

A taste detection threshold of 0.24 g/litre has been reported for beryllium chlo
ride (3). 

Major uses 

Beryllium and its alloys have a number of important uses, mostly based on their 
heat resistance; these include use in space vehicles, X-ray equipment, and electri
cal components (I). 

13.7.2 Analytical methods 

Beryllium is determined directly in acidified aqueous samples by electrothermal 
atomization atomic absorption spectrophotometry. Other metals, such as iron, 
magnesium, aluminium, and manganese, can interfere with the method. The 
detection range for beryllium is 0.22-4 flg!litre ( 4). Other methods include 
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graphite furnace and flame atomic absorption spectroscopy (5) and gas chroma
tography with electron capture detection ( 6). 

13.7.3 Environmental levels and human exposure 

Air 

Beryllium is released to air principally as a result of the combustion of fossil fuels 
(7). However, it is infrequently detected in the atmosphere, and concentrations 
are usually less than 5 ngfm3 (B). 

Water 

Beryllium enters natural waters through the weathering of rocks, atmospheric 
fallout, and industrial and municipal discharges (1 ). Concentrations in natural 
waters are generally less than 1 11g/litre (1, 7). Beryllium is rarely detected in 
drinking-water and then only at very low concentrations. In a large-scale survey 
in the United States, mean and maximum concentrations of 0.2 and 1.2 !lg!litre, 
respectively, were reported (9). 

Food 

The beryllium content of various foodstuffs has been reported to be in the range 
0.06-0.17 mg/kg (10). A typical dietary intake has been reported as 100 11g/day, 
although in a study in the United Kingdom it was estimated that the dietary in
take could be less than 15 11g/ day (I). 

Estimated total exposure and relative contribution of drinking-water 

The major route of exposure of the general population to beryllium is through 
food, the contribution from air being negligible in comparison. If a daily intake 
in the diet of 100 11g of beryllium in adults and a beryllium concentration in 
drinking-water of 1 11g/litre are assumed, the total contribution from water 
would be 2% (1 ). At lower dietary levels, the relative contribution from drink
ing-water would be increased. 

13.7.4 Kinetics and metabolism in laboratory animals and humans 

Beryllium and its compounds are not readily absorbed via the oral route, as they 
tend to form insoluble compounds at physiological pH (11 ). Following exposure 
to the chloride and sulfate, less than 1% and 20% respectively of ingested beryl
lium was absorbed in experimental animals (1, 12 ). Negligible amounts of beryl
lium are absorbed through the intact skin (1 ) . Absorbed oral doses are distributed 
to the gastrointestinal tract, liver, blood, and kidney, and are ultimately stored in 
bone (12, 13 ) . Inhaled or ingested beryllium is excreted mainly in the faeces (14). 
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13.7.5 Effects on laboratory animals and in vitro test systems 

Acute exposure 

In general, beryllium compounds are less acutely toxic in animals via the oral 
route than via other routes of administration (1 ). Oral LD50s of 18-200 mg/kg 
of body weight have been reported in rodents for a number of beryllium com
pounds (1). 

Long-term exposure 

In a lifetime study, Long-Evans male and female rats were exposed to 5 mg of 
beryllium sulfate per litre in drinking-water. Other than a slight depression in 
the growth of males from 2 to 6 months of age, there were no changes in gross or 
microscopic pathology, clinical chemistry, or urine analysis (15). Similarly, in a 
lifetime study in Charles River mice given beryllium sulfate at 5 mg!litre in 
their drinking-water, slight effects on female body weight were seen. No other 
treatment-related effects were observed (16). 

Reproductive toxicity, embryotoxicity, and teratogenicity 

No studies are available on the repoductive toxicity of beryllium following inges
tion, However, the chloride and oxide have been found to be fetotoxic after intra
tracheal administration and embryotoxic after intravenous administration (17). 

Mutagenicity and related end-points 

Beryllium does not appear to be mutagenic in various Salmonella typhimurium 
strains (18). It has been shown to interact with DNA (19) and to cause gene 
mutations (20), chromosomal aberrations, and sister chromatid exchange in cul
tured mammalian somatic cells (21). Sister chromatid exchange has also been re
ported in mouse macrophages (22). Dose-dependent positive transformation was 
induced in mammalian cell lines (23), although beryllium did not induce DNA 
repair in rat hepatocytes (24). It did not increase the incidence of micronucleat
ed polychromic erythrocytes in the bone marrow of mice in vivo (18). 

Carcinogenicity 

Beryllium compounds administered by injection or inhalation can induce malig
nant tumours in laboratory animals (1). However, animal studies are inadequate 
to evaluate whether beryllium compounds are carcinogenic by oral administra
tion. In two lifetime studies, rats and mice ingesting beryllium in drinking-water 
at a concentration of 5 mg!litre did not show a significant increase in tumours as 
compared with controls (15,16). In another study in which Wistar rats were fed 
beryllium at 5, 50, or 500 mg/kg of diet, no treatment-related increase in tu
mours as compared with controls was observed (1). 
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13.7.6 Effects on humans 

No studies are available on the health effects of ingested beryllium. However, as 
gastrointestinal absorption is poor, toxicity is expected to be low via this route. 
Inhalation of beryllium compounds during occupational exposure has been 
shown to cause acute pneumonitis and chronic pulmonary granulomatosis, also 
known as chronic beryllium disease (25). There is evidence that the chronic dis
ease is immunologically mediated (25). When insoluble beryllium compounds 
have become embedded in the skin, allergic-type dermatitis and granulomatous 
skin ulcerations have been reported, as also has conjunctivitis (1). 

IARC has classified beryllium and beryllium compounds as being probably 
carcinogenic to humans (Group 2A), on the basis of occupational exposure and 
inhalation studies in laboratory animals (25). However, the epidemiological 
studies that led to this conclusion have been criticized (26) . 

13.7.7 Conclusions 

There are no suitable oral data on which a toxicologically supportable guideline 
value could be based. However, the very low concentrations of beryllium normal
ly found in drinking-water seem unlikely to pose a hazard to consumers. 
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13.8 Boron 

13.8.1 General description 

Identity 

Boron is widely distributed in the environment, borax, kernite, and tourmaline 
being three of the more commonly mined boron minerals. The chemical forms 
of boron in nature include boric acid and more condensed species such as tetra
borate (1). 

Physicochemical properties (2) 

Property 
Physical state 
Melting point (0 C) 
Density (g/cm3) 
Water solubility 
(g!litre) 

Boron 
solid 
2300 
2.35 
insoluble 

Boric acid (H3BO) 
solid 
169 

1.43 
63.5 

188 

Borax (Na2B407 JOH2 0) 
solid 
75 
1.73 
20.1 (cold) 
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Major uses 

Elemental boron and its carbides are used in composite structural materials, 
high-temperature abrasives, special-purpose alloys, and steel-making. Boron 
halides are used as catalysts in the manufacture of magnesium alloy products, 
metal refining, and rocket fuels. Boron hydrides are used as reductants, to control 
heavy metal discharges in wastewater, as catalysts, and in jet and rocket fuels (1, 
2). 

Boric acid and borates are used in glass manufacture and as wood and leather 
preservatives, flame retardants, cosmetic products, and neutron absorbers for 
nuclear installations. Boric acid, borates, and perborates have been used as mild 
antiseptics or bacteriostats in eyewashes, mouthwashes, burn dressings, and 
nappy rash powders, although boric acid is not now regarded as effective for this 
purpose. Borax is used extensively as a cleaning compound, and borates are ap
plied as agricultural fertilizers. Boron compounds are also used as algicides, her
bicides, and insecticides (1, 2). 

Environmental fate 

The environmental chemistry of boron is not well understood. In water, the pre
dominant species is probably boric acid, which does not dissociate readily at 
physiological pH (3). 

13.8.2 Analytical methods 

Boron can be determined by atomic absorption using either direct aspiration into 
a flame or a furnace technique, the latter having greater sensitivity. Inductively 
coupled plasma atomic emission spectroscopy can also be used. Detection limits 
range from 1.25 to 5 jlg/litre (2, 4). At concentrations between 0.01 and 1 mg/li
tre, boron can be determined by spectrometric techniques (5). 

13.8.3 Environmental levels and human exposure 

Air 

The presence of boron in the atmosphere has been attributed to sea spray, vol
canic activity, accumulation in dust, and industrial pollution. Boron concentra
tions of 0.17 jlgfm3 have been reported in ocean air (3). 

Water 

The concentration of boron in seawater ranges from 4 to 5 mg/litre as boric 
acid. In Canadian coastal waters, boron levels are in the range 3.7-4.3 mg/litre. 
Estuarine waters are rich in boron, as it can be transported from the sea (3). Bor
on concentrations in surface waters in the USA range from 0 to 6.5 mg/litre, al-
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though most are below 1 mg!litre (3). In northern Italy, boron concentrations in 
lake waters are below 0.09 mg/litre and, in about 65% of river water samples, 
close to natural background levels (0.1 mg/litre) (6). 

In selected drinking-water supplies in the USA, boron levels were found to 
be between 0 and 0.74 mg!litre (median 0.12 mg/litre). High levels were attrib
uted to seawater intrusion and fertilizers (3 ). Average boron concentrations in 
3842 samples of treated and distributed water in Canada surveyed in 1987-89 
ranged from 0.042 to 235 )lg/litre, the maximum being 570 )lg/litre (7). In the 
Netherlands, levels of boron in all drinking-water plants in 1984 varied from 
<0.005 to 0.61 mg!litre (median 0.02 mg/lirre) (4). In selected drinking-water 
supplies in the former USSR, boron levels were 0-6.0 mg!litre (8 ). In Sierra 
Leone, boron levels in nine different drinking-water sources were in the range 
4.6-18.1 mg!litre. The highest levels were found in pipe-borne untreated and 
stream water (9 ). Levels of boron in 37 brands of mineral water ranged from 
<0.005 to 4.2 mg!litre; in seven samples, the level was above 1 mg!litre (10). 

Food 

As a constituent of foodstuffs, boron occurs mainly in plant tissues, legumes con
taining the highest concentrations (25-50 )lg/g dry weight), followed by fruits 
and vegetables (5-20 )lgfg) and cereals and grains (1-5 )lg/g). In animal muscle 
and soft tissues, concentrations are well below 1 )lg/g. Cow's milk normally con
tains 0.5-1.0 mg!litre, the level depending on the boron intake of the cow. Bev
erages contain variable amounts of boron: coffee, 0.16 mg/lirre; apple juice, 1.2 
mg/litre; orange juice, 0.53 mg/litre; and lemon juice, 0.59 mg/litre (3, 11). 

Estimated total exposure and relative contribution of drinking-water 

The total daily boron intake in normal human diets was reported to vary from 
2.1 to 4.3 mg/day in 1965 and from 1.3 to 4.4 mg/day in 1972 (2). In Canada, 
this intake was estimated to be 1-3 mg for an adult, depending on the number of 
boron-containing vegetables in the diet. The contribution from drinking-water 
was estimated at 0.24 mg/day, based on the median value measured in the USA 
(3). The contribution to boron intake from air is negligible. The total daily in
take can therefore be estimated to be between 1 and 5 mg. 

13.8.4 Kinetics and metabolism in laboratory animals and humans 

Boron in food or administered as soluble borate (borax) or boric acid is rapidly 
and almost completely absorbed. Over 93% of a single oral dose of 750 mg of 
boric acid administered to human volunteers was recovered in the urine within 
96 h (2 ). Between 50% and 66% of boric acid administered orally to rabbits 
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(17 .1-119.9 mg of boron per kg of body weight per day) was excreted in the 
urine (2 ). Absorption through intact skin is poor but is much greater through 
damaged skin (12). Transplacental distribution has been reported (2). 

13.8.5 Effects on laboratory animals and in vitro test systems 

Acute exposure 

Boric acid and borax have a low acute oral toxicity; LD50 values for mice, rats, 
and dogs range from 2000 to over 6000 mg/kg of body weight (7,13 ). Signs of 
acute toxicity for both borax and boric acid include depression, ataxia, convul
sions, and death; kidney degeneration and testicular atrophy are also observed 
(1). 

Short-term exposure 

Mter repeated oral administration of borax or boric acid to rats and dogs, growth 
inhibition, organ weight changes, and testicular atrophy were the most striking 
effects. In 90-day studies with rats and dogs at doses ranging from 17.5 to 5250 
mg of boron per kg of food (as borax or boric acid), no clear NOAEL could be 
established (13). 

In a 13-week study, mice were fed diets containing boric acid at 1200-20 000 
mg/kg of food. At high doses (;;;.5000 mg/kg of food), increased mortality and de
generation or atrophy of the seminiferous tubules were observed. In all dose 
groups, extramedullary haemapoiesis of the spleen of minimal to mild severity 
was seen (I 4). 

Long-term exposure 

No effects were observed on body weight and longevity in a limited lifetime 
study in which Swiss mice received 5 mg of boron per litre (as sodium meta
borate) in their drinking-water (2). 

In a study in which B6C3F 1 mice received 0, 2500, or 5000 mg of boric acid 
per kg in the diet for 103 weeks, mortality was significantly increased in both 
treatment groups. At the highest dose, testicular atrophy and interstitial cell 
hyperplasia were observed in male mice (14). 

Male and female Sprague-Dawley rats were fed diets containing 0, 117, 350, 
or 1170 mg of boron per kg of food (as borax or boric acid) for 2 years. At the 
highest dose, increased brain and thyroid weights, decreased body and testes 
weights, and histopathological alterations of the testes were observed. The 
NOAEL in this study was 350 mg of boron per kg of food (equivalent to 17.5 mg 
ofboron per kg of body weight per day) (13). 

When dogs were fed 0, 58, 117, or 350 mg of boron per kg in the diet (as 
borax or boric acid) for 2 years, no effects were observed on body weight, food 
consumption, organ weights, clinical parameters, and histopathology. Dogs fed a 
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diet containing 1170 mg of boron per kg of food (as borax) for 38 weeks exhibi
ted severe testicular atrophy and spermatogenic arrest by week 26. The NOAEL 
in this study was 350 mg of boron per kg offood (equivalent to 8.8 mg of boron 
per kg of body weight per day) (13). 

Reproductive toxicity, embryotoxicity, and teratogenicity 

In a 90-day drinking-water study with male rats, the highest dose of 6.0 mg of 
boron per litre (as borax) (0.426 mg of boron per kg of body weight per day) had 
no effects on fertility and reproduction or on the weight of the testes, prostate, or 
seminal vesicles. Fructose, zinc, and acid phosphatase levels in the prostate were 
unaltered (15). 

In a 90-day feeding study in rats with borax (dose levels 0, 25, 50, and 100 
mg of boron per kg of body weight per day), a LOAEL of 25 mg of boron per kg 
of body weight per day was established based on dose-dependent tubular germi
nal aplasia (16). 

In a multigeneration study, 0, 117, 350, or 1170 mg of boron per kg of food 
(as borax or boric acid) was administered to male and female rats (13). At the 
highest dose, rats were found to be sterile, males showed atrophied testes in 
which spermatozoa were absent, and females showed decreased ovulation 
(NOAEL 350 mg of boron per kg offood, equivalent to 17.5 mg of boron per kg 
of body weight per day). 

Mutagenicity and related end-points 

The mutagenic activity of boric acid was examined in the Salmonella typhi
murium and mouse lymphoma assays with negative results. No induction of sis
ter chromatid exchange or chromosomal aberrations was observed in Chinese 
hamster ovary cells (14). Sodium borate did not cause gene mutations in the S. 
typhimurium preincubation assay (2). Borax was not mutagenic in cell transfor
mation assays with Chinese hamster cells, mouse embryo cells, and human fibro
blasts (17). 

Carcinogenicity 

Tumour incidence was not enhanced in studies in which B6C3F 1 mice received 
0, 2500, or 5000 mg of boric acid per kg of food for 103 weeks ( 14) or Sprague
Dawley rats were fed diets containing 0, 117, 350, or 1170 mg of boron per kg of 
food (as borax or boric acid) for 2 years (13). 
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13.8.6 Effects on humans 

Acute boron poisoning has been reported after the application of dressings, pow
ders, or ointments containing borax and boric acid to large areas of burned or 
abraded skin; the lowest reported dermal lethal dose of boric acid is 8600 mg/kg 
of body weight (1505 mg of boron per kg of body weight). Ingestion has also 
been the cause of acute boron poisoning; the lowest reported oral dose of boric 
acid causing such poisoning is 640 mg/kg of body weight ( 112 mg of boron per 
kg of body weight) (1, 16). Symptoms of boron poisoning include gastrointes
tinal disturbances, erythematous skin eruptions, and signs of central nervous sys
tem stimulation followed by depression (I, 3). 

Chronic exposure to boric acid and tetraborates such as borax leads to gas
trointestinal irritation, with loss of appetite, nausea, and vomiting, and the ap
pearance of an erythematous rash (12, 16). In a human nutrition study in 
postmenopausal women in which basal diets supplying 0.25 mg of boron per day 
were supplemented with 3 mg of boron per day for 119 days, reduced urinary 
calcium and magnesium excretion and elevated steroid levels were reported (2). 

13.8.7 Guideline value 

As mutageniciry studies gave negative results and carcinogenicity has not been 
observed, a TDI of 88 11g/kg of body weight was derived by applying an uncer
tainty factor of 100 (for intra- and interspecies variation) to a NOAEL for 
testicular atrophy of 8.8 mg of boron per kg of body weight per day in a 2-year 
diet study in dogs (13 ). This gives a guideline value for boron of 0.3 mg/litre 
(rounded figure) if 10% of the TDI is allocated to drinking-water. It should be 
noted, however, that the intake of boron from food is poorly characterized and 
that drinking-water treatment does not appear to be very effective in removing it. 
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13.9 Cadmium 

13.9.1 General description 

Identity 

Cadmium is a metal with an oxidation state of +2. It is chemically similar to zinc 
and occurs naturally with zinc and lead in sulfide ores. 

Physicochemical properties (1-3) 

Value 
Soft white solid 
8.64 g/cm3 
320.9 oc 

Property 
Physical state 
Density 
Melting point 
Boiling point 
Solubility 

765 ac at 100 kPa 
Soluble in dilute nitric and concentrated sulfuric acids 

Major uses 

Cadmium metal is used mainly as an anticorrosive, electroplated on to steel. 
Cadmium sulfide and selenide are commonly used as pigments in plastics. Cad
mium compounds are used in electric batteries, electronic components, and nu
clear reactors (2, 4). 

Environmental fate 

Fertilizers produced from phosphate ores constitute a major source of diffuse 
cadmium pollution. The solubility of cadmium in water is influenced to a large 
degree by its acidity; suspended or sediment-bound cadmium may dissolve when 
there is an increase in acidity (2). In natural water, cadmium is found mainly in 
bottom sediments and suspended particles ( 4). 

13.9.2 Analytical methods 

Cadmium can be determined by atomic absorption spectroscopy using either 
direct aspiration into a flame or a furnace spectrometric technique. The detec
tion limit is 5 jlg!litre with the flame method and 0.1 jlg!litre with the furnace 
procedure (J, 5). 

13.9.3 Environmental levels and human exposure 

Air 

Cadmium is present in ambient air in the form of particles in which cadmium 
oxide is probably an important constituent ( 4). Annual average concentrations 
in four cities in Germany in 1981-82 were 1-3 ngfm3. In the Netherlands, 
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annual average concentrations in 1980-83 were 0.7-2 ngfm3. Levels are general
ly higher in the vicinity of metallurgical plants. In industrial areas in Belgium, 
annual average levels in 1985-86 were 10-60 ngfm3 (2 ). For the general popula
tion not living in such areas, cadmium intakes from air are unlikely to exceed 
0.8 jlg!day (6). 

Cigarette smoking increases cadmium concentrations inside houses. The 
average daily exposure from cigarette smoking (20 cigarettes a day) is 2-4 jlg of 
cadmium (2). 

Water 

Cadmium concentrations in unpolluted natural waters are usually below 
1 jlg/litre ( 4). Median concentrations of dissolved cadmium measured at 110 
stations around the world were < 1 jlg!litre, the maximum value recorded being 
100 jlg!litre in the Rio Rimao in Peru ( 7). Average levels in the Rhine and 
Danube in 1988 were 0.1 jlg/litre (range 0.02-0.3 jlg/litre) (8) and 0.025 jlg!litre 
(9), respectively. In the sediments near Rotterdam harbour, levels in mud varied 
from 1 to 10 mg/kg dry weight in 1985-86, down from 5-19 mg/kg dry weight 
in 1981 (2). 

Contamination of drinking-water may occur as a result of the presence of 
cadmium as an impurity in the zinc of galvanized pipes or cadmium-containing 
solders in fittings, water heaters, water coolers, and taps. Drinking-water from 
shallow wells in areas of Sweden where the soil has been acidified contained con
centrations of cadmium approaching 5 jlg/litre ( 4). In Saudi Arabia, mean con
centrations of 1-26 jlg!litre were found in samples of potable water, some of 
which were taken from private wells or cold corroded pipes (10). Levels of cad
mium could be higher in areas supplied with soft water of low pH, as this would 
tend to be more corrosive in plumbing systems containing cadmium. In the 
Netherlands, in a survey of 256 drinking-water plants in 1982, cadmium 
(0.1-0.2 jlg/litre) was detected in only 1 o/o of the drinking-water samples (2). 

Food 

Food is the main source of cadmium intake from nonoccupationally exposed 
people. Crops grown in polluted soil or irrigated with polluted water may con
tain increased concentrations, as may meat from animals grazing on contami
nated pastures (3 ). Animal kidneys and livers concentrate cadmium. Levels in 
fruit, meat, and vegetables are usually below 10 jlg!kg, in liver 10-100 jlg!kg, 
and in kidney 100-1000 jlg!kg. In cereals, levels are about 25 jlg!kg wet weight. 
In 1980-88, average cadmium levels in fish were 20 jlg/kg wet weight. High lev
els were found in shellfish (200-1 000 jlg!kg) ( 11). 

Based on cadmium levels measured in 1977-84, the estimated daily intake in 
food by the Netherlands population is 20 jlg/person (3). The dietary daily intake 
of cadmium has also been estimated to be in the range 10-35 jlg (I 1 ). In con-
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taminated areas in Japan, daily intakes in 1980 were in the range 150-250 Jlg, 
based on measurements of cadmium in faeces ( 4). 

Estimated total exposure and relative contribution of drinking-water 

Food is the main source of nonoccupational exposure to cadmium, with dietary 
daily intakes, as stated above, in the range 10-35 Jlg. The intake from drinking
water is usually less than 2 Jlgf day ( 6). Smoking will increase the daily intake of 
cadmium. In western Europe, the USA, and Australia, the average daily oral in
take of cadmium by nonsmokers living in unpolluted areas is 10-25 Jlg (12). 

13.9.4 Kinetics and metabolism in laboratory animals and humans 

Absorption via the gastrointestinal tract is influenced by the solubility of the cad
mium compound concerned. In healthy persons 3-7% of the cadmium ingested 
is absorbed; in iron-deficient people, this figure can reach 15-20% (13 ) . Ab
sorbed cadmium enters the bloodstream and is transported to other parts of the 
body. After binding to metallothionein, it is filtered in the kidney through the 
glomerulus into the primary urine, then reabsorbed in the proximal tubular cells, 
where the cadmium-metallothionein bond is broken. The unbound cadmium 
stimulates the production of new metallothionein, which binds cadmium in the 
renal tubular cells, thereby preventing the toxic effects of free cadmium. If the 
metallothionein-producing capacity is exceeded, damage to the proximal tubular 
cells occurs, the first sign of this effect being low-molecular-weight proteinuria 
(4). 

Tissue cadmium concentrations increase with age. Both kidney and liver act 
as cadmium stores; 50-85% of the body burden is stored in kidney and liver, 
30-60% being stored in the kidney alone. The biological half-life in humans is in 
the range 10-35 years. Because of the considerable age-related accumulation of 
cadmium in the body, only a small part of the cadmium absorbed will be excret
ed in the urine. About 0.007% of the body burden is excreted daily by adults, but 
individual variation is large (6, 12, 13). 

13.9.5 Effects on laboratory animals and in vitro test systems 

Acute exposure 

Cadmium compounds have a moderate acute oral toxicity; oral LD50 values for 
mice and rats range from 60 to over 5000 mg/kg of body weight. Major effects 
are desquamation of epithelium, necrosis of the gastric and intestinal mucosa, 
and dystrophic changes ofliver, heart, and kidneys (13). 
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Short-term exposure 

Mter repeated oral administration, the critical effect in animals is a characteristic 
lesion of the proximal tubules of the kidneys resulting in impaired tubular 
resorption and consequent urinary excretion of low-molecular-weight proteins. 
In rhesus monkeys, a NOAEL of 3 mg of cadmium per kg of diet (given as cad
mium chloride) was found for these effects, which were also produced by repeat
ed oral administration to rats of doses of 10 mg of cadmium per litre in 
drinking-water or 10 mg/kg of diet (given as cadmium chloride) and above. Ef
fects on bone (osteoporosis) were also frequently seen at doses of 10-30 mg of 
cadmium per kg of diet or 10 mg/litre and above in drinking-water. Effects on 
the liver, haematopoietic system, and immune system have also been reported 
(13). 

Reproductive toxicity, embryotoxicity, and teratogenicity 

Studies on oral exposure have not provided evidence of teratogenic effects at dose 
levels below those that were toxic to maternal animals. Fetotoxic and embryo
toxic effects were also observed only at toxic dose levels. In a multigeneration 
study in rats, dose levels up to 100 mg/kg of diet did not cause effects on repro
duction. In four-generation studies, 1 mg of cadmium per litre in drinking-water 
and 0.125 mg of cadmium per kg in the diet caused effects on fertility in mice 
and rats, respectively. Mild testicular changes in rats were seen after oral adminis
tration of 50 mg of cadmium per kg of body weight for 15 months. No effects 
were seen at 5 mg/kg of body weight or when rats were exposed to 70 mg/litre in 
their drinking-water for 70 days (13). 

Mutagenicity and related end-points 

Both negative and positive results have been reported with regard to DNA degra
dation, decreased fidelity of DNA synthesis, microbial DNA repair, gene muta
tions, and chromosomal abnormalities in mammalian cell cultures, higher plants, 
and intact animals. It should be noted that the positive results were often weak 
and seen at high concentrations that also caused cytotoxicity (13). 

Carcinogenicity 

An oral carcinogenicity study in rats with cadmium chloride (1-50 mg of cad
mium per kg of diet) did not reveal significantly increased tumour incidence. In 
long-term oral toxicity studies in rats, no increase in tumour incidence was seen 
(13 ). Lung tumours were induced in rats following the inhalation of inorganic 
cadmium compounds (13,14). 
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13.9.6 Effects on humans 

The estimated lethal oral dose for humans is 350-3500 mg of cadmium; a dose 
of 3 mg of cadmium has no effects on adults (13). 

With chronic oral exposure, the kidney appears to be the most sensitive 
organ. Cadmium affects the resorption function of the proximal tubules, the first 
symptom being an increase in the urinary excretion oflow-molecular-weight pro
teins, known as tubular proteinuria (13) (see also section 13.9.4). Intakes of 
140-255 Jlg of cadmium per day have been associated with low-molecular
weight proteinuria in the elderly; the minimum (critical) level of cadmium in the 
human renal cortex, related to the first sign of tubular dysfunction, varied from 
100 to 450 mg/kg wet weight (6). The estimated critical concentration in the 
renal cortex at which the prevalence of low-molecular-weight proteinuria would 
reach 10% in the general population is about 200 mg/kg; this would be reached 
after a daily dietary intake of about 175 rg per person for 50 years, as calculated 
by regression analysis of cadmium intake and mean kidney cadmium concentra
tion in various countries ( 6). It was estimated that a daily intake of 100 Jlg of 
cadmium per person would lead to the critical cadmium concentration in the re
nal cortex being exceeded in 2% of the population (6). More severe cadmium 
damage may also involve the glomeruli, giving rise to increased inulin clearance. 
Other possible effects include aminoaciduria, glucosuria, and phosphaturia. Dis
turbances in the renal handling of phosphorus and calcium may cause resorption 
of minerals from bone, which can result in the development of kidney stones and 
osteomalacia. 

Many cases of itai-itai disease (osteomalacia with various grades of osteo
porosis accompanied by severe renal tubular disease) and low-molecular-weight 
proteinuria have been reported among people living in contaminated areas in 
Japan and exposed to cadmium via food and drinking-water. The daily intake of 
cadmium in the most heavily contaminated areas amounted to 600-2000 
rg/ day; in other less heavily contaminated areas, daily intakes of 100-390 rg/ day 
have been found (12). A relationship between chronic occupational exposure to 
cadmium or chronic oral exposure to cadmium via the diet in contaminated 
areas and hypertension could not be demonstrated (13). 

Epidemiological studies of people chronically exposed to cadmium via the 
diet as a result of environmental contamination have not shown an increased 
cancer risk. The results of studies of chromosomal aberrations in the peripheral 
lymphocytes of patients with itai-itai disease exposed chronically to cadmium via 
the diet were contradictory. No reliable studies on reproductive, teratogenic, or 
embryotoxic effects in humans are available. Epidemiological studies of humans 
exposed by inhalation to relatively high cadmium concentrations in the work
place showed some evidence of an increased lung cancer risk, but a definite con
clusion could not be reached (13). 
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13.9. 7 Guideline value 

There is some evidence that cadmium is carcinogenic by the inhalation route, 
and IARC has classified cadmium and cadmium compounds in Group 2A (15). 
However, there is no evidence of carcinogenicity by the oral route, and no clear 
evidence that cadmium is genotoxic. 

On the assumption of an absorption rate for dietary cadmium of 5% and a 
daily excretion rate of 0.005% of body burden, JECFA concluded that, if levels 
of cadmium in the renal cortex are not to exceed 50 mg/kg, the total intake of 
cadmium should not exceed 1 ).lglkg of body weight per day. The provisional tol
erable weekly intake (PTWI) was therefore set at 7 ).lglkg of body weight in 1989 
(6), and reconfirmed in 1993 (16). It is recognized that the margin between the 
PTWI and the actual weekly intake of cadmium by the general population is 
small, namely less than 1 0-fold, and that this margin may be even smaller in 
smokers. A guideline value for cadmium of0.003 mg/litre is established based on 
an allocation of 10% of the PTWI to drinking-water. 
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13.10 Chloride 

13.10.1 General description 

Identity 

Chlorides are widely distributed in nature as salts of sodium (NaCl), potassium 
(KCl), and calcium (CaC12). 

Physicochemical properties (1) 

Salt 

Sodium chloride 
Potassium chloride 
Calcium chloride 

Solubility in cold water 
(g!Litre) 
357 
344 
745 
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Solubility in hot water 
(gllitre) 
391 
567 
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Organoleptic properties 

The taste threshold of the chloride anion in water is dependent on the associated 
cation. Taste thresholds for sodium chloride and calcium chloride in water are in 
the range 200-300 mg/litre (2). The taste of coffee is affected if it is made with 
water containing a chloride concentration of 400 mg!litre as sodium chloride or 
530 mg/litre as calcium chloride (3). 

Major uses 

Sodium chloride is widely used in the production of industrial chemicals such as 
caustic soda, chlorine, sodium chlorite, and sodium hypochlorite. Sodium 
chloride, calcium chloride, and magnesium chloride are extensively used in snow 
and ice control. Potassium chloride is used in the production of fertilizers ( 4). 

Environmental fate 

Chlorides are leached from various rocks into soil and water by weathering. The 
chloride ion is highly mobile and is transported to closed basins or oceans. 

13.10.2 Analytical methods 

A number of suitable analytical techniques are available for chloride in water, in
cluding silver nitrate titration with chromate indicator (5), mercury( H) nitrate 
titration with diphenylcarbazone indicator, potentiometric titration with silver 
nitrate, automated iron(III) mercury(II) thiocyanate colorimetry, chloride ion
selective electrode, silver colorimetry, and ion chromatography. Limits of detec
tion range from 50 flg!litre for colorimetry to 5 mg!litre for titration (6). 

13.10.3 Environmental levels and human exposure 

Air 

Exposure to chloride in air has been reported to be negligible ( 4). 

Water 

Chloride in surface and groundwater originates from both natural and anthropo
genic sources, such as run-off containing road de-icing salts, the use of inorganic 
fertilizers, landfill leachates, septic tank effluents, animal feeds, industrial efflu
ents, irrigation drainage, and seawater intrusion in coastal areas ( 4). 

The mean chloride concentration in several rivers in the United Kingdom 
was in the range 11-42 mg!litre during 1974-81 (7). Evidence of a general in
crease in chloride concentrations in groundwater and drinking-water has been 
found (8), but exceptions have also been reported (9). In the USA, aquifers 
prone to seawater intrusion have been found to contain chloride at concentra-

202 



13 INORGANIC CONSTITUENTS AND PHYSICAL PARAMETERS 

tions ranging from 5 to 460 mg/litre (10), whereas contaminated wells in the 
Philippines have been reported to have an average chloride concentration of 
141 mg!litre ( 11). Chloride levels in unpolluted waters are often below 10 mg/li
tre and sometimes below 1 mg/litre ( 4). 

Chloride in water may be considerably increased by treatment processes in 
which chlorine or chloride is used. For example, treatment with 40 g of chlorine 
per m3 and 0.6 mol of iron chloride per litre, required for the purification of 
groundwater containing large amounts of iron(ll), or surface water polluted with 
colloids, has been reported to result in chloride concentrations of 40 and 63 
mg!litre, respectively, in the finished water (8). 

Food 

Chloride occurs naturally in foodstuffs at levels normally less than 0.36 mg/g. An 
average intake of 100 mg/day has been reported when a salt-free diet is con
sumed. However, the addition of salt during processing, cooking, or eating can 
markedly increase the chloride level in food, resulting in an average dietary intake 
of 6 g/ day, which may rise to 12 g/ day in some cases ( 4). 

Estimated total exposure and relative contribution of drinking-water 

If a daily water consumption of 2 litres and an average chloride level in drinking
water of 10 mg/litre are assumed, the average daily intake of chloride from 
drinking-water would be approximately 20 mg per person ( 4), but a figure of 
approximately 100 mg/day has also been suggested (8). Based on these estimates 
and the average dietary (not salt-free) intake of 6 g/day, drinking-water intake 
accounts for about 0.33-1.6% of the total intake. 

13.10.4 Kinetics and metabolism in laboratory animals and 
humans 

In humans, 88% of chloride is extracellular and contributes to the osmotic activ
ity of body fluids. The electrolyte balance in the body is maintained by adjusting 
total dietary intake and by excretion via the kidneys and gastrointestinal tract. 
Chloride is almost completely absorbed in normal individuals, mostly from the 
proximal half of the small intestine. Normal fluid loss amounts to about 1.5-2 
litres/day, together with about 4 g of chloride per day. Most (90-95%) is excreted 
in the urine, with minor amounts in faeces (4-8%) and sweat (2%) ( 4). 
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13.10.5 Effects on laboratory animals and in vitro test systems 

Acute exposure 

The oral LD50 values for calcium chloride, sodium chloride, and potassium chlo
ride in the rat have been reported as 1000, 3000, and 2430 mg/kg of body 
weight, respectively (8). 

Short-term exposure 

The toxicity of chlorides depends on the cation present; that of chloride itself is 
unknown. Although excessive intake of drinking-water containing sodium chlo
ride at concentrations above 2.5 g/litre has been reported to produce hyperten
sion (12), this effect is believed to be related to the sodium ion concentration. 

13.10.6 Effects on humans 

A normal adult human body contains approximately 81.7 g of chloride. On the 
basis of a total obligatory loss of chloride of approximately 530 mg/day, a dietary 
intake for adults of 9 mg of chloride per kg of body weight has been recommend
ed (equivalent to slightly more than 1 g of table salt per person per day). For chil
dren up to 18 years of age, a daily dietary intake of 45 mg of chloride per kg of 
body weight should be sufficient ( 4). A dose of 1 g of sodium chloride per kg of 
body weight was reported to have been lethal in a 9-week-old child ( 8). 

Chloride toxicity has not been observed in humans except in the special case 
of impaired sodium chloride metabolism, e.g. in congestive heart failure (13 ). 
Healthy individuals can tolerate the intake of large quantities of chloride provid
ed that there is a concomitant intake of fresh water. Little is known about the 
effect of prolonged intake of large amounts of chloride in the diet. As in experi
mental animals, hypertension associated with sodium chloride intake appears to 
be related to the sodium rather than the chloride ion ( 4). 

13.1 0. 7 Other considerations 

Chloride increases the electrical conductivity of water and thus its corrosivity. In 
metal pipes, chloride reacts with metal ions to form soluble salts ( 8 ), thus in
creasing levels of metals in drinking-water. In lead pipes, a protective oxide layer 
is built up, but chloride enhances galvanic corrosion (I 4). It can also increase the 
rate of pitting corrosion of metal pipes ( 8). 
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13.10.8 Conclusions 

Chloride concentrations in excess of about 250 mg/litre can give rise to detect
able taste in water, but the threshold depends on the associated cations. Consu
mers can, however, become accustomed to concentrations in excess of 250 mglli
tre. No health-based guideline value is proposed for chloride in drinking-water. 

References 

1. Weast RC, ed. CRC handbook of chemistry and physics, 67th ed. Boca Raton, FL, 
CRC Press, 1986. 

2. Zoeteman BCJ. Sensory assessment of water quality. New York, NY, Pergamon Press, 
1980. 

3. Lockhart EE, Tucker CL, Merritt MC. The effect of water impurities on the flavour 
of brewed coffee. Food research, 1955, 20:598. 

4. Department of National Health and Welfare (Canada). Guidelines for Canadian 
drinking water quality. Supporting documentation. Ottawa, 1978. 

5. International Organization for Standardization. Water quality-determination of 
chloride. Geneva, 1989 (ISO 9297:1989). 

6. Department of the Environment. Methods for the examination of waters and associated 
materials: chloride in waters, sewage and effluents 1981. London, Her Majesty's Sta
tionery Office, 1981. 

7. Brooker MP, Johnson PC. Behaviour of phosphate, nitrate, chloride and hardness in 
12 Welsh rivers. Water research, 1984, 18(9):1155-1164. 

8. Sodium, chlorides, and conductivity in drinking water: a report on a WHO working 
group. Copenhagen, WHO Regional Office for Europe, 1978 (EURO Reports and 
Studies 2). 

9. Gelb SB, Anderson MP. Sources of chloride and sulfate in ground water beneath an 
urbanized area in Southeastern Wisconsin (Report WIS-WRC-81-01 NTIS). Chem
ical abstracts, 1981, 96(2):11366g. 

10. Phelan DJ. Water levels, chloride concentratiom, and pumpage in the coastal aquifers of 
Delaware and Maryland. Washington, DC, US Geological Survey, 1987 (USGS 
Water Resources Investigations Report 87-4229; Dialog Abstract No. 602039). 

11. Morales EC. Chemical quality of deep well waters in Cavite, Philippines. Water 
quality bulletin, 1987, 12(1):43-45. 

205 



GUIDELINES FOR DRINKING-WATER QUALITY 

12. Fadeeva VK. [Effect of drinking-water with different chloride contents on experi
mental animals.) Gigiena i sanitarija, 1971, 36(6):11-15 (in Russian). (Dialog 
Abstract No. 051634). 

13. Wesson LG. Physiology of the human kidney. New York, NY, Grune and Stratton, 
1969:591 (cited in ref. 4). 

14. Gregory R. Galvanic corrosion oflead solder in copper pipework. journal of the Insti
tute of Water and Elwironmenta! Management, 1990, 4(2): 112-118. 

13.11 Chromium 

13.11.1 General description 

Identity 

Chromium is widely distributed in the earth's crust. It can exist in oxidation 
states of +2 to +6. Soils and rocks may contain small amounts of chromium, 
almost always in the trivalent state. 

Physicochemical properties (1-4) 

Property Cr CrCl3 K2 Cr04 Cr2 0 3 Cr03 
Melting point (QC) 1857 1152 968.3 2266 196 
Boiling point (QC) 2672 4000 
Solubility (g/litre) insoluble slightly 790 insoluble 624 

soluble 
Density (g/cm3) 7.14 2.76 2.73 5.21 2.70 

Major uses 

Chromium and its salts are used in the leather tanning industry, the manufacture 
of catalysts, pigments and paints, fungicides, the ceramic and glass industry, and 
in photography, and for chrome alloy and chromium metal production, chrome 
plating, and corrosion control (I, 3, 4). 

Environmental fate 

The distribution of compounds containing chromium(III) and chromium(VI) 
depends on the redox potential, the pH, the presence of oxidizing or reducing 
compounds, the kinetics of the redox reactions, the formation of chromium (Ill) 
complexes or insoluble chromium(III) salts, and the total chromium concentra
tion. In the environment, chromium(VI) occurs mostly as Cr042- or HCr04, 
and chromium(III) as Cr(OH)n(3-n)+. In soil, chromium(III) predominates. 
Chromium(VI) can easily be reduced to chromium(III) by organic matter, for ex
ample, and its occurrence in soil is often the result of human activities. In water, 
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chromium(III) is a positive ion that forms hydroxides and complexes, and is ad
sorbed at relatively high pH values. In surface waters, the ratio of chromium(III) 
to chromium(VI) varies widely, and relatively high concentrations of the latter 
can be found locally. In general, chromium(VI) salts are more soluble than those 
of chromium(III), making chromium(VI) relatively mobile. 

In air, chromium is present in the form of aerosols. It can be removed from 
the atmosphere by wet and dry deposition. Both trivalent and hexavalent 
chromium are released into the air. Because of analytical difficulties, data on 
chromium speciation in ambient air are rarely available, but the proportion 
present as chromium(VI) has been estimated as 0.01-30%, based on one study 
(4). 

13.11.2 Analytical methods 

Methods for the determination of chromium in biological and environmental 
samples are developing rapidly, and all early results (especially for the lower chro
mium levels) should be interpreted with caution. 

Many techniques can be used for the determination of total chromium, in
cluding atomic absorption spectroscopy, emission spectroscopy, X-ray fluores
cence, and neutron activation analysis. Detection limits for atomic absorption 
spectroscopy are in the range 0.05-0.2 )lg!litre (5). 

For determining chelated chromium or the hexavalent or trivalent form only, 
such methods as gas chromatography (with various detection techniques), 
polarography, and spectrophotometry can be used (3-5). The determination of 
chromium species is currently a very sophisticated procedure, and few analytical 
data are available ( 4). 

13.11.3 Environmental levels and human exposure 

Air 

In arctic air, chromium concentrations of 5-70 pgfm3 have been measured. Am
bient air at most stations in the USA contained very little chromium; mean levels 
were generally below 300 ngfm3, and median levels less than 20 ngfm3 (6). In 
non-industrialized areas, concentrations above 10 ngfm3 are uncommon (7). 
Concentrations in urban areas are 2-4 times higher than regional background 
concentrations (8). The mean concentration of total chromium in air in the 
Netherlands varied from 2 to 5 ngfm3 (4). 

As a result of smoking, indoor air concentrations can be 10-400 times great
er than outdoor concentrations (approximately 1000 ngfm3). 
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Water 

The average concentration of chromium in rainwater is in the range 0.2-1 rgllitre 
( 4, 9--11). Natural chromium concentrations in seawater of 0.04-0.5 rgllitre have 
been measured (3 ). In the North Sea, a concentration of 0.7 rgllitre was found 
(4). 

The natural total chromium content of surface waters is approximately 
0.5-2 rgllitre and the dissolved chromium content 0.02-0.3 rg/litre (4, 10, 12). 
Chromium concentrations in antarctic lakes increase with depth from <0.6 to 30 
rgllitre (13). Most surface waters contain between 1 and 10 rg of chromium per 
litre. In general, the chromium content of surface waters reflects the extent of in
dustrial activity. In surface waters in the USA, levels up to 84 rgllitre have been 
found (I); in central Canada, surface water concentrations ranged from 0.2 to 44 
rgllitre. 1 In the Rhine, chromium levels are below 10 rgllitre (I 4), and in 50% 
of the natural stream waters in India the concentration is below 2 rg/litre (9 ). 

In general, the chromium concentration in groundwater is low ( <1 rgllitre). 
In the Netherlands, a mean concentration of0.7 rgllitre has been measured, with 
a maximum of 5 rgllitre (4). In India, 50% of 1473 water samples from dug 
wells contained less than 2 rgllitre (9). In groundwater in the USA, levels up to 

50 rgllitre have been reported; in shallow groundwater, median levels of 2-10 
rg/litre have been found (1,15). Most supplies in the USA contain less than 
5 rgllitre. In 1986, levels in 17 groundwater supplies and one surface water sup
ply exceeded 50 rg/litre (I). 

Approximately 18% of the population of the USA are exposed to drinking
water levels between 2 and 60 rgllitre and <0.1% to levels between 60 and 120 
rgllitre (I). In the Netherlands, the chromium concentration of 76% of the sup
plies was below 1 rgllitre and of 98% below 2 rg/litre ( 16). A survey of Cana
dian drinking-water supplies gave an overall median level of 2 rg of chromium 
per litre, with maxima of 14 rg/litre (raw water) and 9 rgllitre (treated water) 
(17). 

Food 

Food contains chromium at concentrations ranging from d 0 to 1300 rglkg 
( 4, 18, 19). Highest concentrations have been found in meat, fish, fruit, and vege
tables ( 18). Utensils used in the preparation of food may contribute to chromium 
levels. 

Estimated total exposure and relative contribution of drinking-water 

Mean chromium intakes from food and water range from 52 to 943 rg/day (3). 
The estimated total intake of chromium from air, water, and food by the general 

1 Data from the National Water Quality Data Bank (NAQUADAT), Inland Waters Directorate, 
Environment Canada, 1985. 
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population in the United Kingdom is in the range 78-106 jlg/day. Food contrib
uted 93-98% of the total intake and water 1.9-7%. The contribution from air 
was negligible (18). In the Netherlands, the estimated mean daily chromium in
take is 100 jlg, with a range of50-200 jlg (4). 

In general, food appears to be the major source of intake. Drinking-water in
take can, however, contribute substantially when total chromium levels are above 
25 jlg!litre. 

13.11.4 Kinetics and metabolism in laboratory animals and 
humans 

Oral exposure studies in animals found that <0.5-6% of chromium compounds 
was absorbed; in human studies, the corresponding figure could be as much as 
10o/o. Absorption depends on chromium speciation; chromium(VI) appears to be 
absorbed from the gastrointestinal tract to a greater extent than chromium(III). 
Tissue chromium levels of rats exposed to chromium(VI) (as potassium chro
mate) in drinking-water were 4-15 times higher than those of rats exposed to 
chromium(III) (as the trichloride). The absorption of chromium(VI) is lowered 
by partial intragastric reduction to chromium(III) (20). Mean fractional absorp
tion values of 5% and 25% have been estimated for the gastrointestinal absorp
tion of chromium(III) and chromium(VI) species and of organic chromium in 
food ("biologically incorporated"), respectively (21). A fractional absorption val
ue of 5% is considered to be a good estimate for the gastrointestinal absorption 
of soluble inorganic chromium compounds, but 0.5o/o is more appropriate for 
that of insoluble inorganic chromium compounds such as chromium trioxide 
pigment (20). 

Once absorbed, the fate of chromium will depend on the oxidation state. 
Chromium(VI) readily penetrates cell membranes, but chromium(III) does not. 
Chromium is therefore found in both erythrocytes and plasma after gastrointes
tinal absorption of chromium(VI) but exclusively in the plasma after that of 
chromium(III). Once transported through the cell membrane, chromium(VI) is 
rapidly reduced to chromium(III), which subsequently binds to macromolecules. 
In animal studies, chromium was found to accumulate mainly in liver, kidneys, 
spleen, and bone marrow after both oral and parenteral administration of differ
ent compounds, the distribution depending on the speciation. In humans, the 
highest concentrations are found in hilar lymph nodes and lungs, followed by 
spleen, liver, and kidneys (20), and tissue chromium levels decline with age. In 
both laboratory animals and humans, water-soluble compounds can be convert
ed into insoluble compounds with long residence times. 

Mter oral exposure to chromium compounds, especially those of chro
mium(III), chromium is recovered almost entirely in the faeces because of the 
poor absorption rate. Animal studies show that urine is the major route of elimi-
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nation of absorbed chromium. In a 1-year balance study in which rwo humans 
had mean daily dietary intakes of 200 and 290 Jlg of chromium, 60% and 40% 
of the total amount excreted were recovered in the urine and faeces, respectively 
(20). 

13.11.5 Effects on laboratory animals and in vitro test systems 

Acute exposure 

Oral LD50 values in rats were in the range 20-250 mg of chromium(VI) per kg 
of body weight and 185-615 mg of chromium(III) per kg of body weight, based 
on tests with dichromates and chromic compounds, respectively (20). 

Short-term exposure 

Three-month-old inbred BD rats (5-14 per sex per dose) were exposed for 90 
days, 5 days per week, to 0, 2%, or 5% of insoluble, nonhydrated chromium(III) 
oxide (Cr20 3) pigment in feed (22). The dose levels are equivalent to 0, 480, and 
1210 mg of chromium(III) per kg of body weight per day (20). Survival, feed in
take, body and organ weights, blood analysis, and the macroscopic and microscop
ic appearance of major organs were not affected. The only effect observed was a 
dose-related decrease in liver and spleen weights, ranging from 15% to 35% (22). 

Long-term exposure 

Chromium(! I I) 
In a 1-year study, 5-week-old Sprague-Dawley albino rats (9 males and 12 
females) were exposed to 25 mg of chromium(III) per litre (as chromium tri
chloride, CrCl3) in drinking-water, equivalent to 2.5 mg of chromium(III) per 
kg of body weight per day. Feed consumption, body weight gain, and the gross 
and microscopic appearance of tissues were not affected. The only effect observed 
was some accumulation of chromium in various tissues (23). 

Chromium(VI) 
In a 1-year study, 5-week-old albino Sprague-Dawley rats (8-12 per sex per dose) 
were exposed to dose levels up to 25 mg of chromium(VI) per litre (as potassium 
chromate) in drinking-water. The highest dose is equivalent to 2.5 mg of 
chromium(VI) per kg of body weight per day. Feed consumption, body weight 
gain, blood parameters, and the gross and microscopic appearance of organs were 
not affected. The only effects observed were decreased water consumption (20%) 
and accumulation of chromium in various tissues (23). 

In a limited lifetime toxiciry study in which Swiss mice of the Charles River 
CD strain (54 per sex) were exposed from weaning until death to 5 mg of chro
mium(VI) per litre (as potassium chromate) in drinking-water, survival parame
ters and body weight were not affected (24). Exposure of NMRI mice in a 
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29-month three-generation study to 135 mg of chromium(VI) per litre (as potas
sium chromate) in drinking-water did not affect survival or growth (25). 

Reproductive toxicity, embryotoxicity, and teratogenicity 

In a 90-day study with limited numbers of 3-month-old inbred BD rats, expo
sure of male and female animals for 60 days prior to mating and through gesta
tion to dose levels of 0, 2%, or 5o/o insoluble, nonhydrated chromium(II) oxide 
pigment in feed did not result in embryotoxicity or fetotoxicity or teratogenicity 
(22 ). In studies with hamsters and mice, parenteral administration of chro
mium(III) or chromium(VI) during gestation did result in embryotoxicity or 
fetotoxicity and teratogenicity. These effects appear to be associated with mater
nal toxicity, but definitive conclusions cannot be reached (20). 

Mutagenicity and related end-points 

Chromium(VI) compounds cause mutations and allied effects such as chromoso
mal aberrations in a wide range of prokaryotic and eukaryotic test systems, both 
in vitro and in vivo. Chromium(III) compounds are not active in similar systems, 
or only at high, cytotoxic concentrations. It has therefore been concluded that 
chromium(VI) is mutagenic, whereas chromium(III) is not. 

The mutagenic activity of chromium(VI) is decreased or abolished by reduc
ing agents such as human gastric juice and rat liver microsomal fraction. Inactive 
chromium(III) compounds are not converted into mutagens by biological sys
tems, but only by treatment with strong oxidizing agents. The difference between 
the mutagenic action of chromium(VI) and chromium(III) can be explained by 
differences in physicochemical properties. Although chromium(VI), which read
ily penetrates cell membranes, is the causative agent, there are strong indications 
that chromium(III) or intermediates such as chromium(V) formed during the in
tracellular reduction of chromium(VI) are the genetically active agents that form 
ligands with macromolecules such as DNA (20). 

Carcinogenicity 

In a lifetime carcinogenicity study in which 3-month-old inbred male and female 
BD rats (60 per dose) were exposed, 5 days per week for 600 days, to 0, 2o/o, or 
5% of insoluble, nonhydrated chromium(III) oxide pigment in feed, tumour 
incidence was not affected (22). The highest dose is equivalent to 1210 mg of 
chromium(III) per kg of body weight per day(20). 

In a limited lifetime carcinogenicity study, Swiss mice of the Charles River 
CD strain (54 per sex) were exposed from weaning until death to 5 mg of chro
mium(VI) per litre (as potassium chromate) in drinking-water. According to the 
authors (24), the study suggested that chromium(VI) is carcinogenic, but the 
very limited data reported do not allow evaluation (20). 
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Exposure ofNMRI mice in a 29-month three-generation study to 135 mg of 
chromium(VI) per litre (as potassium chromate) in drinking-water did not result 
in carcinogenic activity in the stomach (25). 

The carcinogenicity of chromium, especially with regard to lung tumours, 
has also been investigated in a number of inhalation studies; in other studies, the 
chromium was administered by implantation or injection. Based on all the avail
able studies, it has been concluded that there is sufficient evidence in experi
mental animals for the carcinogenicity of calcium, lead, strontium, and zinc 
chromates (chromium(VI)); limited evidence for the carcinogenicity of chro
mium trioxide (chromic acid) and sodium dichromate; and inadequate evidence 
for the carcinogenicity of other chromium(VI) and chromium(III) compounds 
and of metallic chromium (2, 26). 

13.11.6 Effects on humans 

Requirements 

The daily chromium requirement for adults is estimated to be 0.5-2 flg of ab
sorbable chromium(III). If a fractional absorption value of 25% for "biologically 
incorporated" chromium(III) in food is assumed, this is provided by a daily 
dietary intake of 2-8 flg of chromium(III), equivalent to 0.03-0.13 flg of chro
mium(III) per kg of body weight per day for a 60-kg adult (20). 

Acute exposure 

Ingestion of 1-5 g of "chromate" (not further specified) resulted in severe acute 
effects such as gastrointestinal disorders, haemorrhagic diathesis, and convul
sions. Death may occur following cardiovascular shock (20). 

Mutagenicity 

In some occupational studies, increased incidences of genotoxic effects such as 
chromosomal aberrations and sister chromatid exchanges have been found in 
workers exposed to chromium(VI) compounds (20). 

Carcinogenicity 

In epidemiological studies, an association has been found between occupational 
exposure to chromium(VI) compounds and mortality due to lung cancer. On the 
basis of these studies, it has been concluded that there is sufficient evidence of 
respiratory carcinogenicity in humans exposed to chromium(VI) in these occu
pational settings. Data on lung cancer risk in other chromium-associated occupa
tional settings and for cancer at sites other than the lungs are considered to be 
insufficient. The epidemiological data do not allow an evaluation of the relative 
contributions to carcinogenic risk of metallic chromium, chromium(III), and 
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chromium(VI) or of soluble versus insoluble chromium compounds, but it ap
pears that exposure to a mixture of chromium(VI) compounds of different solu
bilities results in the highest risk to humans (2, 26). 

IARC has classified chromium(VI) in Group 1 (carcinogenic to humans) and 
metallic chromium and chromium(III) in Group 3 (not classifiable as to their 
carcinogenicity to humans) (2, 26). 

13.11.7 Provisional guideline value 

In principle, because the health effects are determined largely by the oxidation 
state, different guideline values for chromium(III) and chromium(VI) should be 
derived. However, current analytical methods and the variable speciation of chro
mium in water favour a guideline value for total chromium. 

Because of the carcinogenicity of chromium(VI) by the inhalation route and 
its genotoxicity, the current guideline value of 0.05 mg/litre has been questioned, 
but the available toxicologial data do not support the derivation of a new value. As 
a practical measure, 0.05 mg!litre, which is considered to be unlikely to give rise to 
significant risks to health, has been retained as the provisional guideline value until 
additional information becomes available and chromium can be re-evaluated. 
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13.12 Colour 

13.12.1 General description 

Identity 

The appearance of colour in water is caused by the absoption of certain wave
lengths of normal light by coloured substances ("true" colour) and by the scatter
ing of light by suspended particles; combined, these constitute "apparent" colour 
(1-3 ). Treatment removes much of the suspended matter from drinking-water, 
and most of the remaining discoloration arises from true colour, which is general
ly substantially less than apparent colour ( 4). 

Organoleptic properties 

It has been suggested that the organic matter (primarily humic and fulvic acids) 
usually responsible for the colour of drinking-water give it an earthy smell and 
taste, but there is no conclusive evidence for this. Highly coloured polluted water 
will frequently have an objectionable taste, but the precise causal relationship is 
unknown. It is known that the organic colouring material in water stimulates the 
growth of many aquatic microorganisms, some of which are directly responsible 
for the production of odour in water (5). 

215 



GUIDELINES FOR DRINKING-WATER QUALITY 

13.12.2 Analytical methods 

There are essentially two methods for the measurement of colour intensity in 
potable water: visual comparison with standards, and absorbance analysis (6). 

In the visual comparison method, colour is measured in true colour units 
(TCU, or Hazen units), 1 TCU being defined as the colour produced by 1 mg of 
platinum per litre (as chloroplatinic acid) in the presence of 2 mg of cobalt(II) 
chloride per litre ( 4, 6). The colour of a filtered water sample is measured by 
visual comparison with a series of standards of known TCU. This method was 
designed for use in the determination of the colour of naturally (yellow-brown) 
coloured water and is difficult to apply to other colours. As the colour of natural 
surface waters generally increases with increasing pH (I), it is recommended that 
the pH of a colour sample be recorded together with the colour measurement 
(4, 6). 

Absorbance analysis involves filtration through a cellulose-acetate membrane 
and subsequent spectrophotometric measurement of the absorbance of the fil
trate ( 6). 

13.12.3 Environmental levels and human exposure 

Water 

As already mentioned, colour in natural waters is due mainly to organic matter, 
particularly dissolved humic and fulvic acids, which originate from soil, peat, and 
decaying vegetation. In addition, inorganic iron and manganese are present in 
some groundwaters and surface waters and may impart a red and black hue, re
spectively. Highly coloured wastewaters, in particular from the pulp, paper, dye, 
and textile industries, can also produce coloured waters. 

Discoloration of potable water may arise from the dissolution of iron (red) or 
copper (blue) in distribution pipes, which can be enhanced by bacteriological 
processes. Microbiological action can also produce "red water", resulting from 
the oxidation of iron(II) to iron(III) by "iron bacteria". Similarly, black discolora
tion may result from the action of bacteria capable of oxidizing dissolved manga
nese to give insoluble forms. 

13.12.4 Effects on laboratory animals and in vitro test systems 

Short-term exposure 

A low-ash preparation of soil fulvic acid was supplied in drinking-water at con
centrations of 10, 100, or 1000 mgflitre to male rats for periods of up to 90 days 
(Becking & Yagminas, 1978, unpublished data). No significant changes in body 
weight, food and water intake, organ/body weight ratios, or tissue histology were 
observed. The same fulvic acid preparation given daily for 14 days to rats by gav
age at a dosage of 1000 mg/kg of body weight was not lethal but did reduce the 
rate of weight gain and cause slight changes in kidney enzyme concentrations. 
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Drinking-water contammg nonchlorinated (total organic carbon (TOC) 
concentration 1.0 g/litre) and chlorinated humic substances (TOC 0.1, 0.5, 1.0 
g/litre) was administered to groups of male Sprague-Dawley rats for a period of 
90 days (7). The average body weight gain and terminal body weight were de
creased significantly by 1.0 g!litre chlorinated humic substances and slightly by 
0.5 g!litre chlorinated humic and 1.0 g/litre nonchlorinated humic substances. 
No significant differences were observed in food consumption. However, fluid 
consumption was significantly decreased by 1.0 g!litre nonchlorinated and 1.0 or 
0.5 g!litre chlorinated humic substances, namely by 14%, 16%, and 17%, re
spectively. The most significant finding of this study was the increased incidence 
and severity of haematuria in the group receiving 1.0 g/litre chlorinated humic 
substances. These studies suggest that there is minimal risk from exposure to 
chlorination by-products of humic acids as far as target organ effects are con
cerned. 

Mutagenicity and related end-points 

Chlorinated and nonchlorinated humic acids (TOC 1 g/litre in distilled water) 
were tested for mutagenic activity by both in vitro and in vivo assays. In the Ames 
test, the results showed positive mutagenic activity only after chlorination, 
whereas induction of sister chromatid exchange was observed with both chlori
nated and nonchlorinated humic acids. In contrast, in the in vivo studies, no evi
dence was found of mutagenic activity for both chlorinated and nonchlorinated 
samples (8). 

13.12.5 Effects on humans 

Colour-producing organic substances are not themselves thought to be harmful 
to health. However, they can react with chlorine to produce undesirable levels of 
chlorination by-products, including trihalomethanes. 

Most metals readily form complexes with humic substances in water, which 
can greatly increase their solubility (9,10). For example, naturally occurring hu
mic substances in water may increase the solubility of iron by a factor of up to 
109 (10). 

The bioavailability and human toxicity of complexes between humic materi
al and such toxic metals as aluminium, copper, cadmium, and mercury have been 
investigated in only a small number of studies ( 11). 

13.12.6 Conclusions 

The colour of drinking-water is usually due to the presence of coloured organic 
acids (humic and fulvic) associated with the humus fraction of soil. Colour is 
strongly influenced by the presence of iron and other metals, either as natural im
purities or as corrosion products. It may also result from the contamination of 
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the water source with industrial effluents and may be the first indication of a haz
ardous situation. The source of colour in a water supply should be investigated, 
particularly if a substantial change takes place. Colours below 15 TCU are usual
ly acceptable to consumers, but acceptability may vary according to local 
circumstances. No health-based guideline value is proposed for colour in 
drinking-water. 
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13.13 Copper 

13.13.1 General description 

Identity 

Widely used copper compounds include CuC12 ·2H20 (CAS no. 7447-39-4), 
Cu(N03h·3H20 (CAS no. 10031-43-3), and CuS04·5H20 (CAS no. 7758-
99-8). 

Physicochemical properties (1, 2) 

Compound 
CuCl2·2H20 
Cu(N03h·3H20 
CuS04·5H20 

Wtuer solubility (gllitre) 
710 at 0 ac; 1080 at 100 oc 
1380 at 0 oc; 12 700 at 100 oc 
320 at 0 ac; 2030 at 100 oc 

Organoleptic properties 

Dissolved copper imparts a colour and an unpleasant astringent taste to 
drinking-water (3 ). Staining of laundry and plumbing fixtures occurs when 
copper concentrations in water exceed 1 mg/litre. The taste threshold is above 
5 mg!litre, although taste is detectable in distilled water at 2.6 mg/litre ( 4). The 
organoleptic threshold of dissolved Cu2+ is 0.8-1.0 mg/litre in mineral water and 
2.4-3.2 mgllitre in 5 mmol/litre saccharose (5). 

Major uses 

Copper is an important heat and electrical conductor. It is also used for water 
pipes, roof coverings, household goods, and chemical equipment, in the arts, and 
in many alloys (e.g. brass and bronze). Copper oxides, chlorides, sulfates, ethano
ates, bromides, and carbonates are widely used in pest control, as inorganic dyes, 
as feed additives, in photography, in seed disinfectants, as fungicides and algi
cides, and in electroforming (1, 2, 6). 

Environmental fate 

Monovalent copper is unstable in aqueous solution. Only those copper(!) com
pounds that are insoluble in water (Cu20, Cu2S) and certain copper(!) com
plexes are stable in aqueous environments. Cu(II) forms complexes with both 
inorganic and organic ligands such as ammonium and chloride ions and humic 
acids (2). 
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13.13.2 Analytical methods 

The most important methods for the determination of copper and their detec
tion limits are atomic absorption spectrometry with flame detection (1.5 jlg!litre) 
or in the graphite furnace (60 ng!litre); pulse inverse voltammetry (1 ng/litre); 
spectral photometry (lOO jlg!litre); neutron activation (0.2 ng of copper per 500 
mg solid sample); and emission spectroscopy (0.5 jlg/litre) (6, 7). 

13.13.3 Environmental levels and human exposure 

Air 

Copper concentrations in air in rural areas in the USA and Europe are normally 
below 10 ngfm3. In urban areas, concentrations may be as high as 1500 ngfm3 
(6, 8), although levels around 25 ngfm3 have also been found (6). 

Water 

Natural copper concentrations in drinking-water are around a few micrograms 
per litre (6). Depending on such properties as hardness, pH, anion concentra
tions, oxygen concentration, temperature, and the technical conditions of the 
pipe system (1, 6), water from copper pipes may contain several milligrams of 
copper per litre (1, 9). In a sample of water for human consumption which had 
remained stagnant for 12 h, an extreme level of 22 mg of copper per litre was 
found (10). 

Food 

Foods especially rich in copper (10-100 mg/kg) are veal and pig, sheep, and calf 
liver. Chocolate and chocolate products, tea, and coffee (dry) can also contain 
more than 10 mg of copper per kg. Other foods may contain up to 10 mg/kg 
(nuts), median values being around 2 mg/kg (1, 11). 

Estimated total exposure and relative contribution of drinking-water 

Copper is ingested by humans mainly via food and drinking-water. In two 24-h 
intake studies in the Netherlands, the average daily copper intake per person was 
1.2-1.4 mg (1 ). Intakes of 1.82-2.38 mg/day (11) and less than 0.95 mg/day 
(duplicate study) (12) have been reported in the western and eastern parts of 
Germany, respectively; intakes in the USA were 2-4 mg/day (6). Drinking-water 
can contribute a significant proportion of the daily copper intake if it has flowed 
through copper installations (1, 6). 
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13.13.4 Kinetics and metabolism in laboratory animals and 
humans 

Up to 100% copper absorption was observed in newborn rats. After weaning, ab
sorption rates fell in various animal species to below 10% (13). Estimated values 
for intestinal copper absorption in humans vary between 25% and 65% (13). In 
adults, the absorption and retention rates of copper depend on the daily intake 
and, as a consequence, copper overload is unlikely. In a balance study with bottle
fed infants, absorption and retention rates were 23.9% and 21.9% of intake, 
respectively (14). 

Copper is an essential element. Balance studies on adults suggest that a cop
per intake of 1-5 mg/day, corresponding to 20-80 flg/kg of body weight per day 
(15, 16) is required. The normal copper content in the adult is 1-2 mg/kg of 
body weight. In neonates, the liver contains over 90% of the total body copper 
(4-5 mg/kg of body weight); the copper concentration in the newborn liver is 
6-1 0-fold higher than in the adult liver (I 7) but decreases during the first 3 
months of life (18). 

Normal copper concentrations in plasma are 0.9-1.3 mg!litre (I 7). Of this, 
5-1 Oo/o is bound to albumin and 90-95% specifically to the copper transport 
protein ceruloplasmin (8, 13). In the liver, copper is bound mainly to metallo
thionein but also to functionally specific enzymes (19); glutathione serves as a 
buffer to trap free copper ions that would otherwise be toxic (20). Partial satura
tion of metallothionein with copper and zinc in the liver of the newborn depends 
on the cytosolic zinc:copper ratio (18). 

About 1 mg of copper per day is transported to the tissues bound to cerulo
plasmin (I 5, 16). Excretion takes place primarily via the faeces; urine contains 
only 0.5-3% of the daily intake (6, 21, 22). 

13.13.5 Effects on laboratory animals and in vitro test systems 

Acute exposure 

Depending on the animal species and the anion of the copper salt administered, 
oral LD50s vary between 15 (guinea-pig: CuCl2) and 416 (rats: Cu(OH)Cl; 
Cu20) mg/kg of body weight (13, 21, 22). 

Short-term exposure 

In most studies with rodents, copper given orally in doses of up to 50 mg/kg of 
body weight for less than 1 year caused either no effects or adaptation to copper 
exposure with transient signs of toxicity. No such adaptation was observed in rab
bits, pigs, and sheep (13, 21, 22), the last-named being especially sensitive to 
some of the acute effects of excess copper intake. 
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Long-term exposure 

In two oral studies, NOAELs of 5 mg/kg of body weight per day (1 year; dog) 
and 160 mg/kg of body weight per day (2 years; rat) were found for the end
points liver functional changes (dog) and various macroscopic and microscopic 
pathological parameters (rat). In a 16-month rabbit study, a LOAEL of 12 mg/kg 
of body weight per day was estimated for cirrhosis-like hepatic changes (21, 22). 

Reproductive toxicity, embryotoxicity, and teratogenicity 

Copper gluconate given orally to mice and rats at 30 mg/kg of body weight per 
day on days 6-14 and 5-15 of gestation, respectively, was neither embryotoxic 
nor teratogenic. In another assay with comparable exposure, the fertility of rats 
was not affected. A much higher NOAEL was reported with copper sulfate for 
skeletal deformations of fetuses from exposed mothers, but reduced maternal 
food intake could not be ruled out as the cause (6, 21, 22). 

Mutagenicity and related end-points 

The results of mutagenicity tests are inconclusive ( 6). Positive results from in 
vitro tests using free copper ions are not applicable to the in vivo situation, where 
copper is always tightly bound to low- and high-molecular-weight ligands ( 18, 
19). 

Carcinogenicity 

Based on the results of a number of animal studies involving oral and intraperi
toneal exposure to various copper compounds, it is generally agreed that copper 
and its salts are not animal carcinogens (6, 21, 22). 

13.13.6 Effects on humans 

Acute exposure 

The lethal oral dose for adults lies between 50 and 500 mg of copper(II) salt per 
kg of body weight. Vomiting, diarrhoea, nausea, and some acute symptoms pre
sumably due to local irritation by ingested copper(II) ions have been described in 
several case reports (6, 21, 22). The estimated concentration of copper(II) in 
drinking-water or beverages that can lead to symptoms of this type is 30 mg/litre 
but may vary with the binding and chemical form of copper present. 

Short-term exposure 

Copper pipes in haemodialysis devices have caused systemic copper poisoning in 
patients (21, 22). Drinking-water from a new copper kettle used over a period of 
3 months for the preparation of food and beverages may have been responsible 
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for a strongly enhanced serum copper level, behavioural changes, diarrhoea, and 
progressive loss of strength in a 15-month-old child (23). 

A 14-month-old infant died of micronodular liver cirrhosis, probably due to 
pre- and postnatal exposure to up to 6.8 mg of copper per litre in the very acid 
water that had flowed through a copper installation and had been used to prepare 
the infant's feed (24). A total of 22 similar cases of early childhood liver cirrhosis 
have been described in two limited areas in Germany (25). The estimated daily 
copper intake that might have triggered the cirrhosis in the infants' early months 
of life (26) is at least 900 -rglkg of body weight, about 10 times their daily re
quirement (21, 22). 

Long-term exposure 

In hepatolenticular degeneration (Wilson disease) which is caused by reduced 
copper excretion in the bile, the normal daily copper intake of a few milligrams is 
enough to trigger liver cirrhosis and excessive copper accumulation in many or
gans, but only after several years of exposure (6, 27). The copper status of the 
healthy liver of neonates during the first few months of life is comparable to that 
of a person suffering from Wilson disease (28), which may explain why infants 
are more sensitive to factors that threaten copper homoeostasis than are older 
children and adults (25). 

In a recent Finnish report, it was claimed that a positive correlation existed 
between coronary heart disease incidence and the plasma copper level under con
ditions of selenium malnutrition (29). The duration and source of the excessive 
copper exposure in this study were not specified. 

13.13.7 Provisional guideline value 

Based on a NOAEL of 5 mg/kg of body weight per day for the end-point liver 
toxicity in a rather old 1-year study in dogs and in the light of the essentiality of 
copper, a provisional maximum tolerable daily intake (PMTDI) of 0.5 mg/kg of 
body weight was established by JECFA in 1982 (21, 22). An allocation of 10% 
of the PMTDI to drinking-water gives a guideline value of 2 mg of copper per 
litre (rounded figure). Although this study did not take into account the differen
ces in copper metabolism in the neonate, a concentration of 2 mg/litre should 
provide a sufficient margin of safety for bottle-fed infants because their copper 
intake from other sources is usually low. In view of the remaining uncertainties 
regarding copper toxicity in humans, however, this guideline value is considered 
provisional. Copper can give rise to taste problems, but the taste should be ac
ceptable at the health-based provisional guideline value. 
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13.14 Cyanide 

13.14.1 General description 

Almost all of the recent literature on cyanide has resulted from interest in the 
root crop cassava, which provides a major part of the diet for between 300 and 
500 million people living in developing countries in the tropics and subtropics. If 
not properly prepared, cassava can contain very high levels of cyanide, and out
breaks of disease have been associated with its consumption. 

13.14.2 Analytical methods 

Cyanide can be determined in water by both titrimetric and phorometric tech
niques, with a detection limit of2 "fig/litre (1). 

13.14.3 Environmental levels and human exposure 

Water 

Cyanides are occasionally found in drinking-water, primarily as a consequence of 
industrial contamination. 

Food 

A recent study suggests that dietary exposure to cyanide is considerably greater in 
developing countries than in developed ones. For a group of 73 subjects in Li
beria consuming cassava, the mean daily intake of cyanide ion was calculated to 
be 0.61 mg/kg of body weight (2). Although insufficient data are available from 
which to calculate the average daily intake in developed countries, it is very un
likely to be of this magnitude. 

13.14.4 Kinetics and metabolism in laboratory animals and 
humans 

Cyanide ion is readily absorbed by the gastrointestinal tract and is rapidly con
verted into thiocyanate by the enzyme rhodanese. Oral and subcutaneous doses 
of cyanide in rats are excreted as thiocyanate, primarily in the urine (3, 4). Gold
en hamsters exposed to cyanide by subcutaneous infusion appeared to excrete 
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only a relatively small percentage (1 0-15%) of the dose as thiocyanate in the 
urine (5), perhaps because rhodanese activity in hamsters is lower than in rats, 
and hence they are less able to convert cyanide into thiocyanate ( 6). 

13.14.5 Effects on laboratory animals and in vitro test systems 

Short-term exposure 

A reduction in feed consumption and body weight gain was noted in a group of 
six male and two female African rats fed diets containing potassium cyanide at 
2500 mg/kg for 84 days. No effects on the pathology of the thyroid, liver, kidney, 
and spleen or on serum total proteins, albumin, aspartate aminotranferase, and 
alanine aminotransferase were observed, but serum urea concentration was ele
vated (7). 

Addition of potassium cyanide at a concentration of 200 mg/litre to the 
drinking-water of a group of seven male Sprague-Dawley rats produced a slight 
elevation in liver weight but had no effect on body weight gain after 21 days. 
Addition of potassium cyanide to the diet at 200 mg/kg had no effect on either 
parameter. However, there was evidence that cyanide added to the diet was 
quickly lost or bound, and hence actual exposure was likely to have been less than 
anticipated. This study also showed that cyanide offers some protection against 
selenium toxicity in rats, possibly through the formation of the SeCN ion (B). 

Six weanling pigs were fed a diet containing potassium cyanide (500 mg of 
cyanide per kg) for 56 days. A reduction in feed intake was noted, but there was 
no effect on body weight gain. There were no effects on the weights of several or
gans examined except for some evidence of an increase in thyroid weight. Patho
logical examination of a range of tissues revealed no treatment-related effects (9). 

Pigs were fed diets of cassava containing 0, 96, or 400 mg of cyanide per kg 
for 72 days. A lowering of serum thyroxine was noted at both dose levels. There 
were no effects on serum total protein, albumin, alanine aminotransferase, and 
aspartate aminotransferase, but serum urea was elevated (10). 

Erythrocyte glucose-6-phosphate dehydrogenase activity was significantly 
depressed in miniature swine receiving oral doses of 1.2 mg of cyanide ion per kg 
of body weight per day from week 0 to week 12, but activity returned to control 
levels after week 16. At lower doses of 0.4 and 0.7 mg of cyanide ion per kg of 
body weight per day, enzyme inhibition was initially delayed; by week 20, 
activity was significantly lower than in controls and the highest dose group (11). 

The effects of cyanide on behaviour were studied in pigs given oral doses of 
0, 0.4, 0.7, or 1.2 mg of cyanide ion per kg of body weight per day for 6 months. 
Exposure to cyanide was reported to produce increasing ambivalence and slower 
response times to stimuli with increasing dose. Behaviours demanding high ener
gy tended to be affected more readily than those demanding low energy. An effect 
on glucose metabolism was suggested as a possible explanation for this finding. A 
reduction in serum thyroxine and, more notably, in triiodothyronine levels was 
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found at all three doses (12). However, clear effects were observed only at the 
highest dose. 

A group of 1 0 male rats was fed a 1 Oo/o casein diet containing added methio
nine, vitamin B12, iodine, and potassium cyanide (1500 mg/kg) for nearly 1 year. 
Compared with a control group not receiving cyanide, depression of body weight 
gain was observed throughout the study, but there were no deaths or clinical 
signs of toxicity. Depression of both plasma thyroxine and the thyroxine secre
tion rate, suggestive of depressed thyroid function, was evident at 4 months but 
less so after 1 year. At autopsy, the animals were found to have enlarged thyroids, 
which may have been the mechanism of adaptation. Some differences in the 
histopathology of the spinal cord, notably the white matter, were also found 
between controls and cyanide-treated animals (13). 

Chicks were fed diets containing up to 30% cassava root meal for 28 days. 
The cassava root meal itself contained 300 mg of total cyanide per kg. No effects 
on survival, feeding performance, body weight gain, or haematology were noted. 
The additional inclusion of 3% cassava foliage meal (containing 156 mg of total 
cyanide per kg and 20 )lg of aflatoxin per kg) resulted in depression of body 
weight gain (14). 

Reproductive toxicity, embryotoxicity, and teratogenicity 

A group of 20 pregnant female rats was fed cassava diets with added potassium 
cyanide (500 mg/kg) for about 20 days. After parturition, dams and offspring 
were continued on the diet for the 21-day lactation period. Some pups were also 
continued on the diet for a further 28 days post-weaning. No effects on gesta
tion, lactation performance, or growth of offspring were seen. However, if 
offspring from dams not treated with cyanide were exposed during the post
weaning period only, depression of both body weight gain and feed intake as 
compared with untreated controls was observed (15). 

Groups of six pregnant pigs were fed diets of cassava to which cyanide at lev
els of 0, 250, or 500 mg/kg (as potassium cyanide) was added until parturition, 
after which sows and offspring returned to a standard diet for a 56-day lactation 
period. Dietary cyanide had no effect on the numbers or weights of fetuses. A 
slight elevation of maternal thyroid weight was noted. Pathological changes were 
also observed in this organ in animals receiving the highest dose level (I 6). This 
study suggests that effects may occur in the pig at doses an order of magnitude 
lower than that found in short-term studies on the rat. 

Pregnant golden hamsters were exposed to sodium cyanide (0.126-0.1295 
mmollkg per hour) on days 6-9 of gestation by infusion via subcutaneously im
planted osmotic minipumps. High incidences of resorptions and malformations 
were seen in the offspring, the most common abnormalities being neural tube 
defects (5). 
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13.14.6 Effects on humans 

Cyanide may lower vitamin B12 levels and hence exacerbate vitamin B12 deficien
cy. It has also been linked to an increased incidence of goitre (cretinism) in Zaire 
through effects on iodine uptake by the thyroid. Those with nutritional in
adequacy or inborn metabolic errors are particularly vulnerable (17). Chronic 
effects on the thyroid and particularly on the nervous system were observed in 
some populations as a consequence of the consumption of inadequately pro
cessed cassava containing high levels of cyanide. This problem seems to have de
creased significantly in the West Mrican populations in which it was widely 
reported following a change in processing methods and a general improvement in 
nutritional status. 

13.14. 7 Guideline value 

There are a very limited number of toxicological studies suitable for use in deriv
ing a guideline value. There is, however, some indication in the literature that 
pigs may be more sensitive than rats. Only one study is available in which a clear 
effect level was observed, at 1.2 mg/kg of body weight per day, in pigs exposed 
for 6 months (12). The effects observed were on behavioural patterns and serum 
biochemistry. 

Using the LOAEL from this study and applying an uncertainty factor of 100 
to reflect inter- and intraspecies variation (no additional factor for a LOAEL was 
considered necessary because of doubts over the biological significance of the ob
served changes), a TDI of 12 Jlg!kg of body weight was calculated. 

An allocation of 20% of the TDI to drinking-water is made because exposure 
to cyanide from other sources is normally small and because exposure from water 
is only intermittent. This results in a guideline value of 0.07 mgllitre (rounded 
figure), which is considered to be protective for both acute and long-term expo
sure. 
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13.15 Fluoride 

13.15.1 General description 

Identity 

Fluorine is a fairly common element that does not occur in the elemental state in 
nature because of its high reactivity. It accounts for about 0.3 g/kg of the earth's 
crust and exists in the form of fluorides in a number of minerals, of which fluor
spar, cryolite, and fluorapatite are the most common. The oxidation state of the 
fluoride ion is -1. 

Physicochemical properties (1, 2) 

Property 
Physical state 

Melting point (QC) 
Boiling point (QC) 
Density (g/cm3) 
Water solubility 
Acidity 

Major uses 

Sodium fluoride (NaF) 
White, crystalline 
powder 
993 
1695 at 100 kPa 
2.56 
42 g/litre at 10 QC 

Hydrogen fluoride (HF) 
Colourless liquid or gas 
with biting smell 
-83 
19.5 

Readily soluble below 20 QC 
Strong acid in liquid form; 
weak acid dissolved in water 

Inorganic fluorine compounds are used in aluminium production, as a flux in the 
steel and glass fibre industries, and in the production of phosphate fertilizers 
(which contain an average of 3.8% fluorine), bricks, tiles, and ceramics. Fluo
silicic acid is used in municipal water fluoridation schemes (1). 

Environmental fate 

Although sodium fluoride is soluble in water (1), aluminium, calcium, and mag
nesium fluorides are only sparingly so (3). 

13.15.2 Analytical methods 

Fluoride is usually determined by means of an ion-selective electrode, which 
makes it possible to measure the total amount of free and complex-bound fluo
ride dissolved in water. The method can be used for water containing at least 
20 rgllitre (2). For rainwater in which fluoride was present at a concentration of 
10 rgllitre, a detection limit of 1 rg/litre was reported ( 4). 

A method using a fluoride-selective electrode and an ion analyser to deter
mine fluoride at levels of0.05-0.4 mg!litre has been described (5). With a slight 
modification, the method can be used to measure fluoride at 0.4-2.0 mg/litre. 
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13.15.3 Environmental levels and human exposure 

Air 

Natural background concentrations are of the order of 0.5 ngfm3. If anthropo
genic emissions are included, worldwide background concentrations are of the 
order of 3 ng/ m3. In the Netherlands, concentrations in areas without sources are 
30-40 ngfm3, rising to 70 ng/m3 in areas with many sources (2). In a survey of 
fluoride in the air of some communities in the USA and Canada, concentrations 
were in the range 0.02-2.0 )lgfm3 (6). In some provinces of China, fluoride con
centrations in indoor air ranged from 16 to 46 )lgfm3 owing to the indoor com
bustion of high-fluoride coal for cooking and for drying and curing food (7). 

Water 

Traces of fluoride are present in many waters; higher concentrations are often as
sociated with underground sources. In seawater, a total fluoride concentration of 
1.3 mg/litre has been reported (2). In areas rich in fluoride-containing minerals, 
well-waters may contain up to about 10 mg of fluoride per litre. The highest nat
urallevel reported is 2800 mg!litre. Fluorides may also enter a river as a result of 
industrial discharges (2). In groundwater, fluoride concentrations vary with the 
type of rock that the water flows through but do not usually exceed 10 mg/litre 
(3). In the Rhine in the Netherlands, levels are below 0.2 mg!litre. In the Meuse, 
concentrations fluctuate (0.2-1.3 mg!litre) as a result of variations in industrial 
processes (2). 

Fluoride concentrations in the groundwater of some villages in China were 
greater than 8 mg/litre ( 8, 9). In Canada, fluoride levels in drinking-water of 
<0.05-0.2 mg!litre (nonfluoridated) and 0.6-1.1 mg/litre (fluoridated) have 
been reported in municipal waters; in drinking-water prepared from well-water, 
levels up to 3.3 mg!litre have been reported. In the USA, 0.2% of the population 
is exposed to more than 2.0 mg/litre (3). In the Netherlands, year-round aver
ages for all drinking-water plants are below 0.2 mg/litre (2 ). In some Mrican 
countries where the soil is rich in fluoride-containing minerals, levels in 
drinking-water are relatively high (e.g. 8 mg!litre in the United Republic of 
Tanzania) (3). 

Food 

Virtually all foodstuffs contain at least traces of fluoride. All vegetation contains 
some fluoride, which is absorbed from soil and water. The highest levels in field
grown vegetables are found in curly kale (up to 40 mg/kg fresh weight) and 
endive (0.3-2.8 mg/kg fresh weight) (2). Other foods containing high levels in
clude fish (0.1-30 mg/kg) and tea (2, 3). High concentrations in tea can be 
caused by high natural concentrations in tea plants or by the use of additives 
during growth or fermentation. Levels in dry tea can be 3-300 mg/kg (average 
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100 mg/kg), so that 2-3 cups of tea contain approximately 0.4-0.8 mg (2, 6). In 
areas where water with a high fluoride content is used to prepare tea, the intake 
via tea can be several times greater. 

Dental uses 

For dental purposes, fluoride preparations may contain low (0.25-1 mg per tab
let; 1000-1500 mg of fluorine per kg of toothpaste) or high concentrations 
(liquids containing 10 000 mgllitre and gels containing 4000-6000 mg/kg are 
used for local applications) (2). 

Estimated total exposure and relative contribution of drinking-water 

Levels of daily exposure to fluoride depend mainly on the geographical area. In 
the Netherlands, the total daily intake is calculated to be 1.4-6.0 mg of fluoride. 
Food seems to be the source of 80-85% of fluoride intake; intake from drinking
water is 0.03-0.68 mg/day and from toothpaste 0.2-0.3 mg. For children, the 
total intake via food and water is decreased because of lower consumption. Intake 
of food and water relative to body weight is higher, however, and is further in
creased by the swallowing of toothpaste or fluoride tablets (up to 3.5 mg of fluo
ride per day) (2). 

Daily intakes ranging from 0.46 to 3.6-5.4 mg/day have been reported in 
several studies (6). Daily exposure in volcanic areas (e.g. the United Republic of 
Tanzania) may be as high as 30 mg for adults, mainly from drinking-water intake 
(J.E.M. Smet, personal communication, 1990). In areas with relatively high con
centrations in groundwater, drinking-water becomes increasingly important as a 
source of fluoride. In some counties in China where coal has a high fluoride con
tent, the average daily intake of fluoride ranged from 0.3 to 2.3 mg via air and 
from 1.8 to 8.9 mg via food (10). 

13.15.4 Kinetics and metabolism in laboratory animals and 
humans 

After oral uptake, water-soluble fluorides are rapidly and almost completely ab
sorbed in the gastrointestinal tract. Fluorides less soluble in water are absorbed to 
a lesser degree. Absorbed fluoride is transported via the blood; with prolonged in
take of fluoride from drinking-water, concentrations in the blood are the same as 
those in drinking-water, a relationship that remains valid up to a concentration 
in drinking-water of 10 mg!litre. Distribution of fluoride is a rapid process. It is 
incorporated into teeth and bones; there is virtually no storage in soft tissues. In
corporation into teeth and skeletal tissues is reversible; after cessation of expo
sure, mobilization from these tissues takes place. Fluoride is excreted via urine, 
faeces, and sweat (3, 6, 11). 
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13.15.5 Effects on laboratory animals and in vitro test systems 

Long-term exposure 

Most long-term studies are limited. In drinking-water studies with sodium fluo
ride, effects on skeletal tissues were observed. In a 2-year study in rats and mice 
(25 or 175 mg of sodium fluoride per litre of drinking-water), dentine discolora
tion and dysplasia developed at both dose levels; osteosclerosis in the long bones 
was seen in the high-dose females only (12). In another recent 2-year oral study 
in rats, there were effects on the teeth (ameloblastic dysplasia, fractured and mal
formed incisors, enamel hypoplasia) and bones (subperiosteal hyperkeratosis) at 
all dose levels, including the lowest of 4 mg of sodium fluoride per kg of body 
weight per day (13). 

Mutagenicity and related end-points 

Many mutagenicity studies have been carried out with fluorides (usually sodium 
fluoride). Tests on bacteria and insects were negative, as were in vivo studies 
(11, 12, 14). In mammalian cells in vitro, fluoride causes genetic damage (in
cluding chromosomal aberrations) at cytotoxic concentrations only (;;;.IQ mglli
tre), the mechanism for which is not known. This genetic effect is probably of 
limited revelance for practical human exposures ( 11 ). 

Carcinogenicity 

IARC evaluated the available studies in 1987 and concluded that the limited data 
provided inadequate evidence of carcinogenicity in experimental animals (14). 
In a recent study in which rats and mice were given sodium fluoride in drinking
water at 11, 45, or 79 mg/litre (as fluoride ion), only the incidence of osteosar
comas in the bones of male rats increased (incidences 0/80,0/51, 1/50, and 3/80 
in the controls, low-, mid-, and high-dose groups, respectively). This increase 
was considered to provide equivocal evidence for a carcinogenic action in male 
rats; the study yielded no evidence for such an action in female rats or in male or 
female mice (12). In another recent study, no carcinogenic effect was observed in 
rats given sodium fluoride in the diet at dose levels of 4, 10, or 25 mg/kg of body 
weight per day for 2 years (13). 

13.15.6 Effects on humans 

Fluorine is probably an essential element for both animals and humans. For hu
mans, however, the essentiality has not been demonstrated unequivocally, and no 
data indicating the minimum nutritional requirement are available. To produce 
signs of acute fluoride intoxication, minimum oral doses of at least 1 mg of fluo
ride per kg of body weight were required (I 1). 
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Many epidemiological studies of possible adverse effects of the long-term in
gestion of fluoride via drinking-water have been carried out. These studies clearly 
establish that fluoride primarily produces effects on skeletal tissues (bones and 
teeth). Low concentrations provide protection against dental caries, especially in 
children. This protective effect increases with concentration up to about 2 mg of 
fluoride per litre of drinking-water; the minimum concentration of fluoride in 
drinking-water required to produce it is approximately 0.5 mg!litre. 

Fluoride may give rise to mild dental fluorosis (prevalence: 12-33%) at 
drinking-water concentrations between 0.9 and 1.2 mg/litre (15). This has been 
confirmed in numerous studies, including a recent large-scale survey carried out 
in China (I 6), which showed that, with drinking-water containing 1 mg of fluo
ride per litre, dental fluorosis was detectable in 46% of the population examined. 
As a rough approximation, for areas with a temperate climate, manifest dental 
fluorosis occurs at concentrations above 1.5-2 mg of fluoride per litre of drink
ing-water. In warmer areas, dental fluorosis occurs at lower concentrations in the 
drinking-water because of the greater amounts of water consumed (3, 6, I 0). It is 
also possible that, in areas where fluoride intake via routes other than drinking
water (e.g. air, food) is elevated, dental fluorosis develops at concentrations in 
drinking-water below 1.5 mg/litre (I 0). 

Fluoride can also have more serious effects on skeletal tissues. Skeletal fluoro
sis (with adverse changes in bone structure) is observed when drinking-water 
contains 3-6 mg of fluoride per litre. Crippling skeletal fluorosis develops where 
drinking-water contains over 10 mg of fluoride per litre (6). The US Environ
mental Protection Agency considers a concentration of 4 mg!litre to be protec
tive against crippling skeletal fluorosis (I 7). 

Several epidemiological studies are available on the possible association be
tween fluoride in drinking-water and cancer rates among the population. IARC 
evaluated these studies in 1982 and 1987 and considered that they provided in
adequate evidence of carcinogenicity in humans (1,14). The results of several 
epidemiological studies on the possible adverse effects of fluoride in drinking
water on pregnancy outcome are inconclusive (3, 6, 11). 

It is known that persons suffering from certain forms of renal impairment 
have a lower margin of safety for the effects of fluoride than the average person. 
The data available on this subject are, however, too limited to allow a quantita
tive evaluation of the increased sensitivity to fluoride toxicity of such persons (3, 
11). 

13.15. 7 Guideline value 

In 1987, IARC classified inorganic fluorides in Group 3 (14). Although there 
was equivocal evidence of carcinogenicity in one study in male rats, extensive 
epidemiological studies have shown no evidence of it in humans (12). 

There is no evidence to suggest that the guideline value of 1.5 mg/litre set in 
1984 needs to be revised. Concentrations above this value carry an increasing risk 
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of dental fluorosis, and much higher concentrations lead to skeletal fluorosis. 
The value is higher than that recommended for artificial fluoridation of water 
supplies (18). In setting national standards for fluoride, it is particularly impor
tant to consider climatic conditions, water intake, and intake of fluoride from 
other sources (e.g. from food and air). In areas with high natural fluoride levels, it 
is recognized that the guideline value may be difficult to achieve in some circum
stances with the treatment technology available. 
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13.16 Hardness 

13.16.1 General description 

Identity 

Water hardness is the traditional measure of the capacity of water to react with 
soap, hard water requiring considerably more soap to produce a lather. It is not 
caused by a single substance but by a variety of dissolved polyvalent metallic ions, 
predominantly calcium and magnesium cations, although other cations, e.g. bar
ium, iron, manganese, strontium and zinc, also contribute. Hardness is most 
commonly expressed as milligrams of calcium carbonate equivalent per litre, wa
ter containing less than 60 mg of calcium carbonate per litre generally being con
sidered as soft. Although hardness is caused by cations, it may also be discussed in 
terms of carbonate (temporary) and noncarbonate (permanent) hardness. 
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Sources 

The principal natural sources of hardness in water are dissolved polyvalent metal
lic ions from sedimentary rocks, seepage, and run-off from soils. Calcium and 
magnesium, the two principal ions, are present in many sedimentary rocks, the 
most common being limestone and chalk. They are also present in a wide variety 
of industrial products and are common constituents of food. As mentioned 
above, a minor contribution to the total hardness of water is also made by other 
polyvalent ions, e.g. aluminium, barium, iron, manganese, strontium, and zinc. 

Organoleptic properties 

The taste threshold for the calcium ion is in the range 100-300 mg/litre, depend
ing on the associated anion, but higher concentrations are acceptable to consumers. 
Hardness levels above 500 mg/litre are generally considered to be aesthetically un
acceptable, although this level is tolerated in some communities (I). 

13.16.2 Environmental levels and human exposure 

Water 

Concentrations of up to 100 mg of calcium per litre are fairly common in natural 
sources of water; sources containing over 200 mg of calcium per litre are rare. 
Magnesium salts are soluble, natural water sources typically containing concen
trations of up to 10 mg/litre. Such sources rarely contain more than 100 mg of 
magnesium per litre, and it is usually calcium hardness that predominates (2). 

In drinking-water, hardness is in the range 10-500 mg of calcium carbonate 
per litre (3). Estimated daily intakes of2.3 and 52.1 mg of magnesium in soft
and hard-water areas, respectively, have been reported, based on adults drinking 
2 litres of water per day ( 4). 

Food 

Virtually all foods contain calcium and magnesium, and dietary intake is the 
principal route of exposure. Typical diets provide about 1000 mg of calcium per 
day and 200-400 mg of magnesium per day. Dairy products are a particularly 
rich source of calcium, whereas magnesium tends to be associated more with 
meat and foodstuffs of plant origin ( 4-6). 

Estimated total exposure and relative contribution of drinking-water 

The typical dietary contribution of calcium and magnesium is over 80% of the 
total daily intake. Of this, approximately 30% of calcium and 35% of magne
sium will be absorbed. For calcium and magnesium, the typical contribution 
from water is 5-20% (2, 5, 6). 
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13.16.3 Effects on humans 

There does not appear to be any convincing evidence that water hardness causes 
adverse health effects in humans. In contrast, the results of a number of epi
demiological studies have suggested that water hardness may protect against 
disease. However, the available data are inadequate to prove any causal associa
tion. 

Cardiovascular disease 

In most large-scale studies, an inverse relationship between the hardness of 
drinking-water and cardiovascular disease has been reported (7-13 ). However, 
no such association has been found in some studies (14, 15), and in those involv
ing small geographical areas a clear association is often not found ( 16). 

The extent to which confounding variables, such as climatic, socioeconomic, 
or major risk factors, may account for the inverse relationship is unclear. Never
theless, in a number of studies, a weak inverse relationship was reported after 
allowance was made for climatic and socioeconomic factors ( 17) and after major 
risk factors such as hypertension, smoking habits, and elevated serum lipids were 
taken into account (18, 19). An inverse relationship between hardness and car
diovascular disease had been reported in men after allowing for climatic and cer
tain social factors, but only up to about 170 mg of calcium carbonate per litre 
(20). 

A variety of hypotheses have been proposed to explain the possible inverse as
sociation (21-27). However, none has been fully substantiated, nor has a partic
ular element been found to be conclusively associated with cardiovascular disease. 

Other health effects 

The results of several studies have suggested that a variety of other diseases are 
also inversely correlated with the hardness of water, including anencephaly (28, 
29) and various types of cancer (30, 31 ). However, the significance of these re
sults is unclear, and it has been suggested that the associations may reflect disease 
patterns that can be explained by social, climatological, and environmental fac
tors, rather than by the hardness of the water. Some data suggest that very soft 
waters with a hardness of less than 75 mg!litre may have an adverse effect on 
mineral balance, but detailed studies are not available. 

13.16.4 Other considerations 

Depending on the interaction of other factors, such as pH and alkalinity, water 
with a hardness above approximately 200 mg!litre may cause scale deposition in 
the distribution system, as well as increased soap consumption. In contrast, soft 
water, with a hardness less than about 100 mg!litre, has a greater tendency to 
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cause corrosion of pipes, resulting in the presence of certain heavy metals, such as 
cadmium, copper, lead and zinc, in drinking-water (2 ). The degree to which 
such corrosion and solubilization of metals occurs also depends on the pH, alka
linity, and dissolved oxygen concentration. 

13.16.5 Conclusions 

Although a number of epidemiological studies have shown a statistically signifi
cant inverse relationship between the hardness of drinking-water and cardio
vascular disease, the available data are inadequate to permit the conclusion that 
the association is causal. No health-based guideline value for water hardness is 
proposed. 
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13.17 Hydrogen sulfide 

13.17.1 General description 

Identity 

CAS no.: 7783-06-4 
Molecular formula: H 25 

Physicochemical properties (1, 2)1 

Property 

Physical appearance 
Melting point 
Boiling point 
Density 
Water solubility 
Vapour pressure 

Value 
Colourless gas 
-85.5 oc 
-60.7 oc 
1.54 g!litre at 0 oc 
4370 ml!litre at 0 °C; 1860 ml!litre at 40 oc 
1875 kPa at 20 oc 

I Conversion factor in air: 1 mgfm3 = 0.670 ppm. 
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Organoleptic properties 

Hydrogen sulfide has an offensive "rotten eggs" odour that is detectable at very 
low concentrations in air, below 8 !lgfm3 (3). At concentrations of 50-150 
mg/m.'l in air, it has a deceptively sweet smell; above this range, it deadens the 
sense of smell ( 4). In water, the taste and odour thresholds for hydrogen sulfide 
are estimated to be between 0.05 and 0.1 mg!litre. The taste and odour threshold 
for sulfides is about 0.2 mg/litre (5). 

Major uses 

The major uses of hydrogen sulfide include its conversion into sulfur and sul
furic acid and the manufacture of inorganic sulfides, thiophenes, thiols, thio
aldehydes, and thioketones. It is used in dye manufacture, tanning, the produc
tion of wood-pulp, chemical processing, and the manufacture of cosmetics. 
Spring waters that contain elevated concentrations of hydrogen sulfide are used 
for therapeutic medicinal baths (1). 

Environmental fate 

Hydrogen sulfide is formed when soluble sulfides are hydrolysed in water. In 
water, hydrogen sulfide dissociates, forming monohydrogensulfide(l-) (HS-) and 
sulfide (5 2-) ions. The relative concentrations of these species are a function of 
the pH of the water, hydrogen sulfide concentrations increasing with decreasing 
pH. At pH 7.4, about one-third exists as undissociated hydrogen sulfide and the 
remainder largely as the monohydrogensulfide(l-) anion ( 6 ) . The sulfide is 
present in appreciable concentrations above pH 10 (1 ). In well aerated water, 
hydrogen sulfide is readily oxidized to sulfates and biologically oxidized to ele
mental sulfur. In anaerobic water, microbial reduction of sulfate to sulfide can 
occur (7). 

13.17.2 Analytical methods 

Hydrogen sulfide is traditionally determined using an acid displacement proce
dure (8, 9); the hydrogen sulfide is displaced by acidification, followed by analy
sis by gas chromatography using a flame photometric detector. The procedure 
has been used for water, sewage, and effluents containing 0-2.0 mg of sulfide per 
litre with a detection limit of about 0.25 mg of sulfur per litre (9). An estimated 
lower detection limit of 0.06 mg/litre has been reported for a similar method 
(I 0). The methylene blue calorimetric method is another standard analytical 
procedure for hydrogen sulfide determination, at concentrations ranging be
tween 0.1 and 20 mg/litre (11 ). A number of methods have been developed for 
the determination of sulfide (11, 12). 
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13.17.3 Environmental levels and human exposure 

Air 

Hydrogen sulfide is present in air primarily as a result of natural emissions. Con
centrations generally vary from 0.1 to 1 flgfm3 in ambient air, although concen
trations above 100 )lg/ m3 have been reported near industrial plants (3 ) . An 
estimated daily intake of 2-20 flg can be calculated on the assumption that 
20 m3 of air containing hydrogen sulfide at natural concentrations is inhaled. 

Water 

Most of the hydrogen sulfide present in raw waters is derived from natural sour
ces and industrial processes. It is particularly noticeable in some groundwaters, 
depending on source rock mineralogy and the microorganisms present (13). In 
the USA, a maximum concentration of 500 flg of undissociated hydrogen sulfide 
per litre has been reported in fresh water ( 14) . 

Food 

A number of foodstuffs and drinks may contain sulfides. However, estimation of 
exposure from food is complicated by the formation of sulfides in cooked foods. 
Levels in heated dairy products range from 0.8 mg!litre in skimmed milk (0.1 o/o 
fat) to 1.84 mg/litre in cream (30.5% fat). The hydrogen sulfide content of 
cooked meat ranges from 0.276 mg/kg for beef to 0.394 mg/kg for lamb. Hydro
gen sulfide is formed principally from the sulfur-containing amino acids in meat 
protein, levels being higher in anaerobically packaged meat. Dimethyl sulfide is 
used in the manufacture of jellies, candy, soft drinks, and cream in the United 
Kingdom, where the maximum probable intake has been estimated at 1.7 
mg/ day (15). 

13.17.4 Kinetics and metabolism in laboratory animals and 
humans 

Hydrogen sulfide and soluble alkali sulfides are rapidly absorbed following inges
tion (7). Inhaled hydrogen sulfide has been shown to be distributed to the brain, 
liver, kidneys, pancreas, and small intestine (16). It is metabolized mainly by the 
liver, the two routes being oxidation to sulfate and methylation to methanethiol 
and dimethyl sulfide (17). Sulfides and sulfates are rapidly excreted via the kid
neys in experimental animals, bur a small proportion of the sulfides may also be 
excreted via the lungs. Some metallic sulfides are excreted in the faeces ( 1). 
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13.17.5 Effects on laboratory animals and in vitro test systems 

Acute exposure 

Oral LD50 values of 205 and 208 mg/kg of body weight were reported in the 
mouse and rat, respectively, for sodium sulfide (Registry of Toxic Effects of 
Chemical Substances, 1989, unpublished data). 

Short-term exposure 

Dimethyl sulfide given daily at an oral dose of 250 mg/kg of body weight for 14 
weeks was found to produce no ill effects in rats. This dose is equivalent to a 
daily intake of 15 g by a 60-kg adult. However, hydrogen sulfide has been report
ed to be more toxic than dimethyl sulfide by a factor of 50 (18). 

Reproductive toxicity, embryotoxicity, and teratogenicity 

The ingestion of "thermal" mineral water containing 4-12 mg of hydrogen sul
fide per litre was embryotoxic in rats, whereas water containing 2-3 mgllitre had 
no effect. However, the significance of these findings is doubtful, as few ex
perimental details were published and the mineral water contained numerous 
other substances (19 ). No effects on pregnancy were seen other than a dose
dependent increase in delivery time in female rats exposed to 112 mgfm3 hydro
gen sulfide from day 6 of gestation until day 21 postpartum. In addition, no 
significant effects on the growth and development of pups were seen (20). 

Mutagenicity and related end-points 

Hydrogen sulfide was not mutagenic in Salmonella typhimurium strains TA97, 
TA98, or TAlOO, with or without metabolic activation (21 ). Chromosomal 
aberrations have been reported in the bone marrow of adult rats exposed to 
10 mgfm3 for 3-4 months (22). Hydrogen sulfide has been shown to increase 
the mutagenicity of hydrogen peroxide in S. typhimurium strain TA102 (23 ). 
This may be significant where hydrogen peroxide is employed as an oxidizing 
agent in water-treatment processes. 

Carcinogenicity 

In a study in which Charles River CD male and female rats were given 9 or 18 
mg of sodium sulfide per kg of body weight in water by gavage in either the pres
ence or absence of a 1 o/o thyroid extract at least twice a week for 78 weeks, no 
evidence of carcinogenicity was found. Because of the high mortality in all 
treated and control groups, the validity of the results is questionable (24). 
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13.17.6 Effects on humans 

No data are available on the oral toxicity of hydrogen sulfide. However, alkali sui
fides irritate mucous membranes and can cause nausea, vomiting, and epigastric 
pain following ingestion. The oral dose of sodium sulfide fatal to humans has 
been estimated at 10-15 g ( 1). 

When inhaled, hydrogen sulfide is highly acutely toxic to humans (25). Its 
rapid mode of action involves the formation of a complex with the iron(III) ion 
of the mitochondrial metalloenzyme cytochrome oxidase, thereby blocking oxi
dative metabolism ( 4, 25). Other enzymes reported to be inhibited by sulfides 
are succinate dehydrogenase, adenosinetriphosphatase, DOPA oxidase, carbonic 
anhydrase, dipeptidase, benzamidase, and some enzymes containing iron such as 
catalase and peroxidases ( 1). Reduction of disulfide bridges in proteins has been 
suggested as a mechanism whereby enzyme function could be altered (3 ). Irrita
tion of the eyes and respiratory tract can be observed at concentrations of 15-30 
mg/ m.3, and concentrations of 700-1400 mg/ m3 can cause unconsciousness and 
respiratory paralysis resulting in death (3). 

Few studies on prolonged exposure to low concentrations of hydrogen sul
fide have been undertaken. In one study, the reticulocytes of 17 workers engaged 
in wood-pulp production who were exposed to low levels of hydrogen sulfide and 
methylthiols were analysed (26). The activities of a number of enzymes involved 
in the haem biosynthetic pathway were inhibited, although the mechanism is un
clear. 

13.17.7 Conclusions 

The taste and odour threshold for hydrogen sulfide in water has been estimated 
to be as low as 0.05 mg/litre. Although oral toxicity data are lacking, it is unlike
ly that anyone could consume a harmful dose of hydrogen sulfide in drinking
water. Consequently, no health-based guideline value is proposed. However, 
hydrogen sulfide should not be detectable in drinking-water by taste or odour. 
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13.181ron 

13.18.1 General description 

Identity 

Iron is the second most abundant metal in the earth's crust, of which it accounts 
for about 5%. Elemental iron is rarely found in nature, as the iron ions Fe2+ and 
Fe3+ readily combine with oxygen- and sulfur-containing compounds to form 
oxides, hydroxides, carbonates, and sulfides. Iron is most commonly found in 
nature in the form of its oxides (1, 2). 

Physicochemical properties (3) 

Property 

Melting point 
Specific gravity 

Value 
1535 oc 
7.86 at 25 oc 
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Organoleptic properties 

Iron (as Fe2+) concentrations of 40 11g/litre can be detected by taste in distilled 
water. In a mineralized spring water with a total dissolved solids content of 
500 mg/litre, the taste threshold value was 0.12 mg/litre. In well-water, iron 
concentrations below 0.3 mg/litre were characterized as unnoticeable, whereas 
levels of 0.3-3 mg!litre were found acceptable (E. Dahi, personal communica
tion, 1991). 

In drinking-water supplies, iron(II) salts are unstable and are precipitated as 
insoluble iron(III) hydroxide, which settles out as a rust-coloured silt. Anaerobic 
groundwaters may contain iron(II) at concentrations of up to several milligrams 
per litre without discoloration or turbidity in the water when pumped directly 
from a well, although turbidity and colour may develop in piped systems at iron 
levels above 0.05-0.1 mg!litre. Staining of laundry and plumbing may occur at 
concentrations above 0.3 mg/litre (4). 

Iron also promotes undesirable bacterial growth ("iron bacteria") in water
works and distribution systems, resulting in the deposition of a slimy coating on 
the piping ( 4). 

Major uses 

Iron is used as constructional material, inter alia for drinking-water pipes. Iron 
oxides are used as pigments in paints and plastics. Other compounds are used as 
food colours and for the treatment of iron deficiency in humans. Various iron 
salts are used as coagulants in water treatment. 

Environmental fate 

Aeration of iron-containing layers in the soil can affect the quality of both 
groundwater and surface water if the groundwater table is lowered or nitrate 
leaching takes place. Dissolution of iron can occur as a result of oxidation and de
crease in pH. 

13.18.2 Analytical methods 

Iron in water can be determined by atomic absorption spectrometry (detection 
limit 1 11gllitre) or by colorimetric methods (detection limit 5 11gllitre) (5). 

13.18.3 Environmental levels and human exposure 

Air 

In remote areas, iron levels in air are about 50-90 ngfm3; at urban sites, levels are 
about 1.3 !lgfm3. Concentrations up to 12 11g/m3 have been reported in the 
vicinity of iron- and steel-producing plants ( 6). 

249 



GUIDELINES FOR DRINKING-WATER QUALITY 

Water 

The median iron concentration in rivers has been reported to be 0. 7 mg!litre. In 
anaerobic groundwater where iron is present in the form of iron(II), concentra
tions will usually be 0.5-10 mg/litre, but concentrations up to 50 mg/litre can 
sometimes be found (6). Concentrations of iron in drinking-water are normally 
less than 0.3 mg!litre but may be higher in countries where various iron salts are 
used as coagulating agents in water-treatment plants and where cast iron, steel, 
and galvanized iron pipes are used for water distribution. 

Food 

Iron occurs as a natural constituent in plants and animals. Liver, kidney, fish, and 
green vegetables contain 20-150 mg/kg, whereas red meats and egg yolks contain 
10-20 mg/kg. Rice and many fruits and vegetables have low iron contents (1-10 
mg/kg). 

Estimated total exposure and relative contribution of drinking-water 

Reported daily intakes of iron in food - the major source of exposure - range 
from 10 to 14 mg (7, 8). Drinking-water containing 0.3 mg/litre would contri
bute about 0.6 mg to the daily intake. Intake of iron from air is about 25 Jlg/day 
in urban areas. 

13.18.4 Kinetics and metabolism in humans 

Iron is an essential trace element in living organisms. The data in this section are 
derived from studies in humans only; laboratory animals are not acceptable mod
els because they have much higher intakes than humans and do not absorb iron 
compounds in the same way (6). 

Most iron is absorbed in the duodenum and upper jejunum (9). Absorption 
depends on the individual's iron status and is regulated so that excessive amounts 
of iron are not stored in the body (10 ). Total body iron in adult males and 
females is usually about 50 and 34-42 mg/kg of body weight, respectively (I 0). 
The largest fraction is present as haemoglobin, myoglobin, and haem-containing 
enzymes. The other major fraction is stored in the body as ferritin and haemo
siderin, mainly in the spleen, liver, bone marrow, and striated muscle (6). 

Daily losses of iron in adults are small (1 mg/day) and due mainly to cell ex
foliation. About two-thirds of this loss occurs from the gastrointestinal tract and 
most of the remainder from the skin. Iron losses in urine and sweat are negli
gible ( 11). In adult females, there is an additional iron loss of about 15-70 mg 
each month in menstrual blood (12). 
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13.18.5 Effects on laboratory animals and in vitro test systems 

Acute exposure 

Wide variations in toxicity have been reported for different iron salts and animal 
species. Oral LD50s for iron salts are about 300-600 mg/kg of body weight in the 
mouse and about 800-2000 mg/kg of body weight in the rat (13). The effects of 
toxic doses of iron include depression, rapid and shallow respiration, coma, con
vulsions, respiratory failure, and cardiac arrest. 

Reproductive toxicity, embryotoxicity, and teratogenicity 

Iron compounds were not teratogenic in the chicken embryo test (14). In a study 
of iron(II) sulfate and iron(III) sodium diphosphate in mice and rats, neither ma
ternal toxicity nor teratogenic effects were found (I 4, 15). In an eight-generation 
reproduction study in rats, iron oxide was not toxic at an estimated intake of 
25 mg of iron per day, and reproductive performance was better than expected 
(I 4, 15). In a five-generation study, iron dextran administered by intramuscular 
injection had no effect on litter size or growth (I 6). 

Mutagenicity and related end-points 

A number of iron(II) and iron(III) salts have been tested for mutagenicity 
in Saccharomyces cerevisiae strain D-4 and Salmonella typhimurium strains 
TA1535, TA1537, and TA1538, with and without metabolic activation. Iron(II) 
lactate, iron(III) diphosphate, iron(III) orthophosphate, and iron(III) sodium 
diphosphate were inactive in all systems used. Iron(II) sulfate was active in the 
suspension tests with activation. Iron(II) gluconate was mutagenic for indicator 
strain TA1538 in activation tests with primate liver preparations (14). Iron dex
tran did not induce chromosomal aberrations in human leukocyte cultures (I 7). 

Carcinogenicity 

Iron dextran complex repeatedly injected subcutaneously or intramuscularly was 
considered by IARC to be carcinogenic to animals (18). 

13.18.6 Effects on humans 

Iron is an essential element in human nutrition. Estimates of the minimum daily 
requirement for iron depend on age, sex, physiological status, and iron bioavaila
bility and range from about 10 to 50 mg/day (12). 

The average lethal dose of iron is 200-250 mg/kg of body weight, but death 
has occurred following the ingestion of doses as low as 40 mg/kg of body weight 
(6). Autopsies have shown haemorrhagic necrosis and sloughing of areas of mu-
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cosa in the stomach with extension into the submucosa. Chronic iron overload 
results primarily from a genetic disorder (haemochromatosis) characterized by in
creased iron absorption and from diseases that require frequent transfusions (1 0). 
Adults have often taken iron supplements for extended periods without del
eterious effects (10), and an intake of 0.4-1 mg/kg of body weight per day is 
unlikely to cause adverse effects in healthy persons (19). 

13.18. 7 Conclusions 

Anaerobic groundwaters may contain iron(II) at concentrations up to several 
milligrams per litre without discoloration or turbidity in the water when directly 
pumped from a well. Taste is not usually noticeable at iron concentrations below 
0.3 mg/litre, although turbidity and colour may develop in piped systems at lev
els above 0.05-0.1 mg/litre. Laundry and sanitary ware will stain at iron concen
trations above 0.3 mg/litre. 

Iron is an essential element in human nutrition. Estimates of the minimum 
daily requirement for iron depend on age, sex, physiological status, and iron bio
availability and range from about 10 to 50 mg/day. 

As a precaution against storage of excessive iron in the body, JECFA estab
lished a provisional maximum tolerable daily intake (PMTDI) in 1983 of 
0.8 mg/kg of body weight (14), which applies to iron from all sources except for 
iron oxides used as colouring agents, and iron supplements taken during preg
nancy and lactation or for specific clinical requirements. Allocation of 10% of 
this PMTDI to drinking-water gives a value of about 2 mg!litre, which does not 
present a hazard to health. The taste and appearance of drinking-water will usual
ly be affected below this level, although iron concentrations of 1-3 mg!litre can 
be acceptable for people drinking anaerobic well-water. 

No health-based guideline value for iron is proposed. 
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13.19 Lead 

13.19.1 General description 

Identity 

Lead is the commonest of the heavy elements, accounting for 13 mg/kg of the 
earth's crust. Several stable isotopes of lead exist in nature, including, in order of 
abundance, 208Pb, 206Pb, 207Pb, and l04Pb. 

Physicochemical properties 

Property 
Physical state 
Melting point 

Major uses 

Value 
Soft metal 
327 oc 

Lead is used in the production of lead acid batteries, solder, alloys, cable sheath
ing, pigments, rust inhibitors, ammunition, glazes, and plastic stabilizers (1 ). 
Tetraethyl and tetramethyl lead are important because of their extensive use as 
antiknock compounds in petrol, but their use for this purpose has been almost 
completely phased out in North America and western Europe, though not in 
eastern Europe or many developing countries. From a drinking-water perspec
tive, the almost universal use of lead compounds in plumbing fittings and as sol
der in water-distribution systems is important. Lead pipes may be used in older 
distribution systems and plumbing (2). 

13.19. 2 Analytical methods 

Atomic absorption spectrometry and anodic stripping voltammetry are the meth
ods most frequently used for determining the levels of lead in environmental and 
biological materials. Detection limits of less than 1 flg/litre can be achieved by 
means of atomic absorption spectrometry (3 ). Because corrosion of plumbing 
systems is an important source of excessive lead in drinking-water, lead levels in 
water should be measured at the tap, rather than at the drinking-water source, 
when estimating human exposure. 

13.19.3 Environmental levels and human exposure 

Air 

Concentrations of lead in air depend on a number of factors, including proximi
ty to roads and point sources. Annual geometric mean concentrations measured 
at more than 100 stations across Canada declined steadily from 0.74 Jlgfm3 in 
1973 to 0.10 Jlgfm3 in 1989 (4, 5), reflecting the decrease in the use oflead ad-
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ditives in petrol. Typical quarterly averages for urban areas without significant 
point sources in the USA in 1987 were in the range 0.1-0.3 flgfm:3; in the vicini
ty of major point sources, such as lead smelters and battery plants, air levels typi
cally ranged from 0.3 to 4.0 flgfm3 (6). Levels at three locations in Barcelona 
(Spain) during the winter of 1985 ranged from 0.9 to 2.5 flgfm3 (7), presumably 
reflecting heavy use of leaded petrol. The overall means in London and in a rural 
area of Suffolk in 1984-85 were 0.50 flgfm3 (range 0.23-0.82) and 0.10 flg/m3 
(range 0.05-0.17), respectively (B). Levels oflead in 1983 in the Norwegian Arc
tic, an area remote from urban influences, varied between 0.1-0.3 and 0.3-9.0 
ngfm3 (9). 

If an average concentration in air of 0.2 f1gfm3 is assumed, the intake oflead 
from air can be calculated to range from 0.5 flg/day for an infant to 4 flg/day for 
an adult. 

Water 

With the decline in atmospheric emissions of lead since the introduction of legis
lation restricting its use in fuels, water has assumed new importance as the largest 
controllable source oflead exposure in the USA (10). 

Lead is present in tapwater to some extent as a result of its dissolution from 
natural sources but primarily from household plumbing systems in which the 
pipes, solder, fittings, or service connections to homes contain lead. PVC pipes 
also contain lead compounds that can be leached from them and result in high 
lead concentrations in drinking-water. The amount of lead dissolved from the 
plumbing system depends on several factors, including the presence of chloride 
and dissolved oxygen, pH, temperature, water hardness, and standing time of the 
water, soft, acidic water being the most highly plumbosolvent (11, 12). Although 
lead can be leached from lead piping indefinitely, it appears that the leaching of 
lead from soldered joints and brass taps decreases with time (I 0). Soldered con
nections in recently built homes fitted with copper piping can release enough 
lead (210-390 flg/litre) to cause intoxication in children (13). The level of lead 
in drinking-water may be reduced by corrosion-control measures such as the ad
dition of lime and the adjustment of the pH in the distribution system from < 7 
to 8-9 (14,15). 

In 1988, it was estimated that a lead level of 5 flg/litre was exceeded in only 
1.1 o/o of public water-distribution systems in the USA (I 6). A more recent re
view of lead levels in drinking-water in the USA found the geometric mean to be 
2.8 flg!litre (10). The median level oflead in drinking-water samples collected in 
five Canadian cities was 2.0 flg/litre (17). A recent study in Ontario (Canada) 
found that the average concentration of lead in water actually consumed over a 
one-week sampling period was in the range 1.1-30.7 flg/litre, with a median lev
el of 4.8 flg!litre (IS). In the United Kingdom in 1975-76, there was virtually 
no lead in the drinking-water in two-thirds of households, but in 1 Oo/o of homes 
in England and 33% in Scotland levels were above 50 flg/litre (2). In Glasgow 
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(Scotland), where the water was known to be plumbosolvent, the lead concentra
tion in about 40% of the samples exceeded 100 rg/litre (19). 

If a concentration of 5 rgllitre in drinking-water is assumed, the total intake 
oflead from this source can be calculated to range from 3.8 rglday for an infant 
to 10 rg/day for an adult. 

Food 

Prepared food contains small but significant amounts of lead. The lead content is 
increased when the water used for cooking or the cooking utensils contain lead, 
or the food, especially if acidic, has been stored in lead-ceramic pottery ware or 
lead-soldered cans. The intake of lead from lead-soldered cans is declining as the 
use of lead-free solders becomes more widespread in the food processing industry 
(2, 20). 

A number of estimates based on figures for per capita consumption have 
been made of the daily dietary lead intake, e.g. 27 rg/day in Sweden (21 ); 
66 rg/day in Finland (22); and 23 rg/day for a 2-year-old in the USA (23). Esti
mates obtained from duplicate diet studies are in the same range and include a 
mean dietary intake for all food and drink of about 40 rg/ day for mothers and 
30 rg/day for children aged 5-7 years in England (B) and 53.8 rg/day (0.8 rg/kg 
of body weight per day) for the intake of lead from food for adolescents and 
adults in Canada (17). Lead intakes for adults were 90 rg/day in Belgium, 24 
rg/day in Sweden, and 177 rg/day in Mexico, based on faecal monitoring oflead 
(24). In some countries, dietary intakes as high as 500 rg/day have been reported 
(20). The regular consumption of wine can also result in a significant increase in 
lead intake; an average level of 73 rgllitre has been reported (25). 

Other routes of exposure 

Soil and household dust are significant sources of lead exposure for small chil
dren (6, 26, 27), but the levels are highly variable, ranging from< 5 rg/g to tens 
of milligrams per gram in contaminated areas. As lead is immobile, levels in con
taminated soils will remain essentially unchanged unless action is taken to decon
taminate them (28). The highest lead concentrations usually occur in surface soil 
at depths of 1-5 cm. 

In a 2-year study in England during 1984 and 1985, the geometric mean 
concentrations of lead in road dust collected in the vicinity of two London 
schools and in a rural area were 1552-1881 and 83-144 rglg, respectively. For 
household dusts in London and in a rural area of Suffolk for 3 consecutive years 
(1983-85) the geometric mean concentrations were 857 and 333 rg/g, respec
tively (8). Household dust concentrations were 332 rglg in an Edinburgh study 
(29) and 424 rglg in one in Birmingham (30). 

The amount of soil ingested by children aged 1-3 years is about 40-55 
mg/day (27, 31, 32). A comprehensive study of a group of2-year-old urban chil-
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dren indicated an intake of!ead from dust of 42 rg/day, almost twice the dietary 
lead intake (30). Studies in inner-city areas in the USA have shown that peeling 
paint or dust originating from leaded paint during removal may contribute sig
nificantly to children's exposure to lead (33). 

Estimated total exposure and relative contribution of drinking-water 

More than 80% of the daily intake of lead is derived from the ingestion of food, 
dirt, and dust. At 5 rg/litre, the average daily intake of lead from water forms a 
relatively small proportion of the total daily intake for children and adults but a 
significant one for bottle-fed infants. Such estimates have a wide margin of error, 
as it is not known to what extent the general public flushes the system before us
ing tapwater; in addition, the stagnation time (and hence the lead level) is highly 
variable (1 0). The contribution of ingested dust and dirt to the total intake is 
known to vary with age, peaking around 2 years (32). 

13.19.4 Kinetics and metabolism in laboratory animals and 
humans 

Adults absorb approximately lOo/o of the lead contained in food (6), but young 
children absorb 4-5 times as much (34, 35); the gastrointestinal absorption of 
lead from ingested soil and dust by children has been estimated to be close to 
30% (26). Absorption is increased when the dietary intakes of iron or calcium 
and phosphorus are low (36--38). Iron status is particularly important, as chil
dren from disadvantaged homes are more likely to suffer from anaemia, further 
increasing their absorption of lead (39). 

The principal vehicle for the transport of lead from the intestine to the vari
ous body tissues is the red blood cell ( 40), in which lead is bound primarily to 
haemoglobin and has a special affinity for the beta, delta and, in particular, fetal 
gamma chains ( 41). Following its absorption, lead appears both in a soft tissue 
pool consisting of the blood, liver, lungs, spleen, kidneys, and bone marrow, 
which is rapidly turned over, and in a more slowly turned over skeletal pool. The 
half-life of lead in blood and soft tissues is about 36-40 days for adults ( 42), so 
that blood lead concentrations reflect only the intake of the previous 3-5 weeks. 
In the skeletal pool, the half-life of lead is approximately 17-27 years ( 42, 43). In 
adults, some 80-95% of the total body burden oflead is found in the skeleton, as 
compared with about 73% in children ( 44, 45). The biological half-life of lead 
may be considerably longer in children than in adults ( 46). Under conditions of 
extended chronic exposure, a steady-state distribution of lead between various or
gans and systems usually exists ( 6), and the blood lead concentration can there
fore be used as a reasonably good indicator of exposure from all sources ( 47); the 
relationship between them is generally thought to be curvilinear in character 
(2, 19). 
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Placental transfer of lead occurs in humans as early as week 12 of gestation, 
and uptake of lead by the fetus continues throughout development ( 48 ). The 
concentration of lead in umbilical cord blood is 80-100% of the maternal blood 
lead level; the same applies to blood lead in the fetus (49-52). 

Inorganic lead is not metabolized in the body. Unabsorbed dietary lead is 
eliminated in the faeces, and lead that is absorbed but not retained is excreted un
changed via the kidneys or through the biliary tract (53). Metabolic balance 
studies in infants and young children indicated that, at intakes greater than 
5 ~g/kg of body weight per day, net retention of lead averaged 32% of intake, 
whereas retention was negative (i.e. excretion exceeded intake) at intakes less 
than 4 ~g/kg of body weight per day (35). No increases in blood lead were ob
served in infants with low exposure to other sources of lead and mean dietary in
takes of 3-4 ~g/kg of body weight per day (54), thus confirming the metabolic 
data. 

13.19.5 Effects on laboratory animals and in vitro test systems 

Neurological effects 

Research on young primates has demonstrated that exposure to lead results in 
significant behavioural and cognitive deficits, e.g. impairment of activity, atten
tion, adaptability, learning ability, and memory, as well as increased distractibili
ty. Such effects have been observed following postnatal exposure of monkeys to 
lead for 29 weeks in amounts resulting in blood lead levels ranging from 10.9 to 
33 ~g/dl (55). These effects persisted into early adulthood, even after levels in 
the blood had returned to 11-13 ~g/dl, and were maintained for the following 
8-9 years (56). Studies on small groups of monkeys dosed continuously from 
birth onwards with 50 or 100 ~g/kg of body weight per day showed that at 7-8 
years of age there were still significant deficits in both short-term memory and 
spatial learning (57). 

Reproductive toxicity, embryotoxicity, and teratogenicity 

Effects on sperm counts and on the testicles (testicular atrophy) in male rats and 
on estrous cycles in female rats have been observed at blood lead levels above 
30 ~g/1 00 m! (58, 59). 

Mutagenicity and related end-points 

Results of studies on the genotoxicity of lead are conflicting (54, 60-62 ), but 
most suggest that some lead salts are genotoxic. Lead chloride, ethanoate, oxide, 
and tetroxide were inactive in mutagenicity tests on a number of prokaryotes and 
fungi, including Salmonella typhimurium and Saccharomyces cerevisiae. In vitro 
tests on human cells were positive for chromosomal damage in one case and 
negative in two others. In viz'o short-term tests on mice, rats, cattle, and monkeys 
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were positive in three cases (dominant lethal test and chromosome damage to 
bone marrow cells) but negative in five others (60, 61). 

Carcinogenicity 

Renal tumours have been induced in rats, mice, and hamsters exposed orally to 
high levels of lead ethanoate, subacetate, or phosphate in the diet. In one study, 
5, 18, 62, 141, 500, 1000, or 2000 mg of lead per kg of diet (about 0.3, 0.9, 3, 7, 
27, 56, and 105 mg/kg of body weight per day) were fed to rats for 2 years. Renal 
tumours (mostly tubular epithelial adenomas) developed in male rats at 500, 
1000, and 2000 mg/kg, but only at 2000 mg/kg in female rats (53, 62, 63). 

13.19.6 Effects on humans 

Lead is a cumulative general poison, infants, children up to 6 years of age, the 
fetus, and pregnant women being the most susceptible to adverse health effects. 
Its effects on the central nervous system can be particularly serious. 

Acute and long-term exposure 

Overt signs of acute intoxication include dullness, restlessness, irritability, poor 
attention span, headaches, muscle tremor, abdominal cramps, kidney damage, 
hallucinations, and loss of memory, encephalopathy occurring at blood lead lev
els of 100-120 11g/ dl in adults and 80-100 11g/ dl in children. Signs of chronic 
lead toxicity, including tiredness, sleeplessness, irritability, headaches, joint pains, 
and gastrointestinal symptoms, may appear in adults at blood lead levels of 
50-80 11g/dl. Mter 1-2 years of exposure, muscle weakness, gastrointestinal 
symptoms, lower scores on psychometric tests, disturbances in mood, and symp
toms of peripheral neuropathy were observed in occupationally exposed popula
tions at blood lead levels of 40-60 11g/ dl ( 6). 

Renal disease has long been associated with lead poisoning; however, chronic 
nephropathy in adults and children has not been detected below blood lead levels 
of 40 11g/ dl ( 64, 65). Damage to the kidneys includes acute proximal tubular 
dysfunction and is characterized by the appearance of prominent inclusion bod
ies of a lead-protein complex in the proximal tubular epithelial cells at blood lead 
concentrations of 40-80 flg/ dl ( 66). 

There are indications of increased hypertension at blood lead levels greater 
than 37 11g/dl (67). A significant association has been established, without evi
dence of a threshold, between blood lead levels in the range 7-34 11g/ dl and high 
diastolic blood pressure in people aged 21-55, based on data from the second US 
National Health and Nutrition Examination Survey (NHANES II) (68, 69). 
The significance of these results has been questioned (70). 

Lead interferes with the activity of several of the major enzymes involved in 
the biosynthesis of haem (6). The only clinically well-defined symptom associat-
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ed with the inhibition of haem biosynthesis is anaemia ( 40), which occurs only 
at blood lead levels in excess of 40 )lg/dl in children and 50 )lgldl in adults (71). 
Lead-induced anaemia is the result of two separate processes: the inhibition of 
haem synthesis and an acceleration of erythrocyte destruction ( 40). Enzymes in
volved in the synthesis of haem include 0-aminolaevulinate synthetase (whose ac
tivity is indirectly induced by feedback inhibition, resulting in accumulation of 
0-aminolaevulinate, a neurotoxin) and 0-aminolaevulinic acid dehydratase (0-
ALAD), coproporphyrinogen oxidase, and ferrochelatase, all of whose acitivities 
are inhibited ( 6, 40) . The activity of 0-ALAD is a good predictor of exposure at 
both environmental and industrial levels, and inhibition of its activity in children 
has been noted at a blood lead level as low as 5 )lg/ dl ( 72); however, no adverse 
health effects are associated with its inhibition at this level. 

Inhibition of ferrochelatase by lead results in an accumulation of erythrocyte 
protoporphyrin (EP), which indicates mitochondrial injury ( 47). NOAELs for 
increases in EP levels in infants and children exist at about 15-17 )lg/ dl (73---75). 
In adults, the NOAEL for increases in EP levels ranged from 25 to 30 )lgldl (76); 
for females alone, the NOAEL ranged from 20 to 25 )lg/dl, which is closer to 
that observed for children (74, 77, 78). Changes in growth patterns in infants 
younger than 42 months of age have been associated with increased levels of EP; 
persistent increases in levels led initially to a rapid gain in weight but subsequent
ly to a retardation of growth (79). An analysis of the NHANES II data showed a 
highly significant negative correlation between the stature of children aged 7 
years and younger and blood lead levels in the range 5-35 )lg/dl (80). 

Lead has also been shown to interfere with calcium metabolism, both direct
ly and by interfering with the haem-mediated generation of the vitamin D pre
cursor 1,25-dihydroxycholecalciferol. A significant decrease in the level of 
circulating 1 ,25-dihydroxycholecalciferol has been demonstrated in children 
whose blood lead levels were in the range 12-120 )lg/dl, with no evidence of a 
threshold (81,82). Tissue lead content is increased in calcium-deficient persons, 
a fact that assumes great importance in the light of the increased sensitivity to 
lead exposure that could result from the calcium-deficient status of pregnant 
women. It has also been demonstrated that interactions between calcium and 
lead were responsible for a significant portion of the variance in the scores on 
general intelligence ratings, and that calcium influenced the deleterious effect of 
lead ( 83). The regulatory enzyme brain protein, kinase C, is stimulated in vitro 
by picomolar lead concentrations (an effect similar to that produced by micro
molar calcium concentrations), levels that could be expected from environmental 
exposure ( 84). 

Several lines of evidence demonstrate that both the central and peripheral 
nervous systems are the principal targets for lead toxicity. The effects include sub
encephalopathic neurological and behavioural effects in adults, and there is also 
electrophysiological evidence of effects on the nervous system of children at 
blood lead levels well below 30 )lg/ dl. Aberrant electroencephalograph readings 
were significantly correlated with blood levels down to 15 )lgldl (85, 86). Sig-
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nificant reductions in maximal motor nerve conduction velocity (MNCV) have 
been observed in children aged 5-9 years living near a smelter, with a threshold 
occurring at a blood lead level around 20 j.lg/dl; a 2% decrease in the MNCV was 
seen for every 10 j.lg/dl increase in the blood lead level (87). The auditory nerve 
may be a target for lead toxicity, in view of reports of reduced hearing acuity in 
children (88). In the NHANES II survey in the USA, the association with blood 
lead was highly significant at all levels from 5 to 45 j.lg/ dl for children 4-19 years 
old, with a 10-20% increased likelihood of an elevated hearing threshold for per
sons with a blood lead level of 20 j.lg/dl as compared with 4 j.lg/dl (89 ). The 
NHANES II data also showed that blood lead levels were significantly associated 
with the age at which infants first sat up, walked, and started to speak. Although 
no threshold existed for the age at which the child first walked, thresholds existed 
at the 29th and 28th percentile of lead rank for the age at which the child sat up 
and spoke, respectively (89). 

Reproductive effects 

Gonadal dysfunction in men, including depressed sperm counts, has been asso
ciated with blood lead levels of 40-50 j.lg/dl (90-93). Reproductive dysfunction 
may also occur in females occupationally exposed to lead ( 6, 61). 

Epidemiological studies have shown that exposure of pregnant women to 
lead increases the risk of preterm delivery. In a study of 77 4 pregnant women in 
Port Pirie who were followed to the completion of their pregnancy, the relative 
risk of preterm delivery was more than four times higher among women with 
blood lead levels above 14 j.lg/dl than in those with 8 j.lg or less per dl (94). 

Elevated cord blood lead levels were associated with minor malformations, 
such as angiomas, syndactylism, and hydrocele, in about 1 Oo/o of all babies. The 
relative risk of malformation doubled at blood lead levels of about 7-10 j.lg/ dl, 
and the incidence of any defect increased with increasing cord lead levels over the 
range 0.7-35.1 ].lg/dl (95). 

Mutagenicity 

Cytogenetic studies in humans exposed to lead (blood lead levels> 40 j.lg!dl) have 
given conflicting results; chromatid and chromosomal aberrations, breaks, and 
gaps were reported in 9 of 16 studies but not in the remainder ( 60, 61). 

Carcinogenicity 

The carcinogenicity of lead in humans has been examined in several epidemio
logical studies, which either have been negative or have shown only very small 
excess mortalities from cancers. In most of these studies, there were either con
current exposures to other carcinogenic agents or other confounding factors such 
as smoking that were not considered (60, 61 ). A study on 700 smelter workers 
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(mean blood level 79.7 jlg/litre) and battery factory workers (mean blood level 
62.7 ]lgllitre) indicated an excess of deaths from cancer of the digestive and res
piratory systems (96), the significance of which has been debated (97, 98). There 
was also a nonsignificant increase in urinary tract tumours in production work
ers. In a study on lead smelter workers in Australia, no significant increase in can
cers was seen, but there was a substantial excess of deaths from chronic renal 
disease (99). IARC considers that the overall evidence for carcinogenicity in hu
mans is inadequate (60). 

Neurological effects in infants and children 

A number of cross-sectional and longitudinal epidemiological studies have been 
designed to investigate the possible detrimental effects that exposure of young 
children to lead might have on their intellectual abilities and behaviour. These 
studies have been concerned with documenting effects arising from exposure to 
"low" levels of lead (i.e. blood lead< 40 ]lgldl), at which overt clinical symptoms 
are absent. Several factors affect the validity of the conclusions drawn from them 
(1 00), including the statistical power of the study, the effect of bias in the selec
tion of study and control populations, the choice of parameter used to evaluate 
lead exposure, the temporal relationship between exposure measurement and 
psychological evaluations, the extent to which the neurological and behavioural 
tests used can be quantified accurately and reproducibly, which confounding co
variates are included in any multiple regression analysis, and the effect of various 
nutritional and dietary factors, such as iron and calcium intake (39). 

Cross-sectional studies 

A number of cross-sectional studies have been carried out in which many of the 
above factors were taken into account. In one such study in the USA, a group of 
58 children aged 6-7 years with "high" dentine lead levels (corresponding to a 
blood lead level of approximately 30-50 ]lgldl) performed significantly less well 
than 100 children from a "low" lead group (mean blood lead level24 ]lgldl). The 
children's performance was measured using the Wechsler intelligence test in addi
tion to other visual and auditory tests and teachers' behavioural ratings (101 ). 
There was a significant difference of 4 points and a uniform downward shift in 
IQ scores. Although this study found that a child in the group with "high" den
tine lead was three times more likely to have an IQ of 80 or lower than one in the 
"low" lead group, it was claimed in a 1986 review that the effect was statistically 
significant only for children with the highest lead levels in dentine (blood lead 
>40 jlg/dl) (6). 

A similar study in which lead in dentine was used as the indicator of expo
sure was carried out on a cohort of 400 children in the United Kingdom (102). 
There were several consistent but nonsignificant differences between the high
and low-lead groups similar to those observed in the American study, including 
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IQ decrements of about 2 points and poorer scores in behaviour indices. In the 
British study, mean blood lead levels in the "high" exposure group (15.1 Jlg!dl) 
were lower than the mean of the "low" group (24 Jlg!dl) in the American study, 
which may explain why the results lacked statistical significance. The results of 
studies on children in Germany (I 0~ 105) were similar to those of the British 
study, in that the effect of lead on behaviour was only of borderline significance. 

In another study (I 06) involving 500 Edinburgh schoolchildren aged 6-9 
years, a small (up to 5 points in the British Ability Scales) but significant negative 
relationship was found between blood lead levels and intelligence scores, reading 
skills, and number skills. There was a dose-response relationship in the range 
5.6-22.1 Jlg!dl. The effect oflead was small compared with that of several of the 
other 33 variables considered. A series of studies (107-109) on about 800 chil
dren in the United Kingdom with blood lead levels between 4 and 32 Jlg/dl failed 
to find any significant associations between lead and indices of intelligence and 
behaviour after socioeconomic and family characteristics were taken into ac
count. It was suggested that lead might have a noticeable effect only when other 
factors predisposing to social disadvantage (particularly low socioeconomic status 
or poor home environment) are present (108-110). 

In a cross-sectional study in Lavrion (Greece) involving 509 primary school
children living near a lead smelter, blood lead levels between 7.4 and 63.9 Jlg!dl 
(mean 23.7 Jlg!dl) were recorded (I 11). When the IQ was measured by means of 
the revised Wechsler Intelligence Scale for Children and due account taken of 17 
potential confounders, a significant association was found between blood lead 
levels and IQ, with a threshold at about 25 Jlg!dl. Attentional performance was 
also associated with blood lead levels in two different tests, but no threshold level 
was found. This study was part of a multicentre collaborative international study 
on schoolchildren sponsored by WHO and the Commission of the European 
Communities (I 12). A more or less uniform protocol was used, and quality assu
rance procedures were applied to the exposure analyses. The most consistent as
sociations were for visual-motor integration as measured by the Bender Gestalt 
test and for reaction performance as measured by the Vienna Reaction Device. 
The results of many of the remaining tests were inconsistent. The degree of asso
ciation between lead exposure and outcome was very weak (<0.8%), even in the 
statistically significant cases. 

The cross-sectional studies are, on balance, consistent in demonstrating sta
tistically significant associations between blood lead levels of 30 Jlg/dl or more 
and IQ deficits of about 4 points. Although there were associations between low
er blood lead levels and IQ deficits of about 2 points, these were only marginally 
statistically significant, except in the Edinburgh study. It is particularly difficult 
to determine minimum levels above which significant effects occur. 
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Longitudinal studies 

Longitudinal studies have the advantage as compared with cross-sectional studies 
that more precise estimates of exposure can be made; in addition, the reversibility 
of the effects and the temporal sequence of causality can be investigated. How
ever, such studies also have certain disadvantages: for example, repeated psycho
metric testing may lead to artefactual results, and there may also be problems of 
bias associated with attrition within the study population. 

The possible relationship between low-level lead exposure during the fetal 
period and in early childhood and later effects on infant and child development 
has been investigated in at least six prospective studies, in the USA (Boston, Cin
cinnati, and Cleveland), Australia (Port Pirie, Sydney), and Scotland (Glasgow). 
Broadly similar methodologies were used in all the studies to facilitate compari
sons. The Bayley Scales oflnfant Development or subsets of this test were used to 
evaluate early cognitive development in verbal and performance skills in infants 
and young children, whereas the McCarthy Scales of Children's Abilities 
(MSCA) were used in most studies on older children. In all the studies, except 
that in Glasgow, the average maternal and cord blood lead concentrations were 
less than 10 rg/dl (range 6.0-9.5 rgldl). 

In the Boston Lead Study, three groups of infants and young children were 
classified according to umbilical cord blood lead concentrations, the levels in the 
low-, middle-, and high-lead groups being< 3, 6-7, and 10-25 rg/dl (mean 14.6 
rg/dl), respectively. Children were tested twice a year from age 6 months to al
most 5 years (I 13, 114). After controlling for 12 potential confounders, a signif
icant inverse relationship was demonstrated between fetal exposure, measured as 
lead levels in cord blood, and mental development at age 2, as measured by the 
Bayley Mental Development Index (MDI). There was no significant correlation 
with the children's current blood lead levels, all of which were less than 8.8 rg/dl. 
However, the results of testing at almost 5 years, using the McCarthy Scales, 
showed an attenuation of this association. At 57 months, only the association be
tween intelligence scores and blood lead 3 years previously, at age 2, remained 
significant after controlling for confounding variables (I 14). 

In a longitudinal study involving 305 pregnant women in Cincinnati (I 15), 
an inverse relationship was found between either prenatal or neonatal blood lead 
levels and performance in terms both of the Bayley Psychomotor Development 
Index (PDI) and the Bayley MDI at the ages of 3 and 6 months for both male 
infants and infants from the poorest families. The mean blood lead levels for neo
nates and their mothers were 4.6 and 8.2 rg/dl, respectively, and all blood lead 
levels were below 30 rg/ dl. Multiple regression analysis for boys only showed that, 
for every increment of 1 rg/dl in the prenatal blood lead level, the covariate
adjusted Bayley MDI at 6 months of age decreased by 0.84 points. The inverse re
lationship between MDI and prenatal blood lead disappeared at age 1, because it 
was accounted for, and mediated through, the effect of lead on birth weight; how
ever, the Bayley PDI was still significantly related to maternal blood lead (I 16). 
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In a prospective study of design similar to that of the Boston study, under
taken at Port Pirie, a lead smelter town in Australia, 537 children were studied 
from birth to 4 years (1 17). The cohort was divided into four groups on the 
basis of maternal and umbilical blood lead, which ranged from a geometric mean 
of 0.21 to 0.72 )lmol/litre (4.3-14.9 )lg/dl). The mean blood lead level varied 
from 9.1 )lgl dl at mid-pregnancy to 21.3 and 19 )lgl dl at 2 and 4 years, respec
tively. The integrated postnatal average blood lead level was 19.1 )lgl dl. At 6, 15, 
24, and 36 months, the developmental status of the child was assessed by means 
of the Bayley MDI; the MSCA were used at 4 years. At each age, a consistent but 
weak inverse relationship was found between concurrent postnatal blood lead 
levels and MSCA scores; no allowance was made for possible confounding fac
tors. No such relationship was found for perinatal blood lead. After 18 covariates 
considered to be potential confounders were incorporated in the multivariate 
analysis, the integrated blood lead level showed the strongest inverse relation 
with the General Cognitive Index (GCI) score (a subset of the McCarthy Scales) 
at age 4 years, which suggests that the detrimental effect of lead on child develop
ment is cumulative during early childhood. Repeated analysis restricted to chil
dren whose blood lead levels were below 25 )lgldl showed that the inverse 
relationship with the GCI score was as strong for this group as for the cohort as a 
whole, thus demonstrating the absence of a clear threshold below which a detri
mental effect of lead on child development does not occur. 

A number of prospective studies have failed to show any consistent associa
tion between mental development and blood lead, either during the perinatal 
period or in early childhood. In a study carried out on extremely socially disad
vantaged mothers and infants in Cleveland, Ohio (USA), no relationship was 
found between blood lead at any time and language development, MDI, or the 
results of the Stanford-Binet IQ test at age 3 years, after confounding factors, the 
most important of which was the care-giving environment, were taken into 
account. In this cohort, half the mothers had alcohol-related problems, and the 
average maternal IQ was 79 (1 18). In a second Australian study carried out in 
Sydney on a relatively prosperous population of 318 mothers and children, no as
sociation was found between blood lead in the mother or the child at any age and 
mental or motor deficits at age 4 years, after account was taken of six covariates, 
including the HOME score (a measure of the care-giving environment) (1 19). A 
third negative study was that carried out in Glasgow (Scotland), where the pri
mary exposure was to high lead levels in water which were dramatically reduced 
by corrosion-control measures shortly after the children were born. The cohort 
was divided into high, medium, and low groups, on the basis of maternal blood 
lead, with means of33.1, 17.7, and 7.0 )lg/dl, respectively. Although the expec
ted decrements in scores in the Bayley MDI and PDI were observed at ages 1 and 
2 years as lead exposure increased, they could be better accounted for by birth 
weight, home environment, and socioeconomic status, as shown by stepwise 
multiple regression analysis (120). 
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The results of the prospective studies have been somewhat disappointing be
cause of the inconsistency between studies. It appears that prenatal exposure may 
have early effects on mental development, but that these do not persist up to age 
4, at least not as shown by the tests so far used. There are indications that these 
early effects may be mediated through birth weight or other factors. Several stud
ies have indicated that the generally higher exposures of children in the 18-36-
month age range may be negatively associated with mental development, but 
this, too, has not been confirmed by other studies. 

13.19. 7 Guideline value 

The evidence for the carcinogenicity oflead in humans is inconclusive because of 
the limited number of studies, the small cohort sizes, and the failure to take ade
quate account of potential confounding variables. However, an association has 
been demonstrated experimentally between the ingestion of lead salts and 
renal tumours. Lead and inorganic lead compounds have therefore been placed in 
Group 2B of the IARC classification, namely possible human carcinogen (evi
dence inadequate in humans, sufficient in animals) (60). 

As there is evidence from human studies that adverse effects other than can
cer may occur at very low lead levels, and that a guideline thus derived would 
also be protective for carcinogenic effects, it is considered appropriate to derive 
the guideline using the TDI approach. 

In 1986, JECFA established a provisional tolerable weekly intake (PTWI) of 
25 )lg of lead per kg of body weight (equivalent to 3.5 )lgfkg of body weight per 
day) for infants and children which took account of the fact that lead is a cumu
lative poison so that any increase in the body burden of lead should be avoided 
(71). The PTWI was based on metabolic studies in infants (35, 54) showing that 
a mean daily intake of 3-4 )lgfkg of body weight was not associated with an in
crease in blood lead levels or in the body burden of lead, whereas an intake of 
5 )lg/kg of body weight or more resulted in lead retention. This PTWI was re
confirmed by JECFA in 1993 and extended to all age groups (121). 

On the assumption of a 50% allocation to drinking-water for a 5-kg bottle
fed infant consuming 0.75 litres of drinking-water per day, the guideline value is 
0.01 mg/litre. As infants are considered to be the most sensitive subgroup of the 
population, this guideline value will also be protective for other age groups. 

Lead is exceptional in that most lead in drinking-water arises from plumbing 
in buildings and the remedy consists principally of removing plumbing and 
fittings containing it. This requires time and money, and it is recognized that not 
all water will meet the guideline immediately. Meanwhile, all other practical 
measures to reduce total exposure to lead, including corrosion control, should be 
implemented. 
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13.20 Manganese 

13.20.1 General description 

Identity 

Compound 
Manganese 
Manganese(II) chloride 
Trimanganese tetroxide 
Manganese dioxide 
Potassium permanganate 

CAS no. 
7439-96-5 
7773-01-5 
1317-35-7 
1313-13-9 
7722-64-7 

Molecular formula 
Mn 
MnC12 
Mn30 4 
Mn02 
KMn04 

Manganese, one of the more abundant metals in the earth's crust, usually occurs 
together with iron. The most environmentally important manganese compounds 
are those that contain Mn2+, Mn4+, and Mn7+ (1). 

Physicochemical properties (1) 

Property 
Melting point (0 C) 
Boiling point (°C) 
Density (g/cm3) 
Water solubility 
(g!litre) 

Mn 
1244 
1962 
7.20 
Insoluble 

Organoleptic properties 

MnCl2 
650 
1190 
2.97 
723 

4.86 
Insoluble 

5.03 
Insoluble 

2.70 
63.8 

At concentrations exceeding 0.1 mg!litre, the manganese ion imparts an undesir
able taste to beverages and stains plumbing fixtures and laundry (2). When man
ganese(II) compounds in solution undergo oxidation, manganese is precipitated, 
resulting in encrustation problems. Even at about 0.02 mg/litre, manganese will 
form coatings on piping that may later slough off as a black precipitate (3). In 
addition, certain nuisance organisms concentrate manganese and give rise to 
taste, odour, and turbidity problems in distributed water (2, 4). 

Major uses 

Manganese is used principally in the manufacture of iron, steel, and other alloys. 
Manganese dioxide and other manganese compounds are used in products such 
as batteries, glass, and fireworks. Potassium permanganate is used as an oxidant 
for cleaning, bleaching, and disinfection purposes (5). 
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Environmental fate 

Elemental and inorganic forms of manganese may be present in the atmosphere 
as suspended particulates ( 6). In surface waters, manganese occurs in both dis
solved and suspended forms. Anaerobic groundwater often contains elevated lev
els of dissolved manganese. The divalent form predominates in most water at pH 
4-7, but more highly oxidized forms may occur at higher pH values or result 
from microbial oxidation (5). Manganese can be adsorbed onto soil to an extent 
depending on the organic content and cation exchange capacity of the latter. It 
can bioaccumulate in lower but not higher organisms, so that biomagnification 
in food-chains is not significant (I). 

13.20.2 Analytical methods 

Atomic absorption spectrophotometry is used for determining manganese con
centrations in microlitre samples (7). Inductively coupled argon-plasma optical 
emission spectrometry has a detection limit of around 2 )lg/litre for manganese 
(B). Calorimetric methods are also used in water analysis and have detection 
limits of about 10 J.Ig!litre (9). 

13.20.3 Environmental levels and human exposure 

Air 

Concentrations of manganese average 5 ngfm3 in the ambient air of nonindustri
alized areas and up to 33 ngfm3 in industrialized areas. Source-dominated air lev
els may reach 0.13 rgfm3 or above (5). 

Water 

Manganese concentrations in lakes and rivers around the world range from 0.001 
to about 0.6 mgllitre (6). 1 Higher levels in aerobic waters are usually associated 
with industrial pollution. Reducing conditions in groundwater and some lakes 
and reservoirs are conducive to high levels: up to 1.3 mg/litre in neutral water 
and 9.6 mg/litre in acidic water (5). In the USA, in a number of public drinking
water surveys, mean manganese levels ranging from 0.004 to 0.03 mg/litre were 
reported (I, 5). In Germany, the drinking-water supplied to 90% of all house
holds contained less than 0.02 mg of manganese per litre (10). 

Food 

Manganese was found in dairy products at levels of 0.02-0.5 mg/kg; levels in 
meats, fish, and eggs were in the range 0.1-4 mg/kg. Higher levels were found in 

1 Also based on data from the National Water Quality Data Bank (NAQUADAT), Ottawa, Envi
ronment Canada, Inland Waters Directorate, 1976. 
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vegetables (0.41-6.61 mg/kg), grains and cereals (0.41-41 mg/kg), and nuts 
(18-47 mg/kg). A cup of tea can contain 0.4-1.3 mg of manganese (I). 

Estimated total exposure and relative contribution of drinking-water 

The greatest exposure to manganese is usually from food. Adults consume be
tween 2 and 20 mg/day in the diet, the upper end of the range being associated 
with a vegetarian diet (I 1,12 ). The average daily manganese nutrient require
ment for normal physiological function is estimated to be 2-5 mg for adults 
(13 ). Infants consume 2.5-25 p.g/kg of body weight per day during the first 6 
months of life (6). 

Manganese intake from drinking-water is normally substantially lower than 
that from food. At typical drinking-water levels of 4-30 p.g/litre, the intake of 
manganese would range from 8 to 60 p.g/day for an adult. Other sources indicate 
that manganese intake from water can be an order of magnitude higher (5 ) . 
Drinking mineral water regularly can add significantly to manganese intake ( 14). 
Exposure to manganese from air is generally several orders of magnitude lower 
than that from the diet, about 0.1-3 p.g, depending on the distance from the 
source. 

13.20.4 Kinetics and metabolism in laboratory animals and 
humans 

Absorption of manganese across the gastrointestinal tract is regulated by normal 
physiological processes that maintain manganese homoeostasis. Typically, about 
3-8o/o of an ingested dose is absorbed (15), but absorption may be greater for 
young animals and infants (I 6). The absorption of manganese is intimately 
linked to that of iron, iron-deficient diets leading to an increased absorption of 
both iron and manganese (15). Absorption is inversely related to the level of cal
cium in the diet (I 1) and directly related to that of potassium (I 7). 

Manganese is present in all tissues of the body, the highest levels usually be
ing found in the liver, kidney, pancreas, and adrenals (18,19). It accumulates 
preferentially in certain regions of the brain in young animals and infants (20, 
21). Manganese can also be detected in human hair (22). 

Manganese does not appear to be covalently linked to any organometallic 
compounds in the body. It may undergo changes in oxidation state (23). Manga
nese is a constituent of the enzymes pyruvate carboxylase and superoxide dismu
tase, is required as a cofactor in a number of enzyme systems, and plays a role in 
flavoprotein function and the synthesis of sulfated mucopolysaccharides, choles
terol, and haemoglobin (24, 25). 

Manganese is almost entirely excreted in the faeces, only a small proportion 
(0.1-2%) being eliminated in the urine. In humans, elimination is biphasic, with 
half-lives of 13 and 34 days (15, 26). 
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13.20.5 Effects on laboratory animals and in vitro test systems 

Acute exposure 

Oral LD50s ranging from 400 to 830 mg/kg of body weight have been reported 
for different forms of manganese (J, 5). 

Short-term exposure 

The central nervous system is the chief target for manganese. Doses ranging from 
1 to 150 mg/kg of body weight per day produced a number of neurological ef
fects in rats and mice, mainly involving alterations in neurotransmitter and en
zyme levels in the brain. These changes were sometimes accompanied by clinical 
signs, such as incoordination and changes in activity level (J). Increased turnover 
of striatal catecholamines may be responsible for hyperactivity in early manga
nese intoxication (27). 

Long-term exposure 

Chronic ingestion of 1-2 mg of manganese per kg of body weight per day pro
duced changes in appetite and reduction in haemoglobin synthesis in rabbits, 
pigs, and cattle (25). Transient effects on biogenic amine levels and activities of 
dopamine ~-hydroxylase and monoamine oxidase in rat brain have been noted 
with long-term exposures to manganese (28-30). An increase in physical activity 
level and a transient increase in dopaminergic function were observed in rats giv
en 40 mg/kg of body weight per day for 65 weeks (31). Weakness and rigidity 
were observed in monkeys given oral doses of 25 mg/kg of body weight per day 
for 18 months (32). 

Reproductive toxicity, embryotoxicity, and teratogenicity 

Several studies in rats and mice indicate that the ingestion of manganese can de
lay reproductive maturation in male animals. Testosterone levels were reduced in 
male rats given an oral dose of 13 mg of manganese per kg of body weight per 
day for 100-224 days (33), while delayed growth of the testes was observed in 
young rats ingesting 140 mg of manganese per kg of body weight per day for 90 
days (34 ). These effects do not appear to be severe enough to affect sperm 
morphology or male reproductive function (33, 35, 36). In rats chronic paren
teral administration of manganese produced marked degenerative changes in the 
seminiferous tubules, resulting in infertility (37). 

Mutagenicity and related end-points 

Manganese produced an increased frequency of mutations in Salmonella typhi
murium strain TA1537, Photobacterium fischeri, and Escherichia coli, as well as in 
Saccharomyces cerevisiae, mouse lymphoma cells, and hamster embryo cells, in 
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both cases without metabolic activation. In in vivo assays, manganese increased 
both the frequency of mutations in Drosophila melanogaster and the number of 
chromosomal aberrations in rat bone marrow and spermatogonial cells (I). 

Carcinogenicity 

A 2-year oral study in rats and mice produced equivocal evidence of increased tu
mour incidence (35, 36). In male rats given oral manganese doses of 86, 290, or 
930 mg/kg of body weight per day, the incidence of pancreatic cancer was slight
ly increased (4/50 for each dose, as compared with no tumours of this type in the 
control group) (35). Female mice given 810 mg/kg of body weight per day 
showed a small increase in pituitary adenomas, although the incidence of tu
mours of this type was within the range of historical control values (36). 

Several studies in animals suggest that manganese may have an anticarcino
genic effect. It has been reported to inhibit the metabolic activation of aminoazo
dyes (38). 

13.20.6 Effects on humans 

Manganese is an essential element for many living organisms, including humans. 
Accordingly, adverse health effects can be caused by inadequate intake. Manga
nese-deficient animals exhibit impaired growth, skeletal abnormalities, reproduc
tive deficits, ataxia of the newborn, and defects in lipid and carbohydrate 
metabolism (5, 6, 25). Although no specific manganese-deficiency syndrome has 
been described in humans, an association between manganese deficiency and dis
orders such as anaemia, bone changes in children, and lupus erythematosus has 
been suggested (39). 

The neurological effects of inhaled manganese have been well documented in 
humans chronically exposed to elevated levels in the workplace. The syndrome 
known as "manganism" is characterized by weakness, anorexia, muscle pain, 
apathy, slow speech, monotonous tone of voice, emotionless "mask-like" facial 
expression, and slow clumsy movement of the limbs. In general, these effects are 
irreversible. The minimal exposure level producing neurological effects is not cer
tain but is probably in the range 0.1-1 mgfm3 (1). 

By the oral route, manganese is often regarded as one of the least toxic ele
ments, although there is some controversy as to whether the neurological effects 
observed with inhalation exposures also occur with oral ones. 

In 1941, in an epidemiological study in Japan, adverse effects were seen in 
humans consuming manganese dissolved in drinking-water, probably at a con
centration close to 28 mg!litre (38). The manganese was derived from 400 dry
cell batteries buried near a drinking-water well. A total of 16 cases of poisoning 
were reported, the symptoms including lethargy, increased muscle tone, tremor, 
and mental disturbances. The most severe effects were seen in elderly people, but 
only minor ones in children. The concentrations of other metals, especially zinc, 
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were also excessive, and it was never unequivocally established whether manga
nese alone was responsible for the disease. 

An epidemiological study was conducted in Greece to investigate the possi
ble correlation between manganese exposure from water and neurological effects 
in elderly people ( 40 ). The levels of manganese were 3.6-14.6 )lg/litre in the 
control area and 81-282 )lgllitre and 1800-2300 )lg/litre in the test areas. The 
authors concluded that progressive increases in the manganese concentration in 
drinking-water are associated with progressively higher prevalences of neurologi
cal signs of chronic manganese poisoning and higher manganese concentrations 
in the hair of older persons. However, no data were given on exposure from other 
sources such as food and dust, and little information was provided on nutritional 
status and other possible confounding variables. 

In one area of Japan, a manganese concentration of 0.75 rug/litre in the 
drinking-water supply had no apparent adverse effects on the health of consu
mers ( 41). No signs of toxicity were observed in patients given 30 mg of manga
nese citrate (9 mg of manganese) per day for many months ( 11). 

13.20.7 Provisional guideline value 

The intake of manganese can be as high as 20 mg/day without apparent ill ef
fects. With an intake of 12 mg/day, a 60-kg adult would receive 0.2 mg/kg of 
body weight per day. An uncertainty factor of 3 is applied to allow for the possi
ble increased bioavailability of manganese from water, and 20% of the intake is 
allocated to water. This gives a value of 0.4 mg!litre. 

Although no single study is suitable for use in calculating a guideline value, 
the weight of evidence from actual daily intake and from studies in laboratory 
animals given drinking-water in which neurotoxic and other effects were ob
served supports the view that a provisional health-based guideline value of 
0.5 rug/litre should be adequate to protect public health. 

It should be noted that manganese may be objectionable to consumers if it is 
deposited in water mains and causes water discoloration. Although concentra
tions below 0.1 rug/litre are usually acceptable to consumers, this may vary with 
local circumstances. 
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13.21 Mercury 

13.21.1 General description 

Physicochemical properties 

Property 
Physical state 

Vapour pressure 
Stability 

Major uses 

Value 
Dense, silvery-white metal; liquid at normal temperatures 
and pressures 
0.16 Pa at 20 oc 
Carbon-mercury bond in organic mercury compounds is 
chemically stable 

Mercury is used for the cathode in the electrolytic production of chlorine and 
caustic soda, in electrical appliances (lamps, arc rectifiers, mercury cells), in in
dustrial and control instruments (switches, thermometers, barometers), in 
laboratory apparatus, in dental amalgams, and as a raw material for various 
mercury compounds. The latter are used as fungicides, antiseptics, preservatives, 
pharmaceuticals, electrodes, and reagents. 

Environmental fate 

The solubility of mercury compounds in water varies: elemental mercury vapour 
is insoluble, mercury(II) chloride is readily soluble, mercury(!) chloride much 
less soluble, and mercury sulfide has a very low solubility. 

Methylation of inorganic mercury has been shown to occur in columns of 
fresh water and in seawater (1 ), and bacteria (Pseudomonas spp.) isolated from 
mucous material on the surface of fish and soil were able to methylate mercury 
under aerobic conditions. Some anaerobic bacteria that possess methane synthe
tase are also capable of mercury methylation (2 ). Once methylmercuryl is re
leased from microbes, it enters the food chain as a consequence of rapid diffusion 
and tight binding to proteins in aquatic biota. The enzymology of CH3Hg+ 
hydrolysis and mercury(II) ion reduction is now understood in some detail. 
Environmental levels of methylmercury depend on the balance between bacterial 
methylation and demethylation (3). 

I The generic term "methylmercury" is used throughout this text to refer to monomethylmercury 
compounds. 
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13.21.2 Analytical methods 

Inorganic mercury is determined by flameless atomic absorption spectrometry 
( 4). Cold vapour atomic absorption spectrometry and atomic fluorescence spec
trometry have detection limits of 50 and 1 ng/litre, respectively. 

Gas chromatography is commonly used for the determination of alkyl
mercury compounds. The neutron activation procedure is regarded as the most 
accurate and is generally used as the reference method (3). 

13.21.3 Environmental levels and human exposure 

Air 

Mercury levels in air are in the range 2-10 ngfm3. 

Water 

Inorganic mercury 
Levels of mercury in rainwater are in the range 5-100 ng!litre, but mean levels as 
low as 1 ng/litre have been reported (3). Naturally occurring levels of mercury in 
groundwater and surface water are less than 0.5 flg/litre, although local mineral 
deposits may produce higher levels in groundwater. In 16 groundwaters and 16 
shallow wells surveyed in the USA, mercury levels exceeded the maximum con
taminant level of 2 fig/litre set by the US Environmental Protection Agency for 
drinking-water (5). An increase in the mercury concentration up to 5.5 flg!litre 
was reported for wells in lzu Oshima Island (Japan), where volcanic activity is 
frequent (6). The concentration range for mercury in drinking-water is the same 
as in rain, with an average of about 25 ng/litre (3). 

Organic mercury 
In a contaminated lake system in Canada, methylmercury was found to consti
tute a varying proportion of total mercury, depending on the lake (3). There have 
been no reports of methylmercury in drinking-water. 

Food 

Food is the main source of mercury in non-occupationally exposed populations. 
Fish and fish products account for most of the organic mercury in food. The 
average daily intake of mercury from food is in the range 2-20 flg/day, but may 
be much higher in regions where ambient waters have become contaminated 
with mercury and where fish constitute a high proportion of the diet (7). 

Estimated total exposure and relative contribution of drinking-water 

On the assumption of an ambient air level of 10 ngfm3, the average daily intake 
of inorganic mercury by inhalation would amount to about 0.2 flg. If a level in 
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drinking-water of 0.5 )lg/litre is assumed, the average daily intake of inorganic 
mercury from this source would amount to about 1 )lg. The average daily intake 
of mercury from food is in the range 2-20 )lg/day. 

13.21.4 Kinetics and metabolism in laboratory animals and 
humans 

Inorganic mercury 

About 7-8% of ingested inorganic mercury in food is absorbed; absorption from 
water may be 15% or less, depending on the compound. About 80% of inhaled 
metallic mercury vapour is retained by the body, whereas liquid metallic mercury 
is poorly absorbed via the gastrointestinal tract. Inhaled aerosols of inorganic 
mercury are deposited in the respiratory tract and absorbed to an extent depend
ing on particle size (8). 

Inorganic mercury compounds are rapidly accumulated in the kidney, the 
main target organ for these compounds. The biological half-time is very long, 
probably years, in both animals and humans. Mercury salts are excreted via the 
kidney, liver, intestinal mucosa, sweat glands, and salivary glands, and milk; the 
most important routes are via the urine and faeces (8). 

Organic mercury 

Dimethylmercury is almost completely absorbed through the gastrointestinal 
tract; after absorption it rapidly appears in the blood where, in humans, 80-90% 
is bound to red cells. Demethylation of methylmercury to inorganic mercury oc
curs at a slow but significant rate. The greater intrinsic toxicity of methylmercury 
as compared with inorganic mercury is due to its lipid solubility, which enables it 
to cross biological membranes more easily, and especially to enter the brain, 
spinal cord, and peripheral nerves, and to cross the placenta (3). 

Most methylmercury is excreted in the inorganic form. The site and mecha
nism of demethylation are still not well understood (3). 

13.21.5 Effects on laboratory animals and in vitro test systems 

Inorganic mercury 

Short-term exposure 
The toxic effects of inorganic mercury compounds are seen mainly in the kidney. 
Lesions in the proxim~l tubular cells were detected after a single intraperitoneal 
injection of 1 flmol of mercury(II) chloride per kg of body weight (0.2 mg/kg of 
body weight as mercury) in male rats. Accumulation of mercury in the kidneys, 
however, indicated that the absorption efficiency was much greater than that ex
pected from the gastrointestinal tract (9). 
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When rats were given mercury(II) chloride (3 mg/kg of body weight) by gav
age twice a week for 60 days, examination by immunofluorescence showed that 
deposits for IgC were present in the renal glomeruli. Morphological lesions of the 
ileum and colon were also observed, with abnormal deposits of IgA in the base
ment membranes of the intestinal glands and oflgG in the basement membranes 
of the lamina propria (10). 

When rats were exposed to mercury(II) chloride (1 mg/kg of body weight 
per day) by intubation or subcutaneous injection for up to 11 weeks, the rate of 
body weight gain decreased after 20 days, and actual weight loss occurred after 
65-70 days. There were also neuropathological effects, first detected after 2 
weeks, namely peripheral vacuolization of cells in the dorsal root ganglia, fol
lowed by the development of multiple small lesions in the ganglia ( 11 ). 

A single dose of 1 mg/kg of body weight of mercury(II) chloride or methyl
mercury(II) chloride, either orally or by subcutaneous injection, resulted in leak
age of dye into the nervous parenchyma within 12 h, indicating that these 
compounds can increase the permeability of the blood-brain barrier (1 I). 

Long-term exposure 
Rats injected subcutaneously 3 times weekly for up to 8 months with doses of in
organic mercury ranging from 0.05 to 2.5 mg/kg of body weight per injection 
(0.02-1.07 mg/kg of body weight per day) developed renal damage. This was 
characterized by an initial production of antiglomerular basement membrane 
antibodies, followed by the appearance of immune complex deposits in the 
glomerular tufts and small renal arteries accompanied by proteinuria and hypo
albuminaemia (12). 

Reproductive toxicity, embryotoxicity, and teratogenicity 
Controlled mating tests in which male mice were injected with single doses of 
mercury(II) chloride (1 mg of mercury per kg of body weight) showed a signifi
cant decrease in fertility as compared with controls (13). Normal fertility was re
stored after about 2 months. 

Gradual changes in testicular tissues were noted in rats treated with mercu
ry(II) chloride at doses of 0.05 or 0.1 mg/kg of body weight intraperitoneally 
over 90 days (14 ). There was a decrease in seminiferous tubule diameter, 
spermatogenic cell counts, and Leydig's cell nuclear diameter as compared with 
controls. 

Of female hamsters given a total of 3-4 mg of mercuric chloride during the 
first estrous cycle, 60% did not ovulate by day 1 of the third cycle (15). Ovula
tion was inhibited in female hamsters injected with mercury(II) chloride at high 
doses (6.4 or 12.8 mg of mercury per kg of body weight) during day 1 of the 
estrous cycle (16). Female hamsters injected with 1 mg of mercury(II) chloride 
per day during one estrous cycle exhibited significantly higher levels of follicle
stimulating hormone in their pituitaries as compared with controls (I 1). 
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Pregnant Wistar rats were exposed intravenously to mercury(II) chloride on 
different days of gestation. At mid-gestation, the minimum effective teratogenic 
dose of mercury (0.79 mg/kg of body weight) was high in relation to the mater
nal LD50, and the incidence of fetal malformations, mainly brain defects, was 
23% in all live fetuses. In rats of different gestational ages, uptake of Hg2+ by the 
fetuses at this dose level decreased sharply between days 12 and 13 (I 8). 

Organic mercury 

Short-term exposure 
In rats fed methylmercury dicyandiamide 5 days per week for 59 days, extensive 
damage to the renal cortex occurred with extensive inflammatory reaction sur
rounding the tubules and some early fibrosis even at the lowest dose of 0.6 mg/kg 
of body weight per day ( 19). Tubular degeneration of the kidney was also evident 
after subcutaneous injection of 10 mg/kg of body weight per day into rats for 7 
consecutive days (20). In contrast to the effects of high doses of methylmercury on 
rats, kidney damage was not reported in cats exposed to 0.45 mg/kg of body weight 
(21) or in monkeys exposed to either 0.05 mg/kg of body weight per day (22) or to 
doses resulting in blood levels of up to 4 ~g of mercury per ml of blood (23). 

In cats, convulsions occurred after 60-83 days of exposure to 0.45 mg of 
methylmercury per kg of body weight per day; they were preceded 4-11 days ear
lier by progressive behavioural changes. Kittens were fed commercially available 
tuna contaminated with 0.3-0.5 mg of methylmercury(II) chloride per kg for 11 
months. The total mercury intake over the period averaged 6.3 mg per cat or 
about 19 ~g/ day. Neurological disturbances were observed in three kittens after 
7-11 months (24). 

Squirrel monkeys were exposed for periods of up to 35 days to repeated oral 
doses of methylmercury(II) nitrate mixed with food or by stomach tube. The 
threshold for both behavioural and central nervous system pathology occurred at 
blood mercury concentrations in the range 0.75-1.2 mg/litre (25). 

Long-term exposure 
In a study in which cats were fed methylmercury(II) chloride in a fish diet at 
doses of 0.003, 0.008, 0.020, 0.046, 0.074, or 0.176 mg/kg of body weight per 
day, 7 days a week for 2 years, detectable neurological impairment occurred in 
the group given 0.046 mg/kg of body weight per day after 60 weeks; this concen
tration was the lowest at which such impairment occurred. Pathological changes 
in the nervous system were restricted to the brain and dorsal root ganglia and 
were not seen at doses below 0.074 mg/kg of body weight per day (26). 

Stumptail, pigtail, and squirrel monkeys were given methylmercury(II) chlo
ride in food for periods in excess of 1000 days. This dosage regime was designed 
to maintain the blood mercury level at 1-4 mgllitre of blood. The critical effects 
seen were reduced sensitivity to visual stimuli at low luminescence and tremor on 
reaching for a small object. All monkeys with a blood concentration above 2 
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mg/litre developed symptoms with latent periods ranging from less then 20 to 
200 days (23). 

Cynomolgus monkeys were fed methylmercury from birth at doses of 0.05 
mg/kg of body weight per day for 3-4 years. Blood concentrations of mercury 
peaked at 1.2-1.4 mg!litre, then declined after weaning to a steady level of 
0.6-0.9 mg!litre. No overt signs of toxicity were noted but, when tested after 3-4 
years, the monkeys exhibited impaired spatial vision under conditions of both 
high and low luminescence (22). 

Reproductive toxicity, embryotoxicity, and teratogenicity 
Mice were given single doses of 3.6, 5.3, 8, 12, 18, or 27 mg of methyl
mercury(II) chloride per kg of body weight at 9.5, 12.5, or 15.5 days post
fertilization (27). The trend among F1 females towards an adverse effect of dose 
on litter size, although not statistically significant, was in the direction to be 
expected if methylmercury(II) chloride can affect oogenesis in females exposed 
during fetal life. 

A single dose of2, 3, or 4 mg of mercury(II) ethanoate (about 1.3-2.5 mg of 
mercury) was injected intravenously in three groups of female hamsters on day 8 
of gestation (28). The exposed groups showed resorption frequencies of 12, 34, 
and 52%, respectively, as compared with 4% in the controls. 

High doses of methylmercury given to pregnant rodents produced cleft 
palate (29, 30). Prenatal exposure of rats can produce renal functional abnor
malities detectable in offspring at 42 days of age (31). 

Female rats were injected with 0, 6, or 10 mg of methylmercury(II) chloride 
per kg of body weight on gestational days 6-9 (32). Dams given 10 mg/kg of 
body weight either failed to give birth or the young were stillborn. External mor
phology was normal in rats given either of the two lower doses. Methylmercury 
produced hydrocephalus, decreased thickness of the cerebral cortex in the parie
tal section, and increased thickness of the hippocampus in the occipital section; 
with these exceptions, the brains of mercury-treated rats showed normal 
development. 

Hamsters were given either 10 mg of methylmercury per kg of body weight 
on gestational day 10 or 2 mg/kg on gestational days 10-15 (33, 34). In the neo
natal cerebellar cortex, degenerative changes such as accumulation of lysosomes 
and areas of floccular cytoplasmic degradation were frequently observed in the 
neuroblast granular layer as well as in more differentiated neural elements in the 
molecular and internal granular layers. Pyknotic nuclei were seen singly and in 
groups throughout the external granular layer of treated animals. In the adult 
cerebellum, focal areas of astrogliosis were observed in the molecular layer of 
treated animals. 

Mutagenicity and related end-points 
Animal and cell culture studies confirm that methylmercury damages chromo
somes if given orally at a dose of 5 mg/kg of body weight to pregnant mice 
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( 16, 35), intraperitoneally at 2 mg/kg of body weight daily for 3 weeks to adult 
hamsters (36), and intraperitoneally at 10 mg/kg of body weight to ovulating 
Syrian hamsters (37). Methylmercury at low concentrations (0.05-0.1 ~mol/litre) 
has been reported to interfere with gene expression in in vitro cultures of glioma 
cells (38 ). Non-disjunction and sex-linked recessive lethal mutations were in
duced in Drosophila melanogaster by treatment with methylmercury (39). 

Carcinogenicity 
Groups of mice were fed 15 or 30 mg of methylmercury per kg of diet for up to 
78 weeks. The majority of the 30 mg/kg group died from neurotoxicity by week 
26. Histopathological examination of kidney tissue from all animals surviving 
after 53 weeks revealed renal tumours in 13 of 16 males in the 15 mg/kg group. 
Of these, 11 were classified as adenocarcinomas and two as adenomas ( 40). 

13.21.6 Effects on humans 

Inorganic mercury 

Acute exposure 
Mercury will cause severe disruption of any tissue with which it comes into con
tact in sufficient concentration, but the two main effects of mercury poisoning 
are neurological and renal disturbances. The former is characteristic of poisoning 
by methyl- and ethylmercury(II) salts, in which liver and renal damage are of 
relatively little significance, the latter of poisoning by inorganic mercury. 

In general, however, the ingestion of acute lethal toxic doses of any form of 
mercury will result in the same terminal signs and symptoms, namely shock, 
cardiovascular collapse, acute renal failure, and severe gastrointestinal damage. 
Acute oral poisoning results primarily in haemorrhagic gastritis and colitis; the 
ultimate damage is to the kidney. Clinical symptoms of acute intoxication 
include pharyngitis, dysphagia, abdominal pain, nausea and vomiting, bloody 
diarrhoea, and shock. Later, swelling of the salivary glands, stomatitis, loosening 
of the teeth, nephritis, anuria, and hepatitis occur ( 41). 

Ingestion of 500 mg of mercury(II) chloride causes severe poisoning and 
sometimes death in humans ( 42). Acute effects result from the inhalation of air 
containing mercury vapour at concentrations in the range 0.05-0.35 mgfm3 
(43, 44). Exposure for a few hours to 1-3 mgfm3 may give rise to pulmonary 
irritation and destruction of lung tissue and occasionally to central nervous 
systems disorders ( 45). 

Dermal exposure to alkyl mercurials may give rise to acute toxic dermatitis 
and eczematous changes. 

Long-term exposure 
Many studies involving the observation of more than 1000 individuals indicate 
that the classical signs and symptoms of elemental mercury vapour poisoning 
(objective tremors, mental disturbances, and gingivitis) may be expected to 
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appear after chronic exposure to air mercury concentrations above 0.1 mgfm3 
( 8). Nonspecific neurological and physiological symptoms were also associated 
with lower exposure levels. 

Considerable mercury exposure of children of workers at a thermometer 
plant has been reported ( 46). The median urine mercury level of 23 such chil
dren was 25 )lg/litre as compared with 5 )lg!litre in 39 controls. No signs of mer
cury intoxication were seen on clinical examination or reported by parents (3). 

Organic mercury 

The adverse health effects of occupational exposure to alkylmercury compounds 
constitute what is known as the Hunter-Russel syndrome (concentric constric
tion of the visual field, ataxia, dysarthria, etc.); this was seen in four workers ex
posed to methylmercury fungicide ( 47). 

Methyl- and ethylmercury compounds have been the cause of the largest 
number of cases of mercury poisoning and of fatalities in the general population 
as a result of the consumption of contaminated fish or of bread prepared from 
cereals treated with alkylmercury fungicides. The earliest effects are nonspecific, 
e.g. paraesthesia, malaise, and blurred vision. These are followed by concentric 
constriction of the visual field, deafness, dysarthria, and ataxia. In the worst 
cases, the patient may go into coma and ultimately die. At high doses, methyl
mercury affects the peripheral nervous system in human subjects (48). 

The two major epidemics of methylmercury poisoning in Japan, in Mina
mata Bay and in Niigata, both known as Minamata disease, were caused by the 
industrial release of methylmercury and other mercury compounds into Mina
mata Bay and into the Agano River, followed by accumulation of the mercury in 
edible fish. The maximum blood level of methylmercury without adverse health 
effects was estimated to be 0.33 )lg/ml based on the epidemiological study of the 
Minamata disease endemic area ( 49). By 1971, a total of 269 cases of Minamata 
disease had been reported in Minamata and Niigata, of which 55 proved fatal. By 
March 1989, 2217 cases of Minamata disease had been officially recognized in 
Minamata and 911 cases in Niigata (50). 

The largest recorded epidemic caused by the ingestion of contaminated 
bread prepared from wheat and other cereals treated with alkyl (methyl- or 
ethyl-) mercury fungicides took place in the winter of 1971-72 in Iraq, and 
resulted in the admission of over 6000 patients to hospital and over 500 deaths 
(51). Previous epidemics have occurred in Guatemala, Iraq, and Pakistan, and on 
a limited scale in other countries (3, 8, 52). 

The Cree Indians of northern Quebec were also known to be exposed to 
methylmercury through the consumption of contaminated local fish. The rela
tionship between measures of exposure and neurological abnormalities was stud
ied in two communities. A positive association was found between neurological 
abnormalities and methylmercury exposure in both communities, but the rela
tionship was statistically significant only in one of them (53, 54). 
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The first indication of possible congenital Minamata disease was the unusual 
occurrence of cerebral palsy-like conditions in nine infants in the endemic areas 
(population about 1700) during 21 months. These infants had severe cerebral in
volvement (palsy and mental retardation); mild or no symptoms of poisoning 
were seen in their mothers, although there is a possibility that slight symptoms 
might have been overlooked (3). 

According to an epidemiological study of an outbreak in Iraq, the clinical 
picture was dose-dependent. In those who were exposed to high maternal blood 
levels of methylmercury, the picture was one of cerebral palsy indistinguishable 
from that resulting from other causes (microcephaly, hyper-reflexia, and gross 
motor and mental impairment, associated with blindness or deafness). Milder 
forms were not easy to diagnose during the first few months of life, but became 
clearer with time. The cases showed mainly psychomotor impairment and persis
tence of pathological reflexes (53, 55-51). The relationship between prenatal 
exposure to methylmercury and neurological and developmental abnormalities 
was also studied. Abnormality of the tendon reflex was positively associated with 
methylmercury exposure only in boys, without a dose-response relationship 
(58). Findings in the milder cases were quite similar to those associated with the 
minimal brain syndrome (3). 

Marsh et al. (59) demonstrated a dose-response relationship between the de
teriorated neurological score in children and the maximum mercury concentra
tion during gestation in a single strand of maternal head hair. 

13.21.7 Guideline value 

Almost all mercury in uncontaminated drinking-water is thought to be in the 
form of Hg2+. Thus, it is unlikely that there is any direct risk of the intake of 
organic mercury compounds, and especially of alkylmercurials, as a result of the 
ingestion of drinking-water. However, there is a real possibility that methylmer
cury will be converted into inorganic mercury. 

In 1972, JECFA established a provisional tolerable weekly intake (PTWI) of 
5 ]lg/kg of body weight of total mercury, of which no more than 3.3 ]lgfkg of 
body weight should be present as methylmercury (60 ). This PTWI was re
affirmed in 1978 (61). In 1988, JECFA reassessed methylmercury, as new data 
had become available; it confirmed the previously recommended PTWI for the 
general population, but noted that pregnant women and nursing mothers were 
likely to be at greater risk from the adverse effects of methylmercury. The avail
able data were considered insufficient, however, to allow a specific methylmer
cury intake to be recommended for this population group (62, 63). 

To be on the conservative side, the PTWI for methylmercury was used to 
derive a guideline value for inorganic mercury in drinking-water. As the main 
exposure is from food, 10% of the PTWI was allocated to drinking-water. The 
guideline value for total mercury is 0.001 mg/litre (rounded figure). 
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13.22 Molybdenum 

13.22.1 General description 

Physicochemical properties (1, 2) 

Property 

Melting point 
Boiling point 
Density 
Vapour pressure 
Water solubility 

Value 
2610 oc 
5560 oc 
10.2 g/cm3 

0.133 kPa at 3102 ac 
insoluble 

Organoleptic properties 

Ammonium molybdate imparts a slightly astringent taste to water at concentra
tions above about 10 mg of molybdenum per litre (2). 
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Major uses 

Molybdenum is used in the manufacture of special steels, in electrical contacts, 
spark plugs, X-ray tubes, filaments, screens, and grids for radio valves, and in the 
production of tungsten, glass-to-metal seals, nonferrous alloys, and pigments. 
Molybdenum disulfide has unique properties as a lubricant additive. Molybde
num compounds are used in agriculture either for the direct treatment of seeds or 
in the formulation of fertilizers to prevent molybdenum deficiency (1, 3, 4). 

Environmental fate 

Molybdenum disulfide is sparingly soluble in water but is readily oxidized to give 
more soluble molybdates, which are stable in water in the absence of a reducing 
agent (2). 

13.22.2 Analytical methods 

Molybdenum can be determined by graphite furnace atomic absorption spectros
copy with a detection limit of 0.25 Jlg/litre. Inductively coupled plasma atomic 
emission spectroscopy has a detection limit of 2 Jlg!litre (5). 

13.22.3 Environmental levels and human exposure 

Air 

Human intake of airborne molybdenum is not likely to be a major exposure 
pathway ( 6). 

Water 

Molybdenum was present in 32.7% of surface water samples from 15 major river 
basins in the USA at concentrations ranging from 2 to 1500 Jlg!litre (mean 60 
J.Ig/litre) (7, 8). Levels in groundwater ranged from undetectable to 270 Jlg/litre 
in another survey in the USA (9). 

In a survey of finished water supplies in the USA, concentrations ranged 
from undetectable to 68 Jlg!litre (median 1.4 Jlgllitre) (1 0). In another survey of 
380 finished water samples from across the USA, 29.9% contained measurable 
concentrations of molybdenum, with a mean of 85.9 Jlg!litre and a range of 
3-1024 Jlg/litre (8). 

Levels of molybdenum in drinking-water do not usually exceed 10 Jlg/litre 
( 11). However, in areas near molybdenum mining operations, the molybdenum 
concentration in finished water can be as high as 200 Jlg/litre. Tapwater concen
trations as high as 580 Jlg/litre have been reported in Colorado ( 6). 
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Food 

Legumes, grains, and organ meats are good food sources of molybdenum; fruits, 
root and stem vegetables, and muscle meat are relatively poor ones (12,13). 

Estimated total exposure and relative contribution of drinking-water 

Molybdenum intakes in the USA range from 240 jlg/day for adult men to 100 
jlg/day for women. Average intake is higher in those on low incomes (13, 14). In 
most areas, molybdenum intake via drinking-water will not exceed 20 jlg!day 
(11). 

13.22.4 Kinetics and metabolism in laboratory animals and 
humans 

The rate of gastrointestinal absorption of molybdenum is influenced by its 
chemical form and the animal species. Hexavalent molybdenum is readily ab
sorbed following oral administration, the amount absorbed being higher in non
ruminants than in ruminants (15-17). Tetravalent molybdenum is not readily 
absorbed (15 ). In humans, 30-70% of dietary molybdenum is absorbed from 
the gastrointestinal tract (18,19). 

Following gastrointestinal absorption, molybdenum rapidly appears in the 
blood and most organs. Highest concentrations are found in the liver, kidneys, 
and bones (15, 16, 20). Molybdenum crosses the placental barrier (21). There is 
no apparent bioaccumulation of molybdenum in human tissues (20). 

In rodents, molybdenum compounds are excreted largely in the urine, and 
only to a small extent in faeces (15,16). In ponies, cattle, and sheep, molybde
num excretion is generally divided between faeces and urine, owing to less com
plete gastrointestinal absorption (17, 22, 23). Molybdenum intake and excretion 
are balanced in most nonruminant species, including humans (20). 

13.22.5 Effects on laboratory animals and in vitro test systems 

Short-term exposure 

Oral subchronic LD50s for molybdenum(VI) oxide, calcium molybdate, and am
monium molybdate in rats were 125, 101, and 330 mg of molybdenum per kg of 
body weight per day, respectively (15). Death occurred over a period of 8-232 
days. 

In animals, molybdenum interacts in a complex manner with copper and 
sulfate by a mechanism which is as yet unknown. Animals on copper-deficient 
diets are generally more susceptible to molybdenum toxicity than those on 
copper-adequate diets. Dietary sulfate protects nonruminants against the symp
toms of poisoning; if the animals are copper-deficient, however, it can intensify 
them (24, 26). 
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In a study in which Holtzman rats (4 per dose) were fed diets containing hy
drogen molybdate at 75 or 300 mg/kg (7.5 or 30 mg of molybdenum per kg of 
body weight per day), molybdenum significantly inhibited growth and increased 
copper and molybdenum concentrations in liver. These effects were reduced or 
reversed by the addition of sulfate (25). An enlargement of the femorotibial joint 
and a thickening of the epiphysis of the femur and tibia were observed at both 
doses. This study suggests a LOAEL of 7.5 mg of molybdenum per kg of body 
weight per day, based on body weight loss and bone deformities. 

Three weanling guinea-pigs were fed a low-copper basal diet with dietary ad
ditions of 0, 200, 500, 1000, or 2000 mg of molybdenum (8, 20, 40, or 80 
mg/kg of body weight per day) for 8 weeks (27). An increase in molybdenum in 
the blood, liver, and kidneys was observed with increasing dietary molybdenum 
levels. An increase in copper was also observed in the blood and kidneys with in
creasing molybdenum intake; at the two highest doses, there was a decrease in 
liver copper concentrations. 

Weanling Long-Evans rats receiving dietary sodium molybdate (50 or 80 mg 
of molybdenum per kg of body weight per day) over 5-8 weeks developed diar
rhoea, while weight gain decreased and copper levels in the liver increased (28). 

In ruminants, sulfate tends to increase the toxicity of molybdenum even in 
the absence of copper deficiency (26, 29, 30). Molybdenum concentrations of 
10 mg/kg of body weight in the ruminant diet resulted in tissue copper deple
tion, potentiated by dietary sulfate (31). 

A total of 12 male Holstein calves (3 per group) received ammonium molyb
date at 0, 1, 10, or 50 mg of molybdenum per litre (average daily doses of< 0.01, 
0.07, 0.7, or 3.7 mg of molybdenum per kg of body weight per day) in drinking
water for 21 days (32). No effects on growth were observed, but noncerulo
plasmin copper was significantly elevated and copper uptake from plasma into 
liver was less than the endogenous loss in calves receiving the highest dose. The 
author suggested that the minimum toxic concentration of molybdenum is be
tween 10 and 50 mg/litre, so that the NOAEL would be 0.07 mg/kg of body 
weight per day. 

The effects of dietary molybdenum (1.7 g/day) were tested in four Holstein 
cows that were on low copper intake (30 ). None of the animals showed overt 
signs of toxicity after 6 months. Mter the molybdenum intake was increased to 
3.4 g/day (7 mg/kg of body weight per day), one cow developed severe diarrhoea 
and exhibited signs of lethargy, cessation of milk synthesis, and general emacia
tion. When the molybdenum dose was increased to 5.1 g/ day (1 0 mg/kg of body 
weight per day), two of three cows exhibited diarrhoea and emaciation. The addi
tion of 0.26% sulfate greatly increased the severity of molybdenum toxicity. 
Dietary molybdenum increased the content of copper in the kidney and brain 
but decreased it in the liver. The kidney and spleen concentrated molybdenum to 
a greater degree than the liver or other organs. 
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Reproductive toxicity, embryotoxicity, and teratogenicity 

Five pairs of Charles River CD mice received 10 mg of molybdenum per litre (as 
molybdate) (about 1.5 mg of molybdenum per kg of body weight per day) in 
deionized drinking-water for up to 6 months (33). Excess fetal mortality was ob
served; there were 15 (of 238) dead pups in the F1 generation and 7 (of 242) 
dead pups, five dead litters, and one maternal death in the F2 generation. The ex
periment was discontinued after the F3 generation because of the elevated inci
dence of deaths of offspring and parents and infertility. 

Four pregnant Cheviot ewes given diets supplemented with 50 mg of molyb
denum per day (as ammonium molybdate) gave birth to four lambs, three of which 
exhibited ataxia (34). Histological examination revealed degenerative changes in 
the cytoarchitecture of the cerebral cortex and demyelination of the cortex and spi
nal cord, lesions similar to those described by other investigators as "swayback". 

The effects of dietary molybdenum on reproductive ability and pup growth 
during lactation were studied in Long-Evans rats fed diets containing 0.1, 2, 8, or 
14 mg of molybdenum per kg of body weight per day and either 5 or 20 mg of 
copper per kg for 13 weeks (35). The reduced number of litters at the two high
est molybdenum concentrations was attributed to the apparent infertility of 
males in the groups concerned as a result of varying degrees of degeneration of 
the seminiferous tubules. Lactating mothers at the two highest doses lost less 
weight during lactation than females in the lower-dose groups, and there were in
dications that pups from mothers exposed to the highest dose of molybdenum 
gained less weight at weaning than other pups; these effects were probably due to 

reductions in milk production associated with high maternal dietary intake of 
molybdenum. The NOAEL was 2 mg/kg of body weight per day. 

Molybdenum administered orally by capsule for 129 days to two male Hol
stein calves at doses between 4.1 and 7.8 mg/kg of body weight per day caused a 
gradual disappearance of the spermatogenic and interstitial tissue. The LOAEL 
was 4.1 mg/kg of body weight per day (36). Female sheep fed a diet low in cop
per (1 mg/kg) and high in both molybdenum (25 mg/kg) and sulfate (0.53%) ex
hibited signs of reproductive failure (37). 

Mutagenicity and related end-points 

Ammonium molybdate was mutagenic in two of three Escherichia coli strains. 
Molybdenum(V) chloride was negative and ammonium molybdate strongly 
positive in the Bacillus subtilis rec-assay using DNA repair-competent H17 and 
repair-deficient M45 strains (38). Ammonium and sodium molybdates were nei
ther mutagenic nor recombinogenic in the Saccharomyces cerevisiae reverse muta
tion and gene conversion assays (39). 
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Carcinogenicity 

Although a significantly increased incidence of lung adenomas was observed in 
strain A mice injected intraperitoneally with molybdenum(VI) oxide ( 40 ), this 
study has no direct relevance to molybdenum intake via drinking-water. Recent 
studies suggest that molybdenum may act to prevent certain forms of cancer in
duced by N-nitroso compounds, e.g. oesophageal, forestomach, and mammary 
gland cancer, in laboratory animals (41, 42). 

13.22.6 Effects on humans 

Molybdenum is considered to be an essential trace element in both animals and 
humans. Safe and adequate intake levels have been suggested for various seg
ments of the population, namely 0.015-0.04 mg/day for infants, 0.025-0.15 
mg/day for children aged 1-10, and 0.075-0.25 mg/day for all individuals above 
the age of 10 (43). 

An infant with inborn deficiency of the molybdoenzymes sulfite oxidase and 
xanthine dehydrogenase exhibited abnormal distribution of urinary metabolites, 
neurological disorders, dislocated ocular lenses, and failure to thrive ( 44). A 
Crohn disease patient receiving total parenteral nutrition developed tachycardia, 
tachypnoea, severe headaches, night blindness, nausea, vomiting, central scoto
mas, generalized oedema, lethargy, disorientation, and coma; these symptoms 
were attributed to dietary molybdenum deficiency resulting in impaired function 
of the two molybdoenzymes ( 45). 

Urinary levels of molybdenum and copper and serum levels of uric acid and 
ceruloplasmin appeared to be affected by molybdenum levels in drinking-water 
over a 2-year period (12). The low-molybdenum group consisted of 42 individ
uals from Denver, Colorado (USA), where the molybdenum concentration in 
drinking-water ranged from 1 to 50 p.g/litre. The high-molybdenum group con
sisted of 13 college students from Golden, Colorado, where the drinking-water 
molybdenum concentrations were equal to or greater than 200 p.g!litre. Plasma 
molybdenum levels were within the normal range among subjects in the low
molybdenum group, and no adverse health effects were observed in these sub
jects. Higher daily urinary molybdenum was associated with higher molybdenum 
intake: the mean urinary molybdenum for the Denver subjects was 87 p.g/day 
compared with 187 p.g/day for those from Golden. Higher mean serum cerulo
plasmin (401 v. 30 mg per 100 ml) and lower mean serum uric acid (4.4 v. 5.3 mg 
per 100 ml) were also associated with the higher molybdenum intake. Because no 
adverse effects were seen in either group, this study suggested a NOAEL for 
molybdenum in drinking-water of 200 p.g!litre. 

Evidence to support the suggestion that the molybdenum intake may have 
influenced serum ceruloplasmin was provided by a follow-up study of 13 stu
dents in Golden, Colorado, 2 years after the initial study. During this time, the 
average concentration of molybdenum in the Golden water supply decreased to 
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40 )lg/litre (12). At this lower level of molybdenum in the drinking-water, serum 
molybdenum was nearly identical to the mean for the Denver residents. Serum 
ceruloplasmin was within the normal range of20-35 )lgldl. Although serum uric 
acid levels increased, this was believed to be the result of alcohol consumption. 
There were no significant differences in urinary copper levels. 

An epidemiological study involving 557 subjects in India indicated that a 
form of lower-limb osteoporosis may be associated with the high molybdenum 
content of the cereals consumed by the population ( 46). 

The results of a cross-sectional study of 400 persons in two settlements of a 
molybdenum-rich province of the former Soviet Union suggested that the high 
incidence (18-31 o/o) of a gout-like disease was associated with high intake of mo
lybdenum (10-15 mg/day). The disease was characterized by joint pains in the 
legs and hands, enlargement of the liver, disorders of the gastrointestinal tract, 
liver, and kidney, increased blood levels of molybdenum and uric acid, increased 
xanthine oxidase activity, decreased blood levels of copper, and increased urinary 
copper. An increased synthesis of the molybdoenzyme xanthine oxidase resulting 
from high dietary molybdenum levels was proposed as the mechanism for this 
disorder ( 47). 

A cross-sectional study was conducted with 25 workers at a molybdenum 
smelter in Denver, Colorado, exposed to molybdenum in dust (predominantly 
molybdenum(VI) oxide and other soluble oxides). The calculated minimum dai
ly body burden was 0.15 mg/kg of body weight per day. High levels of molybde
num were present in the blood of 15 workers (up to 300 )lg!litre) and in the 
urine of 12 of 14 workers (up to 11 mg/litre) ( 48). Mean serum ceruloplasmin 
and uric acid were higher for workers than controls. According to answers to 
medical questionnaires, six workers had upper respiratory infections in the 2 
weeks prior to the questionnaire, and 15 reported joint pains, back pains, head
aches, or skin or hair changes. 

13.22. 7 Guideline value 

No data are available on the carcinogenicity of molybdenum by the oral route. In 
a 2-year study of humans exposed via drinking-water, the NOAEL was found to 
be 0.2 mg/litre (12), but there are some concerns about the quality of this study. 
Although an uncertainty factor of 10 would normally be applied to reflect intra
species variation, it is recognized that molybdenum is an essential element, and a 
factor of 3 is therefore considered to be adequate. This gives a guideline value of 
0.07 mgllitre (rounded figure), which is in the same range as that derived on the 
basis of the results of toxicological studies in animals and is consistent with the 
essential daily requirement for molybdenum. 
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13.23 Nickel 

13.23.1 General description 

Identity 

Nickel occurs as a mixture of five natural stable isotopes, with relative atomic 
masses of 58, 60, 61, 62, and 64. 

Physicochemical properties 

Property 

Melting point 
Boiling point 
Density (g/cm3) 

Major uses 

Value 

1453 oc 
2732 oc 
8.90 at 25 oc 

Nickel is used in a large number of alloys, including stainless steel, in batteries, 
chemicals, and catalysts, and in the electrolytic coating of items such as chromi
um-plated taps and fittings used for tapwater. 
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Environmental fate 

The nickel ion combines with oxygen-, nitrogen-, and sulfur-containing com
pounds and forms an extensive series of complexes in solution, including hydrox
ides, carbonates, carboxylic acids, phosphates, amines, and thiols (I). In aqueous 
solution, nickel occurs mostly as the green hexa-aquanickel(II) ion, Ni(H20)~+ 
(2). The nickel ion content of groundwater may increase as a result of the oxida
tion of natural nickel-containing ferrosulfide deposits. Oxidation can occur if the 
groundwater table is lowered or if nitrate is leached from the soil. 

13.23.2 Analytical methods 

Nickel can be determined by atomic absorption spectrophotometry; the detec
tion limit is 50 ng/litre (3). 

13.23.3 Environmental levels and human exposure 

Air 

Inhalation of airborne nickel may result in a total pulmonary exposure of 
0.5 jlg/day. The pulmonary exposure of a person smoking 20 cigarettes may be 
4 jlg/day ( 4). 

Water 

Nickel concentrations in drinking-water around the world are normally below 
20 jlg/litre, although levels up to several hundred micrograms per litre in ground
water and drinking-water have been reported (5, 6). Nickel concentrations in 
drinking-water may be increased if raw waters are polluted by natural or industri
al nickel deposits or if leaching from nickel-chromium plated taps and fitting oc
curs. Levels up to 1000 jlg!litre have been reported in first-run water that had 
remained in the tap overnight ( 4). 

Food 

The natural nickel content of various food items varies from 0 to 10 mg/kg. 
Nickel concentrations of more than 1 mg/kg have been found in cocoa, choco
late, soya beans, soy products, other dried legumes, nuts, oatmeal, and buck
wheat. Nickel may be leached from kitchen utensils by acidic boiling water ( 4). 

Estimated total exposure and relative contribution of drinking-water 

The average daily intake of nickel from food is between 100 and 300 jlg and 
probably lower than 150 jlg. A diet containing large amounts of food items in 
which nickel is present at concentrations above 1 mg/kg may result in a daily in-
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take of 900 rg ( 4). Intake from food exceeds that from drinking-water (about 
40 rg/day) and air (<5 rg/day). 

13.23.4 Kinetics and metabolism in laboratory animals and 
humans 

In humans, absorption of soluble nickel from drinking-water may be 40 times 
higher than that of nickel from food (7). Intestinal absorption may be increased 
several-fold by chelating agents such as disulfiram ( 6). Nickel penetrates the skin 
very slowly (7). It appears to be distributed to all organs, primary accumulation 
taking place in the kidneys, lungs, and liver. The formation of lipophilic nickel 
complexes can alter the distribution, and lead to much higher deposition in the 
brain than under normal conditions (6). Nickel is able to pass through the hu
man placenta ( 4). It is excreted mainly through the urine. The estimated mean 
elimination half-time for serum is about 60 h (B). 

13.23.5 Effects on laboratory animals and in vitro test systems 

Acute exposure 

Oral LD50s of nickel in mice or rats are in the range 67-139 mg/kg of body 
weight (1). 

Long-term exposure 

In a 2-year study, dogs were fed nickel chloride in the diet at doses of approxi
mately 3, 29, or 70 mg of nickel per kg of body weight per day. Depressed body 
weight gain, altered organ-to-body-weight ratios, and histopathological effects in 
the lungs were observed at the highest dose. The NOAEL was 29 mg of nickel 
per kg of body weight per day (9). 

In a 2-year study with Wistar rats fed nickel chloride in the diet at doses of 
approximately 5, 50, or 125 mg of nickel per kg of body weight per day, de
pressed body weight gain and altered organ-to-body-weight ratios were observed 
at the two highest doses, but there were no effects on haematology or histo
pathology. The NOAEL was 5 mg of nickel per kg of body weight per day (9). 

Reproductive toxicity, embryotoxicity, and teratogenicity 

In a three-generation study in rats given 12.5, 25, or 50 mg of nickel per kg of 
body weight per day in drinking-water, a higher incidence of stillbirths was ob
served in all groups in the first generation; decreased body weights of weanlings 
were seen in all generations at the highest dose (9). 
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Mutagenicity and related end-points 

The nickel ion has been observed to enter cells and bind to DNA and RNA. 
Nickel has given positive results in tests with Salmonella typhimurium, Coryne
bacterium, and Escherichia coli. DNA damage has been observed in mammalian 
cells after in vivo exposure of Sprague-Dawley rats and in vitro exposure of Chi
nese hamster ovary (CHO) cells. Inhibition of DNA synthesis and induction of 
DNA repair have been shown in CHO cells. At nickel levels similar to those ex
perienced by heavily exposed workers, sister chromatid exchange in peripheral 
blood lymphocytes, cell transformation in vitro in hamster cells and in human 
bronchial epithelial cells, and chromosomal aberrations in hamster cells were ob
served (1 0). 

Carcinogenicity 

IARC has evaluated the data on pulmonary exposure to soluble nickel com
pounds and has concluded that the evidence for a carcinogenic effect in animals 
is limited. Several experimental investigations have demonstrated that a number 
of nickel compounds are carcinogenic after administration via various parenteral 
routes (e.g. inhalation, intramuscular injection, intrarenal injection). Together, 
these studies suggest that some nickel compounds, especially nickel sulfide, pos
sess carcinogenic potential (11). 

13.23.6 Effects on humans 

Acute nickel intoxications are rare, and most reported cases are the result of in
dustrial exposure to nickel carbonyl. Of 32 electroplating workers who inadver
tently drank water heavily contaminated with nickel sulfate and chloride (1.63 g 
of nickel per litre), 20 developed symptoms (e.g. nausea, vomiting, abdominal 
discomfort, diarrhoea, giddiness, lassitude, headache, cough, shortness of breath) 
that typically lasted for a few hours but persisted for 1-2 days in seven cases. The 
nickel doses that caused symptoms were estimated to be in the range 7.1-35.7 
mg/kg of body weight. Laboratory tests showed elevated levels of blood reticulo
cytes, urine albumin, and serum bilirubin. All the workers recovered rapidly 
without evident sequelae (8). Similar symptoms were observed in 23 patients at 
plasma nickel concentrations of approximately 3 mg/litre following exposure to 
nickel-containing water during haemodialysis. The nickel was leached from a 
nickel-plated, stainless-steel water-heating tank. In another accident, a 2-year-old 
girl died after swallowing 2.2-3.3 g of nickel as sulfate crystals (10). 

Several epidemiological studies have suggested a risk of nasal, sinus, and lung 
cancer in workers in the nickel-producing industry by inhalation of soluble nick
el at concentrations in excess of 1 mgfm3 and of less soluble forms at concentra
tions greater than 10 mgfm3 (12). IARC has recently re-evaluated the epidemio
logical data on respiratory exposure and found that sufficient human data are 
available to conclude that inhaled nickel sulfate is carcinogenic to humans ( 11). 

311 



GUIDELINES FOR DRINKING-WATER QUALITY 

Nickel is also a common skin allergen. The prevalence of nickel sensitivity is 
about 8-14.5% for adult women and about 1 o/o for men. About 50% of nickel
sensitive women develop hand eczema, which in severe cases may cause incapaci
tation. Although only continued dermal exposures to nickel can lead to 
sensitization, subsequent dermal application or oral intake of extremely low 
doses of nickel may provoke eczema in sensitized individuals. Single oral doses of 
36-80 11g of nickel per kg of body weight in lactose capsules have been shown to 
exacerbate hand eczema. In a study in which natural dietary nickel was ingested 
daily at a dose level of 8.3 flg/kg of body weight for 5 days, a worsening of vesic
ular hand eczema was observed in 10 out of 12 patients (13). 

13.23.7 Guideline value 

The guideline value is based on a dietary study in rats that showed a NOAEL of 
5 mg/kg of body weight per day for altered organ-to-body-weight ratios (9). A 
TDI of 5 11g/kg of body weight was derived using an uncertainty factor of 1000, 
made up of 100 for inter- and intraspecies variation and an additional factor of 
10 to compensate for the lack of adequate studies on long-term toxicity and re
productive effects, the lack of data on carcinogenicity by the oral route (although 
both the soluble and the sparingly soluble compounds of nickel are now consid
ered to be human carcinogens in relation to pulmonary exposure), and a much 
higher intestinal absorption when taken on an empty stomach in drinking-water 
than when taken together with food. 

With an allocation of 10% of the TDI to drinking-water, the health-based 
guideline value is 0.02 mg/litre (rounded figure), which should provide sufficient 
protection for nickel-sensitive individuals. 
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13.24 Nitrate and nitrite 

13.24.1 General description 

Identity 

Nitrate and nitrite are naturally occurring ions that are part of the nitrogen cycle. 
The nitrate ion (N03) is the stable form of combined nitrogen for oxygenated 
systems; although chemically unreactive, it can be reduced by microbial action. 
The nitrite ion (NO:Z) contains nitrogen in a relatively unstable oxidation state; 
chemical and biological processes can further reduce nitrite to various com
pounds or oxidize it to nitrate (1 ). 
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Physicochemical properties (1) 

Property 
Acid 

Salts 
Reactivity 

Conversion 
to nitrogen 

Major uses 

Nitrate 
Conjugate base of strong 
acid HN03; pKa = -1.3 
Very soluble in water 
Unreactive 

1 mg N0_3Jlitre = 0.226 mg 
N03 -N!litre 

Nitrite 
Conjugate base of weak acid 
HN02; pKa = 3.4 
Very soluble in water 
Reactive; oxidizes antioxidants, 
Fe2+ of haemoglobin to Fe3+, and 
primary amines; nitrosates 
several amines and amides 
1 mg NOj:llitre = 0.304 mg 
NO:z -N/litre 

Nitrate is used mainly in inorganic fertilizers. It is also used as an oxidizing agent 
and in the production of explosives and purified potassium nitrate for glass mak
ing. Sodium nitrite is used as a food preservative, especially in cured meats. 
Nitrate is sometimes added to serve as a reservoir for nitrite. 

Environmental fate 

In soil, fertilizers containing inorganic nitrogen and wastes containing organic 
nitrogen are first decomposed to give ammonia, which is then oxidized to nitrite 
and nitrate. The nitrate is taken up by plants during their growth and used in the 
synthesis of organic nitrogenous compounds. Surplus nitrate readily moves with 
groundwater (2, 3). Under aerobic conditions, it percolates in large quantities in
to the aquifer because of the small extent to which degradation or denitrification 
occurs. Under anaerobic conditions, nitrate may be denitrified or degraded al
most completely to nitrogen. 

The presence of high or low water tables, the amount of rainwater, the pres
ence of other organic material, and other physicochemical properties are also 
important in determining the fate of nitrate in soil ( 4). In surface water, nitrifica
tion and denitrification may also occur, depending on the temperature and pH. 
The uptake of nitrate by plants, however, is responsible for most of the nitrate 
reduction in surface water. 

Nitrogen compounds are formed in the air by lightning or discharged into it 
from industrial processes, motor vehicles, and intensive agriculture. Nitrate is 
present in air primarily as nitric acid and inorganic aerosols, as well as nitrate rad
icals and organic gases or aerosols. These are removed by wet and dry deposition. 
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13.24.2 Analytical methods 

The methods used for the measurement of nitrate in water are usually based on 
photometric analysis after reduction to nitrite. Detection limits range from 3 to 

220 ~g of nitrate per litre (5, 6). 

13.24.3 Environmental levels and human exposure 

Air 

Atmospheric nitrate concentrations ranging from 0.1 to 0.4 ~gfm3 have been re
ported, the lowest concentrations being found in the South Pacific (7). Higher 
concentrations ranging from 1 to 40 ~gfm3 have also been reported, with annual 
means of 1-8 ~gfm3. Mean monthly nitrate concentrations in air in the Nether
lands vary from 1 to 14 ~gfm3 (B). Indoor nitrate aerosol concentrations of 
1.1-5.6 ~gfm3 were found to be related to outdoor concentrations (9). 

Water 

Concentrations of nitrate in rainwater of up to 5 mg/litre1 have been observed in 
industrial areas (2). In rural areas, concentrations are somewhat lower. 

The nitrate concentration in surface water is normally low (0-18 mg/litre), 
but can reach high levels as a result of agricultural run-off, refuse dump run-off, 
or contamination with human or animal wastes. The concentration often fluctu
ates with the season and may increase when the river is fed by nitrate-rich aqui
fers. Nitrate concentrations have gradually increased in many European countries 
in the last few decades and have sometimes doubled over the past 20 years. In the 
United Kingdom, for example, an average annual increase of 0. 7 mgflitre has 
been observed in some rivers (10). 

The natural nitrate concentration in groundwater under aerobic conditions 
is a few milligrams per litre and depends strongly on soil type and on the geologi
cal situation. In the USA, naturally occurring levels do not exceed 4-9 mgflitre 
for nitrate and 0.3 mgflitre for nitrite (3). As a result of agricultural activities, the 
nitrate concentration can easily reach several hundred milligrams per litre (5). 
For example, concentrations of up to 1500 mgflitre were found in the ground
water in an agricultural area of India ( 11). 

In the USA, nitrates are present in most surface water and groundwater sup
plies at levels below 4 mgflitre; levels exceed 20 mg/litre in about 3% of the sur
face waters and 6% of the groundwaters. In 1986, a nitrate concentration of 
44 mgflitre (10 mg nitrate-nitrogen per litre) was exceeded in 40 surface water 
and 568 groundwater supplies. Nitrite levels were not surveyed but are expected 
to be much lower than 3.3 mg/litre (3). 

1 Unless otherwise stated, concentrations in water are expressed as mg of nitrate (NO}) per litre and 
mg of nitrite (N02) per litre. 

315 



GUIDELINES FOR DRINKING-WATER QUALITY 

The increasing use of artificial fertilizers, the disposal of wastes (particularly 
from animal farming), and changes in land use are the main factors responsible 
for the progressive increase in nitrate levels in groundwater supplies over the last 
20 years. In Denmark and the Netherlands, for example, nitrate concentrations 
are increasing by 0.2-1.3 mg/litre per year in some areas (5). Because of the delay 
in the response of groundwater to changes in soil, some endangered aquifers have 
not yet shown the increase expected from the increased use of nitrogen fertilizer 
or manure; once the nitrate reaches them, these aquifers will remain contami
nated for decades, even if there is a substantial reduction in the nitrate loading of 
the surface. 

In most countries, nitrate levels in drinking-water derived from surface water 
do not exceed 10 mg/litre. In some areas, however, concentrations are higher as a 
result of run-off and the discharge of sewage effluent and certain industrial 
wastes. In 15 European countries, the percentage of the population exposed to 
nitrate levels in drinking-water above 50 mg!litre ranges from 0.5 to 10% (5,12); 
this corresponds to nearly 10 million people. Individual wells in agricultural 
areas throughout the world are especially vulnerable, and nitrate levels in the wa
ter often exceed 50 mg/litre. 

Food 

Vegetables and cured meat are in general the main sources of nitrate and nitrite in 
the diet, but small amounts may be present in fish and dairy products. Meat 
products may contain <2.7-945 mg of nitrate per kg and <0.2-64 mg of nitrite 
per kg, and dairy products <3-27 mg of nitrate per kg and <0.2-1.7 mg of ni
trite per kg (12). Most vegetables and fruits contain 200-2500 mg of nitrate per 
kg (2). The nitrate content of vegetables can be affected by the processing of the 
food, the use of fertilizers, and growing conditions. Vegetables such as beetroot, 
lettuce, radish, and spinach often contain concentrations above 2500 mg/kg, 
especially when they are cultivated in greenhouses. 

Estimated total exposure and relative contribution of drinking-water 

Air pollution appears to be a minor source. In general, vegetables will be the 
main source of nitrate intake when levels in drinking-water are below 10 mg/litre 
(3, 12, 13). When levels in drinking-water exceed 50 mg!litre, drinking-water will 
be the major source of total nitrate intake, especially for bottle-fed infants. In the 
Netherlands, the average population exposure is approximately 140 mg of nitrate 
per day (including the nitrate in drinking-water). The contribution of drinking
water to the nitrate intake is up to 14% from 80% of the supplies and up to 45% 
from 5% of them. For the bottle-fed infant, daily intake from formula made with 
water containing 50 mg of nitrate per litre would average about 8.3-8.5 mg of 
nitrate per kg of body weight per day. 
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The mean dietary intakes determined by the duplicate portion technique 
( 14) range from 43 to 131 mg of nitrate per day and from 1.2 to 3 mg of nitrite 
per day. Estimates of the total nitrate intake based on the proportion of nitrate 
excreted in the urine (15) range from 39 to 268 mg/day, the higher values apply
ing to vegetarian and nitrate-rich diets (12). According to the US Environmental 
Protection Agency, the average nitrate intake from food of males is approximately 
40-100 mg/day. The daily nitrite intake ranges from 0.3 to 2.6 mg/day, primari
ly from cured meat (16). 

13.24.4 Kinetics and metabolism in laboratory animals and 
humans 

Ingested nitrate is readily and completely absorbed from the upper small intes
tine. Nitrite may be absorbed directly both from the stomach and the upper 
small intestine. Part of the ingested nitrite is reduced in the mouth or reacts with 
gastric contents prior to absorption. 

Nitrate is rapidly distributed throughout the tissues. Approximately 25o/o of 
ingested nitrate is actively secreted into saliva, where it is partly (20%) reduced to 
nitrite by the oral microflora; nitrate and nitrite are then swallowed and re-enter 
the stomach. Bacterial reduction of nitrate may also take place in other parts of 
the human gastrointestinal tract but not normally in the stomach; exceptions are 
reported in humans with low gastric acidity, such as artificially fed infants and 
certain patients in whom hydrochloric acid secretion is lower than normal. In 
rats, active secretion and reduction of nitrate in saliva are virtually absent. Total 
nitrate reduction in rats is probably less than in humans. 

Absorbed nitrite is rapidly oxidized to nitrate in the blood. Nitrite in the 
bloodstream is involved in the oxidation of haemoglobin to methaemoglobin: 
the Fe2+ present in the haem group is oxidized to its Fe3+ form, and nitrite binds 
firmly to this oxidized haem. Nitrite has been shown to cross the placenta and 
cause the formation of fetal methaemoglobin in rats. It may react in the stomach 
with nitrosatable compounds (e.g secondary and tertiary amines or amides in 
food) to form N-nitroso compounds. Such endogenous nitrosation has been 
shown to occur in human as well as animal gastric juice both in vivo and in vitro, 
mostly at higher pH values. 

The major part of the ingested nitrate is eventually excreted in urine as 
nitrate, ammonia, or urea, faecal excretion being negligible. Little nitrite is ex
creted (1, 5, 17). The excess nitrate excretion that has often been observed after 
low nitrate and nitrite intake originates from endogenous synthesis, which 
amounts, in normal healthy humans, to 1 mmol/day on average, corresponding 
to 62 mg of nitrate per day or 14 mg of nitrate-nitrogen per day. Gastrointestinal 
infections increase nitrate excretion enormously, as a result, at least in part, of in
creased endogenous (nonbacterial) nitrate synthesis, probably induced by activa
tion of the mammalian reticuloendothelial system (5, 17). 
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13.24.5 Effects on laboratory animals and in vitro test systems 

Acute exposure 

The acute oral toxicity of nitrate to laboratory animals is low to moderate: LD50 
values of 1600-9000 mg of sodium nitrate per kg of body weight have been re
ported. Ruminants are more sensitive to the effects of nitrate owing to high 
nitrate reduction in the rumen; the LD50 for cows was 450 mg of sodium nitrate 
per kg of body weight. Nitrite is more toxic: LD50 values of 85-220 mg of sodi
um nitrite per kg of body weight have been reported for mice and rats ( 17). 

Short-term exposure 

In a 13-week study in which nitrite was given to rats in drinking-water, a dose
related hypertrophy of the adrenal zona glomerulosa was observed at all dose lev
els (lOO, 300, 1000, or 3000 mg of potassium nitrite per litre of drinking-water, 
corresponding to 54-1620 mg of nitrite per litre). Increased methaemoglobin 
levels were seen only in the highest dose group (18). Studies designed to clarify 
the etiology of this hypertrophy and its significance and to establish a no-effect 
level are currently in progress. 

Long-term exposure 

The only observed effect of nitrate in rats after 2 years of oral dosage was growth 
inhibition; this was seen at dietary concentrations of 5% sodium nitrate and up
wards. The NOAEL in this study was 1 o/o, which corresponds to 500 mg of sodi
um nitrate per kg of body weight. 

One of the long-term effects of nitrite reported in a variety of animal species 
is vitamin A deficiency; this is probably caused by the direct reaction of nitrite 
with the vitamin. The most important effect reported in long-term animal stud
ies was an increase in methaemoglobin level, accompanied by histopathological 
changes in the lungs and heart, in rats receiving nitrite in drinking-water for 2 
years. The LOAEL, which gave a methaemoglobin level of 5%, was 1000 mg of 
sodium nitrite per litre; the NOAEL was 100 mg!litre, corresponding to 10 mg 
of sodium nitrite per kg of body weight (I 7). 

Reproductive toxicity, embryotoxicity, and teratogenicity 

The reproductive behaviour of guinea-pigs was impaired only at very high nitrate 
concentrations (30 000 mg/litre); the NOAELwas 10 000 mg!litre. 

Nitrite appeared to cause fetotoxicity in rats at drinking-water concentra
tions (corresponding to 200-300 mg of sodium nitrite per kg of body weight) 
causing increased maternal methaemoglobin levels. However, after similar doses 
in feed in other studies, no embryotoxic effects were observed in rats. Teratogenic 
effects were not reported (I 7). 
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Mutagenicity and related end-points 

Nitrate is not mutagenic in bacteria and mammalian cells in vitro. Chromosomal 
aberrations were observed in the bone marrow of rats after oral nitrate uptake, 
but this could have been due to exogenous N-nitroso compound formation. 
Nitrite is mutagenic. It causes morphological transformations in in vitro systems; 
mutagenic activity was also found in a combined in vivo-in vitro experiment 
with Syrian hamsters. The results of in vivo experiments were controversial ( 17). 

Carcinogenicity 

Nitrate is not carcinogenic in laboratory animals. Some studies in which nitrite 
was given to mice or rats in the diet showed slightly increased tumour incidences; 
however, the possibility of exogenous N-nitroso compound formation in these 
studies could not be excluded. In studies in which nitrite was given simulta
neously with a nitrosatable compound, tumours were produced characteristic of 
the presumed corresponding Nnitroso compound. However, this was seen only 
at extremely high nitrite levels, of the order of 1000 mg!litre of drinking-water. 
At lower nitrite levels, tumour incidences resembled those of control groups 
treated with the nitrosatable compound only. On the basis of adequately per
formed and reported studies, it may be concluded that nitrite itself is not car
cinogenic in laboratory animals ( 17). 

13.24.6 Effects on humans 

Methaemoglobinaemia 

The toxicity of nitrate to humans is thought to be solely the consequence of its 
reduction to nitrite. The major biological effect of nitrite in humans is its in
volvement in the oxidation of normal heamoglobin to methaemoglobin, which is 
unable to transport oxygen to the tissues. The reduced oxygen transport becomes 
clinically manifest when methaemoglobin concentrations reach 1 Oo/o of that of 
haemoglobin and above; the condition, called methaemoglobinaemia, causes cya
nosis and, at higher concentrations, asphyxia. The normal methaemoglobin level 
in humans is less than 2%, and in infants under 3 months of age less than 3%. 
The haemoglobin of young infants is more susceptible to methaemoglobin 
formation than that of older children and adults. Other groups especially sus
ceptible to methaemoglobin formation include pregnant women and people 
deficient in glucose-6-phosphate dehydrogenase or methaemoglobin reductase. 

Some cases of methaemoglobinaemia have been reported in adults consum
ing high doses of nitrate by accident or as a medical treatment. Fatalities were re
ported after single intakes of 4-50 g of nitrate, many of which occurred among 
special risk groups in whom gastric acidity was reduced. In a controlled study, an 
oral dose of 7-10.5 g of ammonium nitrate and an intravenous dose of 9.5 g of 
sodium nitrate did not cause increased methaemoglobin levels in adults (I 7). 
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Few cases of methaemoglobinaemia have been reported in older children. A 
correlation study among children aged 1-8 years in the USA showed that there 
was no difference in methaemoglobin levels between 64 children consuming 
high-nitrate well-water (22-111 mg of nitrate-nitrogen per litre) and 38 children 
consuming low-nitrate water (<10 mg of nitrate-nitrogen per litre). These con
centrations correspond to 100-500 and 44 mg of nitrate per litre, respectively. 
All the methaemoglobin levels were within the normal range, suggesting that old
er children are relatively insensitive to the effects of nitrate (19). 

Cases of methaemoglobinaemia related to low nitrate intake appear to be re
stricted to infants. In studies in which a possible association between clinical 
cases of infant methaemoglobinaemia or subclinically increased methaemoglobin 
levels and nitrate concentrations in drinking-water was investigated, a significant 
relationship was usually found, most clinical cases occurring at nitrate levels of 
50 mg!litre and above, and almost exclusively in infants under 3 months of age 
(20). In most of these studies, no account was taken of the additional intake of 
nitrate or nitrite from other sources or of infections, which may increase endoge
nous nitrate synthesis; infections in which nitrate-reducing bacteria are involved 
result in massive endogenous nitrite production. Some cases of infant methaemo
globinaemia have indeed been described in which increased endogenous nitrite 
synthesis as a result of gastrointestinal infection appeared to be the only causative 
factor. As most cases of infant methaemoglobinaemia reported in the literature 
have been associated with the consumption of private and often bacterially con
taminated well-water, the involvement of infections is highly probable. Most of 
these studies may therefore be less suitable from the point of view of the quanti
tative assessment of the risk of nitrate intake for healthy infants. On the other 
hand, bottle-fed infants have a high probability of developing gastrointestinal in
fections because of their low gastric acidity; this is an additional reason to treat 
them as a special risk group. 

A few controlled studies on healthy infants have been reponed. Methaemo
globin levels above 3% were found in infants receiving formula mixed with water 
containing more than 60 mg of nitrate per litre. Cyanosis appeared to occur only 
at doses above 50 mg of nitrate per kg of body weight (or approximately 300 
mg/litre of drinking-water). However, the relevance of these studies to quantita
tive risk assessment is also questionable, as they were all short-term studies on 
small groups of infants of ages only partially falling within those of the special 
risk group, i.e. less than 3 months (1,5,12,17). 

Carcinogenicity 

Nitrite was shown to react with nitrosatable compounds in the human stomach 
to form N-nitroso compounds, most of which have been found to be carcino
genic in all the animal species tested, so that they are probably also carcinogenic 
to humans, although data from a number of epidemiological studies are only sug-
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gestive. Nevertheless, a link between cancer risk and endogenous nitrosation as a 
result of high nitrate and/or nitrite intake is possible. 

Several reviews of epidemiological studies have been published, most of 
which are geographical correlation studies relating estimated nitrate intake to 
gastric cancer risk. The US National Research Council found some suggestion of 
an association between high nitrate intake and gastric and/or oesophageal cancer 
(16). However, individual exposure data were lacking and several other plausible 
causes of gastric cancer were present. In a later WHO review (5), some of the 
earlier associations appeared to be weakened following the introduction of 
individual exposure data or after adjustment for socioeconomic factors. No con
vincing evidence was found of an association between gastric cancer and the con
sumption of drinking-water in which nitrate concentrations of up to 45 mg/litre 
were present. No firm evidence was found at higher levels either, but an associa
tion could not be excluded because of the inadequacy of the data available. More 
recent geographical correlation and occupational exposure studies also failed to 
demonstrate a clear relationship between nitrate intake and gastric cancer risk; 
however, a case-control study in Canada, in which dietary exposure to nitrate 
and nitrite was estimated in detail, showed that exogenous nitrite intake, largely 
from preserved meat, was significantly associated with the risk of developing gas
tric cancer (12). 

It has been clearly established that the intake of certain dietary components 
present in vegetables, such as vitamins C and E, decreases the risk of gastric can
cer. This is generally assumed to be at least partly due to the resulting decrease in 
the formation of Nnitroso compounds. It is possible that any effect of a high 
nitrate intake per se is masked in correlation studies by the antagonizing effects of 
simultaneously consumed dietary components. However, the absence of any link 
with cancer in occupational exposure is not in agreement with this theory. 

The known increased risk of gastric cancer under conditions of low gastric 
acidity could be associated with the endogenous formation of N-nitroso com
pounds. High mean levels of Nnitroso compounds, as well as high nitrite levels, 
were found in the gastric juice of achlorhydric patients, who must therefore be 
considered as a special risk group for gastric cancer from the point of view of ni
trate and nitrite intake (5,12,16,17). 

Other effects 

Congenital malformations have been related to a high nitrate level in drinking
water in Australia; however, these observations were not confirmed. Other stud
ies also failed to demonstrate a relationship between congenital malformations 
and nitrate intake (5,12). 

Studies relating cardiovascular effects to nitrate levels in drinking-water gave 
inconsistent results (5). 

Possible relationships between nitrate intake and effects on the thyroid have 
also been studied, as it is known that nitrate competitively inhibits iodine uptake. 
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However, there is no clear evidence that nitrate is an etiological factor in human 
goitre (5). 

13.24.7 Guideline values 

Experiments suggest that neither nitrate nor nitrite acts directly as a carcinogen 
in animals, but there is some concern about a possible increased risk of cancer in 
humans from the endogenous and exogenous formation of Nnitroso com
pounds, many of which are carcinogenic in animals. Suggestive evidence relating 
dietary nitrate exposure to cancer, especially gastric cancer, has been provided by 
geographical correlation or ecological epidemiological studies, but the results 
have not been confirmed by more definitive analytical studies. It must be recog
nized that many factors in addition to environmental nitrate exposure may be in
volved. 

In summary, the epidemiological evidence for an association between dietary 
nitrate and cancer is insufficient, and the guideline value for nitrate in drinking
water is established solely to prevent methaemoglobinaemia, which depends on 
the conversion of nitrate to nitrite. Although bottle-fed infants of less than 3 
months of age are most susceptible, occasional cases have been reported in some 
adult populations. 

Extensive epidemiological data support the current guideline value for 
nitrate-nitrogen of 10 mg/litre. However, this value should not be expressed in 
terms of nitrate-nitrogen but as nitrate itself which is the chemical entity of 
health concern, and the guideline value for nitrate is therefore 50 mg/litre. 

As a result of recent evidence of the presence of nitrite in some water sup
plies, it was concluded that a guideline value for nitrite should be proposed. 
However, the available animal studies are not appropriate for the establishment 
of a firm NOAEL for methaemoglobinaemia in rats. A pragmatic approach was 
therefore adopted in which a relative potency for nitrite and nitrate with respect 
to methaemoglobin formation of 10:1 (on a molar basis) was assumed. On this 
basis, a provisional guideline value for nitrite of 3 mg/litre is proposed. Because 
of the possibility of the simultaneous occurrence of nitrite and nitrate in 
drinking-water, the sum of the ratios of the concentrations of each to its guide
line value should not exceed 1, i.e.: 

cnirrite cnmate 
----+ .;;;; 1 

G~itrite G~ltfate 

where C = concentration 
GV = guideline value. 
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13.25 Dissolved oxygen 

13.25.1 Organoleptic properties 

Depletion of dissolved oxygen in water supplies can encourage the microbial re
duction of nitrate to nitrite and sulfate to sulfide, giving rise to odour problems. 
It can also cause an increase in the concentration of iron(II) in solution. Water 
containing dissolved oxygen at below 80-85% saturation has been reported to 
lead to an increase in the incidence of consumer complaints relating particularly 
to colour (resulting from the corrosion of metal pipes) ( 1). 

13.25.2 Analytical methods 

The two commonly used methods of measuring oxygen concentrations in water 
are the iodometric method and the electrochemical probe or dissolved oxygen 
meter (2, 3). 

13.25.3 Environmental levels 

Water 

The amount of dissolved oxygen present in water depends on the latter's physical 
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and chemical characteristics (particularly temperature and salinity). The satura
tion concentration of dissolved oxygen decreases as the temperature and salinity 
increase. In fresh water at 5, 10, and 20 oc, the saturation concentrations are 
12.8, 11.3, and 9.1 mg/litre, respectively (2). 

13.25.6 Effects on humans 

There are no reported health effects arising directly from a deficiency of dissolved 
oxygen in potable water or from its complete absence. Indirect effects may result 
from organoleptic problems, from exposure to high concentrations of corrosion 
products (e.g. iron, cadmium, lead, zinc), and from anaerobic conditions (see the 
section on hydrogen sulfide). 

13.25.5 Conclusions 

The dissolved oxygen content of water is influenced by the raw water tempera
ture, composition, treatment, and any chemical or biological processes taking 
place in the distribution system. A dissolved oxygen content substantially lower 
than its saturation concentration may indicate that undesirable processes are oc
curring, which may adversely affect water quality. It is therefore desirable that 
dissolved oxygen levels be maintained as near saturation as possible. No health
based guideline value is recommended. 
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13.26 pH 

13.26.1 General description 

The pH of a solution is the negative common logarithm of the hydrogen ion ac
tivity: 

pH = -log (H+) 

In dilute solutions, the hydrogen ion activity is approximately equal to the hy
drogen ion concentration. 
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The pH of water is a measure of the acid-base equilibrium and, in most nat
ural waters, is controlled by the carbon dioxide-bicarbonate-carbonate equilibri
um system. An increased carbon dioxide concentration will therefore lower pH, 
whereas a decrease will cause it to rise. Temperature will also affect the equilibria 
and the pH. In pure water, a decrease in pH of about 0.45 occurs as the tempera
ture is raised by 25 oc_ In water with a buffering capacity imparted by bicarbo
nate, carbonate, and hydroxyl ions, this temperature effect is modified. The pH 
of most raw water lies within the range 6.5-8.5 (1). 

13.26.2 Analytical methods 

The pH of an aqueous sample is usually measured electrometrically with a glass 
electrode. Temperature has a significant effect on pH measurement (I, 2). 

13.26.3 Relationship with water-quality parameters 

The pH is of major importance in determining the corrosivity of water. In gener
al, the lower the pH, the higher the level of corrosion. However, pH is only one 
of a variety of factors affecting corrosion (3-8). 

13.26.4 Effects on laboratory animals 

When solutions differing in pH were injected into the abdominal skin of mice, 
skin irritation was manifested at pH 10 after 6 h (9). In the rabbit, intracuta
neous skin irritation was observed above pH 9.0 (9). In addition, a pH above 10 
has been reported to be an irritant to the eyes of rabbits (9). No significant eye 
effects were reported in rabbits exposed to water of pH 4.5 (10). 

13.26.5 Effects on humans 

Exposure to extreme pH values results in irritation to the eyes, skin, and mucous 
membranes. Eye irritation and exacerbation of skin disorders have been associat
ed with pH values greater than 11. In addition, solutions of pH 10-12.5 have 
been reported to cause hair fibres to swell (10). In sensitive individuals, gastro
intestinal irritation may also occur. Exposure to low pH values can also result in 
similar effects. Below pH 4, redness and irritation of the eyes have been reported, 
the severity of which increases with decreasing pH. Below pH 2.5, damage to the 
epithelium is irreversible and extensive (I 0). In addition, because pH can affect 
the degree of corrosion of metals as well as disinfection efficiency, it may have an 
indirect effect on health. 
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13.26.6 Conclusions 

Although pH usually has no direct impact on water consumers, it is one of the 
most important operational water-qJJality parameters. Careful attention to pH 
control is necessary at all stages of water treatment to ensure satisfactory water 
clarification and disinfection. For effective disinfection with chlorine, the pH 
should preferably be less than 8. The pH of the water entering the distribution 
system must be controlled to minimize the corrosion of water mains and pipes in 
household water systems. Failure. to do so can result in the contamination of 
drinking-water and in adverse effects on its taste, odour, and appearance. 

The optimum pH will vary in different supplies according to the composi
tion of the water and the nature of the construction materials used in the distri
bution system, but is often in the range 6.5-9.5. Extreme pH values can result 
from accidental spills, treatment breakdowns, and insufficiently cured cement 
mortar pipe linings. 

No health-based guideline value is proposed for pH. 
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13.27 Selenium 

13.27.1 General description 

Identity 

Selenium is present in the earth's crust, often in association with sulfur-contain
ing minerals. It can assume four oxidation states (-2, 0, +4, +6) and occurs in 
many forms, including elemental selenium, selenites and selenates (1 ). 

Physicochemical properties (1) 

Value Property 

Physical state 
Boiling point 
Water solubility 

Grey metallic/red amorphous powder or vitreous form 
685 oc 
Insoluble 

Organoleptic properties 

Many selenium compounds are odoriferous, some having an odour of garlic (1). 

Environmental fate 

Acid and reducing conditions reduce inorganic selenites to elemental selenium, 
whereas alkaline and oxidizing conditions favour the formation of selenates. Se
lenites and selenates are usually soluble in water. Elemental selenium is insoluble 
in water and not rapidly reduced or oxidized in nature. In alkaline soils, selenium 
is present as water-soluble selenate and is available to plants; in acid soils, it is 
usually found as selenite bound to iron and aluminium oxides in compounds of 
very low solubility (2). 

13.27.2 Analytical methods 

Atomic absorption spectrometry with hydride generation is the most convenient 
method of determining selenium in drinking-water. If 1 0-ml samples are used for 
routine analysis, the detection limit is about 0.5 jlg!litre. Lower levels can be de
termined iflarger sample volumes are used (3). 
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13.27.3 Environmental levels and human exposure 

Air 

The level of selenium (mostly bound to particles) in most urban air ranges from 
0.1 to 10 ngfm3, but higher levels may be found in certain areas, e.g. in the vicin
ity of copper smelters ( 4). 

Water 

The levels of selenium in groundwater and surface water range from 0.06 to 
about 400 11g/litre (5-7); in some areas, levels in groundwater may approach 
6000 11g/litre (B). Concentrations increase at high and low pH as a result of con
version into compounds of greater solubility in water. Levels of selenium in tap
water samples from public water supplies around the world are usually much less 
than 10 11gllitre (9,10). Drinking-water from a high-selenium area in China was 
reported to contain 50-160 j.lg!litre (1). 

Food 

Vegetables and fruits are mostly low in selenium content (<0.01 mg/kg). Levels 
of selenium in meat and seafood are about 0.3-0.5 mg/kg. Grain and cereal 
products usually contain <0.01-0.67 mg/kg. Great variations in selenium 
content have been reported in China, where those of corn, rice, and soya beans 
in high- and low-selenium areas were 4-12 and 0.005-0.01 mg/kg, respectively 
(1, 2). 

Estimated total exposure and relative contribution of drinking-water 

Foodstuffs constitute the main source of selenium for the general population. 
Daily dietary intake varies considerably according to geographical area, food sup
ply, and dietary habits. Recommended daily intakes have been set at 1. 7 j.lg/kg of 
body weight in infants and 0.9 11g/kg of body weight in adults (1 I). 

Most drinking-water contains much less than 10 j.lg/litre, except in certain 
seleniferous areas. A level of 1 j.lg/litre corresponds to an intake of 2 11g of sele
nium per day. Thus, given an intake from food of about 60 11g/ day, the relative 
contribution from drinking-water is small. Even in high-selenium areas, the rela
tive contribution of selenium from drinking-water may be small in comparison 
with that from locally produced food (1). 

The intake of selenium by the general population from air and smoking ap
pears to be insignificant and has been estimated to be less than 1-2 j.lg/day (12). 
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13.27.4 Kinetics and metabolism in laboratory animals and 
humans 

Most water-soluble selenium compounds and selenium from food are effectively 
absorbed in the gastrointestinal tract (13 ). Elemental selenium (14) and sele
nium sulfide (15) are poorly absorbed. Mter absorption, water-soluble selenium 
compounds appear to be rapidly distributed to most organs, the highest concen
trations being in kidney, liver, spleen, and testes ( 16, 17). 

Selenium compounds are biotransformed into excretable metabolites, in
cluding unknown as well as methylated selenides and trimethylselenonium ion at 
higher doses (I, 12, 13, 18). Selenites may react with metals in the body to form 
metal selenides (12). Most (49-70%) selenium is excreted in urine (19). In hu
mans, selenite is eliminated in three phases, with half-lives of 1, 8-20, and 100 
days, respectively (13). 

Selenium is an essential trace element for many species, including humans (2, 
11, 20 ). It is incorporated into proteins via a specific selenocysteine tRNA with 
eo-translational synthesis of selenocysteine from phosphoserine tRNA and inor
ganic selenium (20, 21). Selenium is found as selenocysteine in glutathione perox
idase (2, 20) and is incorporated into other proteins, such as tetraiodothyronine 
deiodinase and selenoprotein P (20, 22, 23). (-)-Selenomethionine from food is 
apparently nonspecifically incorporated into proteins in competition with (-)
methionine. 

13.27.5 Effects on laboratory animals and in vitro test systems 

Acute exposure 

Selenite, selenate, selenocysteine, and selenomethionine are highly toxic and kill 
laboratory animals in single doses of 1.5-6 mg/kg of body weight (1, 12). 

Long-term exposure 

Signs of selenium deficiency in many farm and laboratory animals include degener
ative changes in several organs, growth retardation, and failure to reproduce 
(2,24). 

In rats, 5 mg of selenium per kg of diet may result in growth reduction (25, 
26). At a dietary level of 6.4 mg of selenium per kg (given as selenite), liver 
changes and splenomegaly occurred. At 8 mg of selenium per kg, anaemia, pan
creatic enlargement, and increased mortality were observed (25). Based on 
growth retardation, apparently caused by reduced secretion of growth hormone 
from the anterior pituitary gland as a result oflocal selenium accumulation (27), 
a NOAEL of about 0.4 mg of selenium per kg of body weight per day was sug
gested. Hepatotoxic effects have also been described following dietary adminis
tration of selenium (28, 29). Based on both growth retardation and organ 
toxicity, a LOAEL of 0.03 mg/kg of body weight per day has been suggested. 
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The syndromes "blind staggers" and "alkali disease" have been described in 
livestock and are associated with the consumption of selenium in accumulator 
plants (30). 

Reproductive toxicity, embryotoxicity, and teratogenicity 

Selenate, selenite, and the amino acids selenocysteine and selenomethionine are 
teratogenic in avian species (31) and fish (32). Teratogenicity has also been ob
served in sheep (33) and pigs (34). In recent studies on monkeys (Macaca fosci
cularis) fed selenomethionine (25, 150 or 300 rglkg of body weight per day) 
during organogenesis, no signs of teratogenicity were observed (35). 

Adverse effects of selenate (3 mg/litre in drinking-water) on reproduction in 
mice and rats have been reported (36), but there are also two negative reports on 
the effects of selenite in hamsters and mice (37). Only at doses associated with 
overt maternal poisoning and nutritional deprivation was evidence of seleno
methionine-induced embryonic or fetal toxicity observed in rabbits and hamsters 
(38, 39). 

Mutagenicity and related end-points 

A weak base-pair substitution mutagenic activity has been demonstrated for both 
selenite and selenate in Salmonella typhimurium strain TAlOO (40,41). Selenite, 
selenate, and selenide induced unscheduled DNA synthesis, sister chromatid ex
change, and chromosomal aberrations in cell cultures in vitro, often in the pres
ence of glutathione ( 42-44). In one in vivo study, chromosomal aberrations and 
increased sister chromatid exchange were seen in hamster bone marrow cells after 
selenite treatment, but only at toxic doses ( 45). 

Carcinogenicity 

Early studies in which tumours were seen in test animals ( 46, 47) have been seri
ously questioned because of study limitations ( 48 ), and several evaluators have 
found the data to be inconclusive. In two studies on mice, there was either no in
crease or a decrease in the incidence of tumours after the administration of selen
ite or selenate (3 mg of selenium per litre of drinking-water) ( 49) or selenium 
oxide (2 mg of selenium per litre of drinking-water) (50). Further data indicate 
an anticarcinogenic effect of selected selenium compounds. Viewed collectively, 
these data seem to show that the compounds studied will not act as carcinogens 
at low or moderate doses (12). 

Selenium sulfide given by gavage resulted in hepatocellular carcinomas in 
rats and mice (51) but caused no increased incidence in tumours when applied 
to the skin of mice (52). 
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13.27.6 Effects on humans 

In humans, few reports of clinical signs of selenium deficiency are available. It 
has been suggested that it may be a factor in endemic cardiomyopathia (Keshan 
disease) and possibly also in the joint and muscle disease (Kaschin-Beck disease) 
in the Keshan region of China (1,12). 

Acute oral doses of selenite and other selenium compounds cause symptoms 
such as nausea, diarrhoea, abdominal pain, chills, tremor, numbness in limbs, 
irregular menstrual bleeding, and marked hair loss (12,53). 

High dietary intakes of selenium have been investigated in selenium-rich 
areas of South Dakota, USA. Symptoms in people with high urinary selenium 
levels included gastrointestinal disturbances, discoloration of the skin, and de
cayed teeth (54). 

Children living in a seleniferous area in Venezuela exhibited more pathologi
cal nail changes, loss of hair, and dermatitis than those living in Caracas (55). 
Based on Chinese data on blood level-intake relationships (56), their estimated 
daily intake was about 0.66 mg of selenium. However, the groups concerned dif
fered nutritionally in several ways. 

In China, endemic selenium intoxication has been studied by Yang and col
leagues (57). Morbidity was 49o/o among 248 inhabitants of five villages where 
the daily intake was about 5 mg of selenium. The main symptoms were brittle 
hair with intact follicles, lack of pigment in new hair, thickened and brittle nails, 
and skin lesions. Symptoms of neurological disturbances were observed in 18 of 
the 22 inhabitants of one heavily affected village only. Those affected recovered 
once diets were changed following evacuation from the areas concerned. 

In a follow-up study, Yang et al. studied a population of about 400 individ
uals with average daily intakes ranging from 62 to 1438 flg (56, 58). Clinical 
signs of selenosis (hair or nail loss, nail abnormalities, mottled teeth, skin lesions, 
and changes in peripheral nerves) were observed in 5 of 439 adults having a mean 
blood selenium of 1346 flg/litre, corresponding to a daily intake of 1260 flg of 
selenium. A decrease in prothrombin time and in the concentration of gluta
thione in blood were seen at dietary intakes exceeding 750-850 flg. 

In a recent study, 142 subjects from geographical areas where the average se
lenium intake was 239 flg/day (68-724 flg/day) were examined over 2 years (59) 
An association between selenium intake and alanine aminotransferase (ALAT) 
levels in serum was observed but considered to be clinically insignificant. None 
of the effects, including nail abnormalities, were related to selenium intake. 

One case of selenium toxicity directly attributable to a water source has been 
reported. A family was exposed for about 3 months to well-water containing 
9 mg of selenium per litre. They suffered from loss of hair, weakened nails, and 
mental symptoms, but recovered when they stopped using the water from the 
well concerned (33). 

Two individuals received about 350 and 600 flg of selenium per day via diet 
and selenium-containing yeast for 18 months. Marginal haematological changes 
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and a borderline increase in ALAT levels were seen ( 60). In a small group of 
patients with rheumatoid arthritis receiving daily supplements of 256 jlg of sele
nium in selenium-enriched yeast in addition to selenium from food for 6 
months, levels of selenium in serum and erythrocytes were increased considerably 
in comparison with those in a group receiving placebo (61). 

13.27.7 Guideline value 

Except for selenium sulfide, which does not occur in drinking-water, selenium 
does not appear to be carcinogenic. IARC has placed selenium and selenium 
compounds in Group 3 (62 ). Selenium compounds have been shown to be 
genotoxic in in vitro systems with metabolic activation. There was no evidence 
of teratogenic effects in monkeys. Long-term exposure in rats may result in 
growth retardation and liver pathology. 

In humans, the toxic effects of long-term selenium exposure are manifested 
in nails, hair, and liver. Data from China indicate that clinical and biochemical 
(decreased liver prothrombin synthesis) signs occur at a daily intake above 0.8 
mg. Daily intakes by Venezuelan children with clinical signs were estimated at 
about 0.66 mg on the basis of their blood levels and the Chinese data on the rela
tionships between blood level and intake. Effects on the synthesis of a liver pro
tein were also seen in a small group of patients with rheumatoid arthritis given 
selenium at a rate of 0.25 mg/day (total daily intake from all sources about 0.35 
mg). No clinical or biochemical signs of selenium toxicity were reported in a 
group of 142 persons with a mean daily intake of 0.24 mg (maximum 0. 72 mg) 
from food. However, the liver enzyme ALAT was positively correlated within ref
erence values with selenium intake. 

On the basis of these data, the NOAEL in humans was estimated to be about 
4 jlg/kg of body weight per day, on the assumption that soluble selenium salts in 
drinking-water may be more toxic than organic-bound selenium in food. The 
recommended daily intake of selenium is 0.9 jlg/kg of body weight for adults. An 
allocation of 10% of the NOAEL in humans to drinking-water gives a health
based guideline value of0.01 mg/litre (rounded figure). 
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13.28 Silver 

13.28.1 General description 

Identity 

Silver (CAS no. 7440-22-4) is present in silver compounds primarly in the oxida
tion state + 1 and less frequently in the oxidation state +2. A higher degree of oxi
dation is very rare. The most important silver compounds from the point of view 
of drinking-water are silver nitrate (AgN03, CAS no. 7761-88-8) and silver chlo
ride (AgCl, CAS no. 7783-90-6). 

Physicochemical properties (1) 

Property 

Colour 
Melting point (°C) 
Water solubility at 25oC 
(g/litre) 

Major uses 

AgN03 
White 
212 
2150 

A get 
White, darkens when exposed to light 
455 
0.00186 

The electrical and thermal conductivity of silver are higher than those of other 
metals. Important alloys are formed with copper, mercury, and other metals. Sil
ver is used in the form of its salts, oxides, and halides in photographic materials 
and alkaline batteries, or as the element in electrical equipment, hard alloys, 
mirrors, chemical catalysts, coins, table silver, and jewellery. Soluble silver com
pounds may be used as external antiseptic agents (15-50 p.g/litre), as bacterio
static agents (up to 100 p.g/litre), and as disinfectants (>150 p.g/litre) (2). 

Environmental fate 

Silver occurs in soil mainly in the form of its insoluble and therefore immobile 
chloride or sulfide. As long as the sulfide is not oxidized to the sulfate, its mobili
ty and ability to contaminate the aquatic environment are negligible. Silver in 
river water is "dissolved" by complexation with chloride and humic matter (3). 
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13.28.2 Analytical methods 

The detection limit of the spectrographic and calorimetric method with dithi
zone is 10 )lg of silver per litre for a 20-ml sample. The detection limit of atomic 
absorption spectroscopy (graphite furnace) is 2 )lg of silver per litre, and of neu
tron activation analysis, 2 ng of silver per litre ( 4). 

13.28.3 Environmental levels and human exposure 

Air 

Ambient air concentrations of silver are in the low nanogram per cubic metre 
range (5). 

Water 

Average silver concentrations in natural waters are 0.2-0.3 )lgflitre. Silver levels 
in drinking-water in the USA that had not been treated with silver for disinfec
tion purposes varied between "non-detectable" and 5 )lg!litre. In a survey of 
Canadian tapwater, only 0.1% of the samples contained more than 1-5 ng of 
silver per litre (5). Water treated with silver may have levels of 50 )lg/litre or 
higher ( 4); most of the silver will be present as nondissociated silver chloride. 

Food 

Most foods contain traces of silver in the 10-100 )lg/kg range ( 6). 

Estimated total exposure and relative contribution of drinking-water 

The median daily intake of silver from 84 self-selected diets, including drinking
water, was 7.1 )lg (6). Higher figures have been reported in the past, ranging 
from 20 to 80 )lg of silver per day (7). The relative contribution of drinking
water is usually very low. Where silver salts are used as bacteriostatic agents, how
ever, the daily intake of silver from drinking-water can constitute the major route 
of oral exposure. 

13.28.4 Kinetics and metabolism in laboratory animals and 
humans 

Silver may be absorbed via the gastrointestinal tract, lungs, mucous membranes, 
and skin lesions (5). The absorption rate of colloidal silver after oral application 
can be as high as 5% ( 8). Most of the silver transported in blood is bound to 
globulins (5). In tissues, it is present in the cytosolic fraction, bound to metallo
thionein (9). Silver is stored mainly in liver and skin and in smaller amounts in 
other organs (5, 1 0). The biological half-life in humans (liver) ranges from sever
al to 50 days (9). 

339 



GUIDELINES FOR DRINKING-WATER QUALITY 

The liver plays a decisive role in silver excretion, most of what is absorbed be
ing excreted with the bile in the faeces. In mice, rats, monkeys, and dogs, cumu
lative excretion was in the range 90-99%. Silver retention was about 1 Oo/o in the 
dog, <5o/o in the monkey, and <1 o/o in rodents (10). In humans, under normal 
conditions of daily silver exposure, retention rates between 0 and 10% have been 
observed (5). 

13.28.5 Effects on laboratory animals and in vitro test systems 

Acute exposure 

Oral LD50 values between 50 and 100 mg/kg of body weight have been observed 
for different silver salts in mice (1 1). 

Short-term exposure 

Hypoactive behaviour was observed in mice that had received 4.5 mg of silver per 
kg of body weight per day for 125 days (12). 

Long-term exposure 

After 218 days of exposure, albino rats receiving approximately 60 mg of silver 
per kg of body weight per day via their drinking-water exhibited a slight greyish 
pigmentation of the eyes, which later intensified (13). Increased pigmentation of 
different organs, including the eye, was also observed in Osborne-Mendel rats af
ter lifetime exposure to the same dose ( 14). Antagonistic effects between silver 
and selenium, involving the selenium-containing enzyme glutathione peroxidase, 
were observed in Holtzman rats (15). 

Mutagenicity and related end-points 

In the rec-assay with Bacillus subtilis, there were no indications that silver chloride 
was mutagenic (16). Reverse mutations in Escherichia coli were not induced by 
silver nitrate (17). In the DNA repair test with cultivated rat hepatocytes, silver 
nitrate solution was positive only at a moderately toxic concentration (I 8). Silver 
nitrate increased the transformation rate of SA7 -infected embryonic cells of 
Syrian hamsters (19). 

Carcinogenicity 

Silver dust suspended in trioctanoin injected intramuscularly into Fischer 344 
rats of both sexes was not carcinogenic (20). 

340 



13 INORGANIC CONSTITUENTS AND PHYSICAL PARAMETERS 

13.28.6 Effects on humans 

The estimated acute lethal dose of silver nitrate is at least 10 g (21). 
The only known clinical picture of chronic silver intoxication is that of ar

gyria, a condition in which silver is deposited on skin and hair, and in various or
gans following occupational or iatrogenic exposure to metallic silver and its 
compounds, or the misuse of silver preparations. Pigmentation of the eye is con
sidered the first sign of generalized argyria (21). Striking discoloration, which oc
curs particularly in areas of the skin exposed to light, is attributed to the 
photochemical reduction of silver in the accumulated silver compounds, mainly 
silver sulfide. Melanin production has also been stimulated in some cases (22, 
23). 

It is difficult to determine the lowest dose that may lead to the development 
of argyria. A patient who developed a grey pigmentation in the face and on the 
neck after taking an unknown number of anti-smoking pills containing silver eth
anoate was found to have a total body silver content of 6.4 ± 2 g (22). It has been 
reported that intravenous administration of only 4.1 g of silver arsphenamine 
(about 0.6 g of silver) can lead to argyria (24). Other investigators concluded that 
the lowest intravenous dose of silver arsphenamine causing argyria in syphilis pa
tients was 6.3 g (about 0.9 g of silver) (21). It should be noted that syphilis pa
tients suffering from argyria were often already in a bad state of health and had 
been treated with bismuth, mercury, or arsphenamine in addition to silver. 

13.28.7 Conclusions 

Argyria has been described in syphilitic patients in poor health who were thera
peutically dosed with a total of about 1 g of silver in the form of silver arsphena
mine together with other toxic metals. There have been no reports of argyria or 
other toxic effects resulting from the exposure of healthy persons to silver. 

On the basis of present epidemiological and pharmacokinetic knowledge, a 
total lifetime oral intake of about 10 g of silver can be considered as the human 
NOAEL. As the contribution of drinking-water to this NOAEL will normally be 
negligible, the establishment of a health-based guideline value is not deemed nec
essary. On the other hand, special situations may exist where silver salts are used 
to maintain the bacteriological quality of drinking-water. Higher levels of silver, 
up to 0.1 mg/litre (a concentration that gives a total dose over 70 years of half the 
human NOAEL of 10 g), could then be tolerated without risk to health. 
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13.29 Sodium 

13.29.1 General description 

Identity 

Compound 
Sodium 
Sodium chloride 

Sodium carbonate 
Sodium hypochlorite 
Sodium metasilicate 

CAS no. 
7440-23-5 
7647-14-7 
492-19-8 
7681-52-9 
1344-09-8 

Molecular formula 
Na 
NaCl 

Na2C03 
NaOCl 
Na2Si03 
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Physicochemical properties (1-5) 

Property Na NaCl 
Melting point (QC) 97.83 801 
Boiling point (QC) 886 1413 
Densityat20QC(g/cm3) 0.71 2.17 
Vapour pressure (kPa) 0.133 
Water solubility at OQC (g/l) reacts 357 

violently 

Organoleptic properties 

Na2C03 NaOCl 
851 
decomposes -
2.53 

71 infinitely soluble 
soluble 

The taste threshold for sodium in water depends on the associated anion and the 
temperature of the solution. At room temperature, the threshold values are about 
20 mg!litre for sodium carbonate, 150 mg!litre for sodium chloride, 190 mg!litre 
for sodium nitrate, 220 mg/litre for sodium sulfate, and 420 mg/litre for sodium 
bicarbonate ( 6). 

Major uses 

Metallic sodium is used in the manufacture of tetraethyllead and sodium hy
dride, in titanium production, as a catalyst for synthetic rubber, as a laboratory 
reagent, as a coolant in nuclear reactors, in electric power cables, in non
glare lighting for roads, and as a heat-transfer medium in solar-powered electric 
generators (3 ). Sodium salts are used in water treatment, including softening, 
disinfection, corrosion control, pH adjustment, and coagulation (7), in road de
icing and in the paper, glass, soap, pharmaceutical, chemical, and food industries. 

Environmental fate 

Sodium salts are generally highly soluble in water and are leached from the terres
trial environment to groundwater and surface water. They are nonvolatile and 
will thus be found in the atmosphere only in association with particulate matter. 

13.29.2 Analytical methods 

Sodium concentrations can be determined by direct aspiration atomic absorption 
spectroscopy (8). Detection limits of 2 and 40 )lg!litre can be achieved with 
flame atomic absorption spectrometry and inductively coupled plasma atomic 
emission spectrometry, respectively. 
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13.29.3 Environmental levels and human exposure 

Air 

The sodium levels in ambient air are low in comparison with those in food or 
water. 

Water 

The sodium ion is ubiquitous in water. Most water supplies contain less than 
20 mg of sodium per litre, but in some countries levels can exceed 250 mg/litre. 
Saline intrusion, mineral deposits, seawater spray, sewage effluents, and salt used 
in road de-icing can all contribute significant quantities of sodium to water. In 
addition, water-treatment chemicals, such as sodium fluoride, sodium bicarbon
ate, and sodium hypochlorite, can together result in sodium levels as high as 
30 mg/litre. Domestic water softeners can give levels of over 300 mg!litre, but 
much lower ones are usually found (6). 

In a survey of 2100 water samples in the USA in 1963-1966, the sodium ion 
concentrations found were in the range 0.4-1900 mg/litre; in 42% of the sam
ples, the concentrations were in excess of 20 mg!litre, but in 5% they were great
er than 250 mg/litre. In a later survey of 630 water-supply systems in the same 
country, the sodium ion concentrations found ranged from less than 1 to 402 
mg/litre, with similar distribution of values (9). 

Food 

Sodium is naturally present in all foods and may be added during food process
ing. Fresh fruit and vegetables contain sodium at concentrations in the range 
<10-1000 mg/kg; cereals and cheese may contain as much as 10-20 g/kg; and 
human and cows' milk contains 180 and 770 mg/litre, respectively (6, 10). 

Estimated total exposure and relative contribution of drinking-water 

Food is the main source of daily exposure to sodium, primarily as sodium chlo
ride. The estimation of daily intake from food is difficult because of the wide vari
ation in concentrations and the fact that many people add salt to their food. In 
western Europe and North America, the estimated overall consumption of dietary 
sodium chloride is 5-20 g/day (2-8 g of sodium per day), the average being 10 
g/day (4 g of sodium) (6). People on a low-sodium diet need to restrict their so
dium intake to less than 2 g/day (9). The consumption of drinking-water contain
ing 20 mg of sodium per litre would lead to a daily intake of about 40 mg of 
sodium. 
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13.29.4 Kinetics and metabolism in laboratory animals and 
humans 

Virtually all of the sodium present in water and foods is rapidly absorbed from 
the gastrointestinal tract. Sodium is the principal cation found in the extra
cellular body fluids; only small amounts are found within cells (11 ). Some is 
found in bone, where it acts as a sodium reservoir in maintaining the blood pH. 

The level of sodium in extracellular fluids is carefully maintained by the kid
ney and determines the volume of these fluids (9). Sodium balance is controlled 
through a complex interrelated mechanism involving both the nervous and hor
monal systems (12). Sodium is excreted principally in the urine in amounts re
flecting the dietary intake ( 11). 

13.29.5 Effects on laboratory animals and in vitro test systems 

Acute exposure 

The LD50 values for rats and mice for sodium ion as the chloride salt are 1180 
mg/kg of body weight and 1572 mg/kg of body weight, respectively. An LD50 of 
3147 mg/kg of body weight was reported for rabbits (13). 

Long-term exposure 

Hypertension has been clearly demonstrated in different species of animals given 
high levels of sodium chloride in their diet ( 6). Despite the usual reservations 
about extrapolating animal results to humans, the consistency of the animal data 
suggests that they should not be ignored. 

Ingestion of a high-salt diet resulted in hypertension in female Sprague
Dawley rats (14). Approximately 75% of 159 rats fed diets containing 8% so
dium chloride (equal to 3597 mg of sodium ion per kg of body weight per day) 
for 12-15 months exhibited hypertension (systolic blood pressure >18.7 kPa 
(140 mmHg)) within 6-9 months of the initiation of the diet regimen; the mean 
blood pressure of these animals increased with age. Rats maintained on a low-salt 
diet (0.35% sodium chloride, equal to 157 mg of sodium ion per kg of body 
weight per day) did not exhibit a corresponding increase in blood pressure with 
age. 

Reproductive toxicity, embryotoxicity, and teratogenicity 

The reproductive effects of the sodium ion were studied in three strains of preg
nant rats (SHR, WKY, and Sprague-Dawley) fed diets containing either 0.4 or 
8.0% sodium chloride (equal to 208 and 4196 mg of sodium ion per kg of body 
weight per day) throughout gestation and lactation (15 ). Their offspring were 
also placed on low- or high-sodium diets. Pregnancy rates were decreased in the 
high-salt diet group, by 38% in SHR rats and 66% in WKY rats. Although slight 
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nonsignificant increases in systolic blood pressure were noted in high-salt WKY 
dams, significant decreases were observed in their SHR counterparts. SHR pups 
fed the high sodium level from high-salt dams had significantly higher blood 
pressure than offspring from all other groups after 11.5 weeks of exposure and ex
hibited high morbidity and mortality from peripheral capillary haemorrhage and 
stroke. Maternal high-salt diets caused depression of postnatal growth in all 
strains of rats studied. 

No developmental effects were observed in the offspring of pregnant mice, 
rats, or rabbits given oral doses of sodium chloride equivalent to 189, 147, and 
147 mg of sodium ion per kg of body weight, respectively, on days 6-15 (mice 
and rats) or 6-18 (rabbits) of gestation (15,16). 

Mutagenicity and related end-points 

Sodium (as sodium chloride) produced gene mutations in mouse lymphocyte 
assays, induced unscheduled DNA synthesis in rats, and caused cytogenetic aber
rations in hamster ovaries and lung cells as well as DNA damage in hamster 
ovaries and mouse lymphocytes (13). The overall importance of these findings is 
reduced because very high dose levels of sodium ion were used. 

Carcinogenicity 

It is unlikely that sodium alone is carcinogenic. However, a high-salt diet may en
hance the carcinogenic potency of chemicals such as N-methyl-N' -nitro-Nni
trosoguanidine in drinking-water by causing irritation of the gastroduodenal 
tract, thus increasing the exposure of epithelial cells to the carcinogen and result
ing in an increased incidence of gastric tumours ( 17). 

13.29.6 Effects on humans 

Although it is generally agreed that sodium is essential to human life, there is no 
agreement on the minimum daily requirement. However, it has been estimated 
that a total daily intake of 120-400 mg will meet the daily needs of growing in
fants and young children, and 500 mg those of adults (18). 

In general, sodium salts are not acutely toxic because of the efficiency with 
which mature kidneys excrete sodium. However, acute effects and death have 
been reported following accidental overdoses of sodium chloride (6). Acute ef
fects may include nausea, vomiting, convulsions, muscular twitching and rigidi
ty, and cerebral and pulmonary oedema (12,19). Excessive salt intake seriously 
aggravates chronic congestive heart failure, and ill effects due to high levels of so
dium in drinking-water have been documented (6). 

The effects on infants are different from those in adults because of the imma
turity of infant kidneys. Infants with severe gastrointestinal infections can suffer 
from fluid loss, leading to dehydration and raised sodium levels in the plasma 
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(hypernatraemia); permanent neurological damage is common under such condi
tions. Addition of cows' milk or tapwater containing high levels of sodium to sol
id food may exacerbate the effects (2, 6). 

The relationship between elevated sodium intake and hypertension has been 
the subject of considerable scientific controversy. Although short-term studies 
have suggested that such a relationship does exist (20), most people in western 
Europe and North America ingest a high-salt diet from infancy yet do not ex
hibit persistent hypertension until the fourth decade (6). Whereas reducing the 
sodium intake can reduce the blood pressure of some individuals with hyper
tension, this is not effective in all cases (21 ). In addition, some data for both 
humans and animals suggest that the action of sodium may be at least partly 
modified by the level of the accompanying anion as well as that of other cations 
(22,23). Although several studies suggest that high levels of sodium in drinking
water are associated with increased blood pressure in children (24,25), in other 
studies no such association has been found (26, 27, 28). 

A particularly striking observation is that, in "nonwesternized" populations, 
diets are low in sodium, the prevalence of hypertension is very low, and blood 
pressure does not increase with age. Although it is tempting to conclude that a 
causal relationship exists, a number of differences between "westernized" and 
"nonwesternized" populations might account for the difference. However, the 
good agreement between these results and those of other studies gives further 
support to a direct link between raised sodium intake and hypertension (6). 

Although there is an association between hypertension and certain diseases, 
such as coronary heart disease, genetic differences in susceptibility, possibly 
protective minerals (potassium and calcium), and methodological weaknesses 
in experiments make it difficult to quantifY the relationship, and sodium in 
drinking-water generally makes only a small contribution to total dietary so
dium. No firm conclusions can therefore be drawn at present as to the impor
tance of sodium in drinking-water and its possible association with disease. 

13.29.7 Conclusions 

Sodium salts are found in virtually all food (the main source of daily exposure) 
and drinking-water. Sodium levels in the latter are typically less than 20 mg!litre 
but can markedly exceed this in some countries. On the basis of existing data, no 
firm conclusions can be drawn concerning the possible association between so
dium in drinking-water and the occurrence of hypertension. No health-based 
guideline value is therefore proposed. However, sodium may affect the taste of 
drinking-water at levels above about 200 mg!litre. 
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13.30 Sulfate 

13.30.1 General description 

Identity 

Sulfates occur naturally in numerous minerals, including barite (BaS04), 
epsomite (MgS04·7H20), and gypsum (CaS04·2H20) (I). 

Organoleptic properties 

Reported taste threshold concentrations in drinking-water are 250-500 mg/litre 
(median 350 mg/litre) for sodium sulfate, 250-1000 mg/litre (median 525 
mg/litre) for calcium sulfate, and 400-600 mg/litre (median 525 mg/litre) for 
magnesium sulfate (2). In a survey of 10-20 people, the median concentrations 
that could be detected by taste were 237, 370, and 419. mg/litre for the sodium, 
calcium, and magnesium salts, respectively (3). Concentrations of sulfates at 
which 50% of panel members considered the water to have an "offensive taste" 
were approximately 1000 and 850 mgllitre for calcium and magnesium sulfate, 
respectively ( 4). 

Addition of calcium and magnesium sulfate (but not sodium sulfate) to dis
tilled water was found to improve the taste; an optimal taste was found at 270 
and 90 mg/litre for calcium and magnesium sulfate, respectively (4). 

Major uses 

Sulfates and sulfuric acid products are used in the production of fertilizers, chem
icals, dyes, glass, paper, soaps, textiles, fungicides, insecticides, astringents, and 
emetics. They are also used in the mining, wood-pulp, metal, and plating indus
tries, in sewage treatment, and in leather processing (I ). Aluminium sulfate 
(alum) is used as a sedimentation agent in the treatment of drinking-water. Cop
per sulfate has been used for the control of algae in raw and public water supplies 
(5). 

Environmental fate 

Sulfates are discharged into water from mines and smelters, and from kraft pulp 
and paper mills, textile mills, and tanneries. Sodium, potassium, and magnesium 
sulfates are all soluble in water, whereas calcium and barium sulfates and many 
heavy metal sulfates are less soluble. Atmospheric sulfur dioxide, formed by the 
combustion of fossil fuels and in metallurgical roasting processes, may contribute 
to the sulfate content of surface waters. Sulfur trioxide, produced by the photo
lytic or catalytic oxidation of sulfur dioxide, combines with water vapour to form 
dilute sulfuric acid, which falls as "acid rain" ( 6). 
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13.30.2 Analytical methods 

Sulfate in aqueous solutions may be determined by a gravimetric method in 
which sulfate is precipitated as barium sulfate; the method is suitable for sulfate 
concentrations above 10 mg!litre (7). 

13.30.3 Environmental levels and human exposure 

Air 

Levels of sulfate in air in Ontario (Canada) have been found to range from 3.0 to 
12.6 )lgfm3, with a mean of7.0 )lg!litre (B). In a nationwide survey in the USA, 
sulfate concentrations in air ranged from 0.5 to 228 )lgfm3, the means ranging 
from 0.8 to 31.5 )lgfm3 (US Environmental Protection Agency, unpublished 
data, 1984). The average daily intake of sulfate from air, based on these means 
and on the assumption that 20 m3 of air is inhaled daily, would be in the range 
0.02-0.63 mg. 

Water 

Sulfate concentrations in rain in Canada varied between 1.0 and 3.8 mg!litre in 
1980 (9). An annual mean value of about 6 mg!litre in precipitation over central 
Europe has been reported (10). Levels of sulfate in rain and surface water corre
late with emission levels of sulfur dioxide from anthropogenic sources ( 11). 

Seawater contains about 2700 mg of sulfate per litre (12). According to 
GEMS/WATER, a global network of water monitoring stations, typical sulfate 
levels in fresh water are in the vicinity of 20 mg!litre and range from 0 to 630 
mg!litre in rivers, the highest values being found in Belgium and Mexico, from 2 
to 250 mg!litre in lakes (the highest value is found in Mexico), and from 0 to 230 
mg/litre in groundwater (the highest values are found in Chile and Morocco) 
(13). Levels of sulfate in rivers in western Canada ranged from 1 to 3040 mg/li
tre, most concentrations being below 580 mgllitre (Environment Canada, un
published data, 1984). Levels of sulfate in groundwater in the Netherlands were 
below 150 mg!litre (14). 

The mean sulfate level in municipal drinking-water supplies may be increased 
by treatment. Thus it was 12.5 mg!litre in untreated water in municipal water 
supplies in Ontario but 22.5 mg!litre in treated water (Ontario Ministry of the 
Environment, unpublished data, 1987). Levels in central Canada are particularly 
high; in Saskatchewan, median levels of 368 and 97 mg!litre were found in treated 
drinking-water from groundwater and surface water supplies, respectively, with a 
range of 3-2170 mg!litre (Saskatchewan Environment and Public Safety, unpub
lished data, 1989). In the Netherlands, the sulfate concentration of drinking
water from 65% of water-treatment plants was below 25 mg/litre in 1985 (14). 

Based on the mean sulfate concentration of 22.5 mg!litre in Ontario and an 
average daily consumption of 2 litres of drinking-water, the average daily intake 
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from this source would be 45 mg. However, in areas with much higher sulfate 
levels in drinking-water, such as Saskatchewan, daily intake from this source 
could be over 4000 mg. 

Food 

No data on the sulfate content of foodstuffs were found; however, sulfates are 
used as additives in the food industry (15). The estimated average daily intake of 
sulfate in food in the USA is 453 mg, based on data on food consumption and 
reported usage of sulfates as additives (I 6, 17). Sulfites and sulfides are also 
present in food. 

Estimated total exposure and relative contribution of drinking-water 

The average daily intake of sulfate from drinking-water, air, and food is approxi
mately 500 mg, food being the major source. However, in areas with drinking
water supplies containing high levels of sulfate, drinking-water may constitute 
the principal source of intake. 

13.30.4 Kinetics and metabolism in laboratory animals and 
humans 

About 30% of an oral dose of 13.9 g of magnesium sulfate heptahydrate adminis
tered in four equal hourly doses (I 8) and 43.5% of a similarly administered dose 
of 18.1 g of sodium sulfate decahydrate (I 9) were recovered in the urine of hu
mans within 24 h. It was estimated that approximately 73% of calcium and mag
nesium sulfate administered to adult male Wistar rats in the diet was absorbed 
(20). The amount ingested, the nature of the accompanying anion, and the pres
ence of certain dietary components influence the amount of sulfate absorbed. 
Low doses are generally absorbed well; at high doses (such as those used to induce 
catharsis), the absorptive capacity is probably exceeded, so that much of the dose 
is excreted in the faeces. 

13.30.5 Effects on laboratory animals and in vitro test systems 

Acute exposure 

The minimum lethal dose of magnesium sulfate in mammals is reported to be 
200 mg/kg of body weight (21). 

Short-term exposure 

In short-term (28-day) studies, there were no adverse effects other than diarrhoea 
in weanling pigs drinking water containing 3000 mg of sulfate per litre (22). 
Cattle can tolerate concentrations of sodium sulfate in their drinking-water up to 
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2610 mg/litre (corresponding to 527 mg/kg of body weight per day) for periods 
up to 90 days with no signs of toxicity except for changes in methaemoglobin 
and sulfhaemoglobin levels (23). However, 69 of 200 yearling calves, 22 of which 
subsequently died, developed polioencephalomalacia following the ingestion of a 
protein supplement containing 1.5o/o organic sulfate and drinking-water contain
ing 1814 mg of sulfate per litre (24). 

Groups of 20 male and 20 female Sprague-Dawley rats were given either tap
water or bottled mineral water containing sulfate at concentrations of 9-10, 280, 
or 1595 mg/litre for 90 days. No gastrointestinal disturbances or other effects 
were noted in any group, based on the evaluation of biochemical and haemato
logical parameters as well as a histopathological examination (25). 

13.30.6 Effects on humans 

Sulfate is one of the least toxic anions. The lethal dose for humans as potassium 
or zinc sulfate is 45 g (21). 

Ingestion of 8 g of sodium sulfate and 7 g of magnesium sulfate caused ca
tharsis in adult males (I 8, 19). Cathartic effects are commonly experienced by 
people consuming drinking-water containing sulfate in concentrations exceeding 
600 mg/litre (26, 27), although it is reported that with time humans can adapt to 
higher concentrations (28). Dehydration has also been reported as a common 
side-effect following the ingestion oflarge amounts of magnesium or sodium sui
fate (29). 

13.30.7 Conclusions 

The major physiological effects resulting from the ingestion of large quantities of 
sulfate are catharsis, dehydration, and gastrointestinal irritation. Water contain
ing magnesium sulfate at levels above 600 mg/litre acts as a purgative in humans. 
The presence of sulfate in drinking-water can also result in a noticeable taste; the 
lowest taste threshold concentration for sulfate is approximately 250 mg!litre, as 
the sodium salt. Sulfate may also contribute to the corrosion of distribution sys
tems. 

In the light of the above considerations, no health-based guideline value for 
sulfate in drinking-water is proposed. However, because of the gastrointestinal 
effects resulting from the ingestion of drinking-water containing high sulfate 
levels, it is recommended that health authorities be notified of sources of 
drinking-water that contain sulfate concentrations in excess of 500 mg!litre. 
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13.31 Taste and odour 

13.31.1 Sources in drinking-water 

Taste and odour in drinking-water can be caused by microorganisms, or be of hu
man origin, as in the contamination of water supplies with chemicals. Problems 
can also be caused by some water-treatment processes or by substances leached 
from water pipe or storage facility linings. 

Inorganic constituents 

Compounds in water that are perceived as giving it a taste are generally inorganic 
substances present in concentrations much higher than those of organic pollu
tants. The salt concentration in water should be approximately the same as in 
saliva for the water to taste neutral (1 ). The concentrations of sodium, magne
sium, and calcium chloride at which 50% of a tasting panel found an offensive 
taste were 465, 47, and 350 mg!litre, respectively (2). 

Of the ions that may be present in water, iron can be tasted in distilled water 
at a concentration of about 0.05 mg/litre, copper at about 2.5 mg/litre, manga
nese at about 3.5 mg!litre, and zinc at about 5 mg/litre (3). Iron, in particular, is 
suspected of affecting the taste of water in practice ( 4). 

Organic constituents 

Organic compounds can cause organoleptic effects in water (5 ) at taste and 
odour threshold concentrations that can vary from milligrams to nanograms per 
litre. The compounds concerned include humic substances, hydrophilic acids, 
carboxylic acids, peptides and amino acids, carbohydrates, and hydrocarbons (6). 

Biological constituents 

The organisms most often linked to taste and odour problems are actinomycetes 
and various types of algae, but other aquatic organisms, such as protozoa and 
fungi, have been implicated from time to time. 

Earthy-musty tastes and odours are produced by certain cyanobacteria (blue
green algae), actinomycetes, and a few fungi. The substances produced by acti
nomycetes and cyanobacteria that cause tastes and odours in drinking-water have 
been extensively discussed in the literature (7-10) and include geosmin, methyl
isoborneol (MIB) and cardin-4-ene-1-ol. Growing algae produce numerous vola
tile and nonvolatile organic substances, including aliphatic alcohols, aldehydes, 
ketones, esters, thioesters, and sulfides. 

Occasionally, taste and odour problems in water are caused by other bacteria, 
fungi, zooplankton, and nemathelminthes. Ferrobacteria in water-distribution 
systems may produce tastes and odours (11 ), and somes species of Pseudomonas 
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can cause a swampy odour (12), whereas others can convert sulfur-containing 
amino acids into hydrogen sulfide, methylthiol, and dimethylpolysulfide (13). 

Man-made pollution 

Halogenated hydrocarbon solvents are the synthetic contaminants of drinking
water most frequently found because of the huge amounts produced, and their 
very diffuse use, chemical and biological stability, volatility, and negligible ad
sorption by soil and sediments. 

Production during water treatment 

Water treatment often includes storage, slow sand filtration, or activated carbon 
filtration. Mircoorganisms can grow in the equipment used for these purposes 
and can then cause tastes and odours. The biological degradation of organic com
pounds in raw water can also lead to the production of substances such as phe
nols, aldehydes, and alkylbenzenes that cause taste and odour problems (14). In 
addition, the chemicals used in water treatment as coagulants, oxidants, or disin
fectants can interact with organic compounds in water and occasionally produce 
tastes and odours. 

Ozone is one of the most efficient agents in removing tastes and odours, but 
its use can lead to the formation of intermediate reaction products (15). In par
ticular the formation of aliphatic aldehydes, which has been frequently reported 
in the literature (16), leads to the development of fruity, fragrant, and orange
like odours (17). 

The free halogens used as water disinfectants can produce undesirable tastes 
and odours in the water. For chlorine residuals, threshold values vary signifi
cantly with pH: 75 jlg!litre at pH 5 as compared with 450 jlg!litre at pH 9 (18). 
Hypochlorous acid, hypochlorite ion, monochloramine, and dichloramine have 
odour thresholds ranging from 0.15 to 0.65 mg!litre (19). 

Taste and odour problems that develop in water-treatment plants are fre
quently an indirect consequence of chlorination (20). The odour threshold val
ues of chlorinated by-products are generally significantly lower than those of the 
original products; for example, odour thresholds for phenol, 4-chlorophenol, and 
2,4-dichlorophenol are 1000-5000, 0.5-1200, and 2-210 jlg!litre, respectively. 

13.31.2 Analytical methods 

Water evaluation panels are used to obtain early warnings and descriptions of 
taste and odour problems. Such panels may consist of a few members who meet 
regularly and have been specially trained, or of many untrained consumers 
(sometimes hundreds). It was concluded in one study that the results of evalua
tions by large consumer panels could be used to optimize the treatment process 
at a water-treatment plant, and it was suggested that panel evaluation should 
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become a routine control method where contaminated surface water was used as 
the raw water source (21 ). 

13.31.3 Health aspects 

Odour in potable water may be indicative of some form of pollution of the water 
or of malfunction during water treatment or distribution and should not be ac
cepted without knowledge of the exact cause. The senses of taste and smell may 
be more sensitive than the best available analytical instrumentation, and a de
scription of the taste and odour of a water sample can be obtained only by the 
sensory analysis of that sample. Such an analysis is an important contribution to 
the subsequent chemical identification of the pollutant. 

13.31.4 Conclusions 

Since tastes and odours in drinking-water may be indicative of some form of pol
lution or malfunction during water treatment or distribution, investigations to 
determine their cause are necessary and the appropriate health authorities should 
be consulted, particularly if there is a sudden or substantial change. An unusual 
taste or odour might be an indication of the presence of potentially harmful sub
stances. 

The taste and odour of drinking-water should not be offensive to the consu
mer. However, there is enormous variation in the level and quality of taste and 
odour that are regarded as acceptable. 

No health-based guideline value is proposed for taste and odour. 

References 

1. Bartoshuk LM. NaCl thresholds in man: thresholds for water taste or NaCl taste? 
journal of comparative physiology, 1974, 87(2):310-325. 

2. Zoeteman BCJ. Sensory assessment and chemical composition of drinking water. The 
Hague, Van der Gang, 1978. 

3. Water Research Centre. A guide to solving water quality problems in distribution sys
tems. Medmenham, 1981. 

4. Cohen JM et al. Taste threshold concentration of metals in drinking water. journal 
of the American Water Works Association, 1960, 52(5):660-670. 

5. National Academy of Sciences. Drinking water and health. Washington, DC, 1977. 

6. Thurmann EJ. Organic geochemistry of natural waters. Amsterdam, Netherlands, 
Martinus Nijhoff, 1985. 

359 



GUIDELINES FOR DRINKING-WATER QUALITY 

7. Woods Set al. Microbes as a source of earthy flavours in potable water-a review. In
ternational biodeterioration bulletin, 1983, 19:3-16. 

8. Gerber NN. Volatile substances from actinomycetes: their role in the odor pollution 
of water. CRC critical reviews in microbiology, 1979, 7:191-214. 

9. Cross T. Aquatic actinomycetes: a critical survey of the occurrence, growth, and role 
of actinomycetes in aquatic habitats. journal of applied bacteriology, 1981, 50:397-423. 

10. Slater GP , Block VC. Volatile compounds of the cyanophyceae-a review. Water sci
ence and technology, 1983, 15(6/7): 181-190. 

11. MacKenthun KM, Keup LE. Biological problems encountered in water supplies. 
journal of the American Water Works Association, 1970, 62(8):520-526. 

12. Wajon JE et al. The occurrence and control of swampy odour in the water supply of 
Perth, Western Australia. Bentley, Western Australia, School of Applied Chemistry, 
Western Australia Institute of Technology, 1985. 

13. Whitfield FB, Freeman D. Off-flavours in crustaceans caught in Australian coastal 
water. Water science and technology, 1983, 15(6/7):85-95. 

14. Linden AC, Thijsse GJE. The mechanism of microbial oxidation of petroleum hy
drocarbons. Advances in enzymology, 1965, 27:469-546. 

15. Glaze WH. Reaction products of ozone: a review. Environmental health perspectives, 
1986,69:151. 

16. Anselme C et al. Removal of tastes and odors by the ozone-granular activated carbon 
water treatment processes. Paper presented at the 7th Ozone World Congress, Interna
tional Ozone Association, Tokyo, 1985. 

17. Suffer IH et al. Removal of tastes and odors by ozonation. In: Proceedings of the 
American Water Works Association Annual Conference, Seminar on Ozonation. Denver, 
CO, AWWA, 1986. 

18. Brayan PE et al. Taste threshold of halogens in the Delaware river. journal of the 
American Water Works Association, 1973, 65(5):363-368. 

19. Krasner SW, Barret SE. Aroma and flavor characteristics of free chlorine and chlora
mines. In: Proceedings of the American Water Works Association Water Quality Treat
ment Conference, Denver, CO, AWWA, 1984. 

20. Burttschell RH et al. Chlorine derivatives of phenol causing taste and odor. journal 
oftheAmerican Water Works Association, 1959, 51(2):205-214. 

21. De Greef E et al. Drinking water contamination and taste assessment by large consu
mer panels. Water science and technology, 1983, 15(6/7): 13-24. 

360 



13 INORGANIC CONSTITUENTS AND PHYSICAL PARAMETERS 

13.32 Tin and inorganic tin compounds 

13.32.1 General description 

Identity 

Tin in its most common form is a silvery white metal. Of the various tin-bearing 
minerals cassiterite is an oxide, while the remainder are complex sulfides. Tin 
forms two series of compounds, namely those of bivalent (tin(II)) and quadrival
ent tin (tin(IV)). The most important inorganic compounds of tin are the oxides, 
chlorides, fluorides, and halogenated sodium stannates and stannites. Tin can 
form one to four covalent bonds with carbon (1,2). 

Physicochemical properties 

Property 
Melting point 
Boiling point 
Density 
Water solubility 

Major uses 

Value 
232 oc 
2260-2270 ac at 100 kPa 
7.3 g/cm3 
insoluble 

Approximately 50% of the world production of tin is used for plating. Tin coat
ings are used for food containers and food-processing equipment. Tin is also used 
in alloys, such as solders, bronzes, and pewters. Inorganic tin compounds are 
used as pigments in the ceramic and textile industry (3). 

13.32.2 Analytical methods 

Total tin is determined by atomic absorption spectrometry (AAS) either with di
rect aspiration into a flame or a furnace technique. The graphite furnace AAS 
procedure is highly sensitive. Picric acid, a simple and very efficient matrix mod
ifier, greatly improves the determination of tin in toluene solution by furnace 
AAS. When combined with toluene-tropolone extraction from acidified aqueous 
solutions, this procedure lowers the detection limit for inorganic tin from 1 !lg/li
tre to 0.01 11g/litre (4). 

13.32.3 Environmental levels and human exposure 

Air 

The background level of tin in air is about 0.01 !lgfm3, increasing to 0.3 !lgfm3 
in urban areas and to 5 11g/m3 near industrial emissions (1, 5). 
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Water 

The concentration of tin in rivers, estuaries, and oceans is generally less than 5 
ng/litre, but the use of organotin biocides can produce significantly higher con
centrations (e.g. 26-91 ng/litre near the California coast, 200-3300 ng!litre in 
Lake Michigan) (1 ). In seawater, levels of 0.3-980 ng/litre have been found. In 
rivers, levels were 6-10 ng/litre, but 300 ng!litre was found in the Rhine (6). 

Levels of <42-295 j.lg!litre were found in 37 different bottled mineral waters 
(7). A mean range of 1.1-2.2 j.lg!litre (maximum 30 j.lg/litre) was found in a sur
vey of water supplies in the USA. Values greater than 1-2 j.lg/litre are exceptional 
(5). 

Food 

Most natural foods contain tin in trace amounts, but concentrations are in
creased by the use of organotin pesticides and the storage of liquids in cans (1 ). 
In most unprocessed foods, tin levels are generally less than 1 j.lg/g. Higher con
centrations are found in canned foods as a result of the dissolution of the tin 
coating or tin plate, the levels depending largely on the type and acidity of the 
food, the presence of oxidants, the duration and temperature of storage, and the 
presence of air in the can headspace. Tin concentrations in foodstuffs in unlac
quered cans frequently exceed 100 j.lglg but are below 25 j.lg!g in lacquered cans 
(3,5). 

Low tin levels have been found in flour (10 ng/g), dried milk (50 ng/g), spin
ach (20 ng/g), and fish (4-8 j.lg/g); higher levels were reported in canned fruit 
(30-100 j.lg/g) and canned grapefruit juice (245-260 j.lg/g) (6 ). Vegetables 
grown on soils of high tin content contained less than 1 j.lg/g. Diets consisting of 
fresh vegetables, meat, and cereals contributed less than 1 mg to the daily intake 
(1). 

Estimated total exposure and relative contribution of drinking-water 

Food, particularly canned food, represents the major route of human exposure to 
tin. Intake from this source varies widely and for some segments of the popula
tion can reach several milligrams per kilogram of body weight (3). Estimates of 
the mean daily intake of tin are numerous (e.g. 0.1-100 mg; 0.2-17 mg; 3.6 mg; 
1.5-8.8 mg) (3, 5, 8). In a study on duplicate portions of the 24-hour diet in the 
Netherlands, the median daily intake of tin was 0.21 mg in 1976-78 (range 
<0.08-17.4 mg) and 1984-85 (range <0.09-9.81 mg) (9). 

The contribution of air to the daily intake of humans is less than 1 j.lg per 
person. For the general population, drinking-water is not a significant source of 
tin. Based on a maximum value of 2 j.lg/litre, its contribution will be 4 j.lg 
(1,3,5). 
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13.32.4 Kinetics and metabolism in laboratory animals and 
humans 

Both tin and inorganic tin compounds are poorly absorbed from the gastrointes
tinal tract; in most studies, absorption was less than 5%, although values as high 
as 20% have been reported (5). Gastrointestinal absorption is influenced by the 
oxidation state; studies with radiolabelled tin in the rat indicated that absorption 
of tin(II) was four times greater than that of tin(IV) (2.8 and 0.6%, respectively). 
The anion may also influence the rate of absorption (10). Highest tissue concen
trations of tin after both oral and parenteral administration were found in bone 
(principal site of distribution), kidney, and liver (5). 

Absorbed tin is excreted primarily via the kidneys, and only to a smaller ex
tent via the bile (8). Rats given oral doses of different tin salts excreted 50% of 
the absorbed tin in the first 48 h. Following intravenous administration of tin(II) 
or tin(IV) salts to rats, 12% of the tin(II) and only 4% of the tin(IV) appeared in 
the faeces, indicating that the biliary toute is probably more important in the 
elimination of tin(II) (94% within 24 h) than of tin(IV) compounds (I 0). 

Half-times ranging from 3 to 4 months and from 34 to 40 days were report
ed in the bones of rats after intramuscular and oral administration, respectively. 
Elimination of tin(II) chloride after intraperitoneal and intravenous administra
tion to the mouse, rat, monkey, and dog was a four-component process that was 
similar in all the species studied, the half-time for the longest component being 
over 3 months (5). 

13.32.5 Effects on laboratory animals and in vitro test systems 

Acute exposure 

The acute toxicity of metallic tin and inorganic tin compounds (except tin hy
drides) to animal species is low; the oral LD50 values for tin(II) chloride for mice 
and rats are 250 and 700 mg/kg of body weight, respectively. The rabbit is less 
sensitive, the oral LD50 being 10 000 mg/kg of body weight (5). Tin hydrides, 
like many other metallic hydrides, are highly toxic to animals; they exert their ef
fects mainly on the central nervous system (I 1 ). High doses of inorganic tin 
compounds (of the order of the LD50) affect the central nervous system, produc
ing effects such as ataxia, muscular weakness, and central nervous system depres
sion (5). The species-related differences illustrated by the LD50 values are 
apparent even at low levels of exposure. The cat was found to be more sensitive to 

the oral administration of tin than either the dog or the rat; vomiting and diar
rhoea were observed only in cats after oral administration of tin-containing fruit 
beverages (>5.4 mg of tin per kg of body weight) or a complex of tin (IV) chloride 
and sodium citrate (9 mg of tin per kg of body weight) (12). 
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Short-term exposure 

In 4- or 13-week feeding studies with rats given various tin salts (including tin(II) 
chloride) or tin oxides at dose levels of 50-10 000 mg/kg of food, doses above 
3000 mg/kg caused anaemia, changes in a number of enzyme activities, and ex
tensive damage to liver and kidney, particularly with the more soluble tin salts 
(e.g. the chloride, orthophosphate and sulfate) (12, 13 ). When male weanling 
rats were given doses of up to 3 mg of tin per kg of body weight (as tin(II) chlo
ride) at 12-h intervals for 90 days, an increase in acid phosphatase activity and 
a decrease in the calcium content and compressive strength of the femur were 
observed (14). 

Long-term exposure 

Two drinking-water studies with mice were carried out (12): in the first the mice 
received 1000 or 5000 mg of tin per litre as sodium chlorostannate or 5000 mg 
of tin per litre as tin(II) oleate for 1 year; in the second study, mice were given 5 
mg of tin per litre as tin(II) chloride over their lifetime. In neither study were any 
effects on growth rates or survival observed. 

In a 115-week study, rats were exposed to 0, 200, 400, or 800 mg of tin per 
kg of food as tin(II) chloride. Anaemia was observed in weeks 4 and 13 at each 
treatment level, but not during the second year of the study. At autopsy, the only 
effect noted was a slight increase in the relative spleen weight at 400 and 800 
mg/kg, but no histopathological changes were seen. A slightly increased tin con
tent in the bones was seen at the highest dose level only. The NOAEL in this 
study was 400 mg/kg of food, equivalent to 20 mg/kg of body weight per day 
(12). 

Reproductive toxicity, embryotoxicity, and teratogenicity 

Testicular degeneration was observed in rats receiving 10 mg of tin(II) chloride 
per kg in the feed for 13 weeks (13). Tin(II) chloride with casein in an aqueous 
medium at dose levels of 0, 200, 400, or 800 mg/kg of feed did not affect the re
productive performance of rats, although a transient anaemia was observed in the 
offspring before weaning (12). 

Low transplacental transfer of tin was observed after the feeding of different 
tin salts (in amounts corresponding to tin levels of up to 500 mg/kg in the diet) 
to pregnant rats; no effects were seen in the fetuses (5). 

Tin(II) chloride (at doses of up to 50 mg/kg of body weight) was not terato
genic or fetotoxic in mice, rats, and golden hamsters (5). 

Mutagenicity and related end-points 

Tin(II) chloride was found not to be mutagenic in a rec-assay in Bacillus subtilis 
(15). 
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Carcinogenicity 

In an oral carcinogenicity study with B6C3F 1 mice (dose levels 0, 1000, or 2000 
mg of tin(II) chloride per kg of food), a dose-related significant increase in the 
incidence of hepatocellular adenomas and/or carcinomas was found in females. 
However, the highest incidence was within the historical range for female 
B6C3F1 mice (15). 

In a long-term feeding study in rats given sodium chlorostannate, three ma
lignant tumours were observed at sacrifice, but the treatment groups were rather 
small (13 ). In a study with F-344 rats receiving 0, 1000, or 2000 mg of tin(II) 
chloride per kg of diet for 105 weeks, no increased tumour incidences were ob
served (15). No effects on tumour incidence were observed in long-term studies 
with rats given tin in drinking-water or in food (12). 

13.32.6 Effects on humans 

Vomiting, diarrhoea, fatigue, and headache were often observed following the 
consumption of canned products (tin concentrations as low as 150 mg/kg in 
canned beverages and 250 mg/kg in other canned foods) (I 2). In contrast, no 
toxic effects were noted in nine male volunteers consuming packaged military ra
tions (tin contents ranging from 13 to 204 mg/kg) for successive 24-day periods 
and in two other studies on human volunteers who ate canned food with tin con
tent ranging from 250 to 700 mg/kg for periods of 6-30 days (5). There is no 
evidence of adverse effects in humans associated with chronic exposure to tin 
(12,14). 

13.32.7 Conclusions 

The low toxicity of tin and inorganic tin compounds is the result largely of its 
low absorption, low tissue accumulation, and rapid excretion, primarily in the 
faeces. It was concluded that, because of the low toxicity of inorganic tin, a tenta
tive guideline value could be derived three orders of magnitude greater than the 
normal tin concentration in drinking-water. The presence of tin in drinking
water does not, therefore, represent a hazard to human health. For this reason, 
the establishment of a numerical guideline value for inorganic tin is not deemed 
necessary. 
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13.33 Total dissolved solids 

13.33.1 General description 

Identity 

Total dissolved solids (TDS) is the term used to describe the inorganic salts and 
small amounts of organic matter present in solution in water. The principal con
stituents are usually calcium, magnesium, sodium, and potassium cations and 
carbonate, hydrogencarbonate, chloride, sulfate, and nitrate anions. 

Organoleptic properties 

The presence of dissolved solids in water may affect its taste (1). The palatability 
of drinking-water has been rated by panels of tasters in relation to its TDS level 
as follows: excellent, less than 300 mg/litre; good, between 300 and 600 mg/litre; 
fair, between 600 and 900 mgllitre; poor, between 900 and 1200 mgllitre; and 
unacceptable, greater than 1200 mg!litre (1 ). Water containing extremely low 
concentrations ofTDS may be unacceptable because of its flat, insipid taste. 

13.33.2 Analytical methods 

The method of determining TDS in water supplies most commonly used is the 
measurement of specific conductivity with a conductivity probe that detects the 
presence of ions in water. Conductivity measurements are converted into TDS 
values by means of a factor that varies with the type of water (2,3). The practical 
quantification limit for TDS in water by this method is 10 mg/litre (M. Forbes, 
personal communication, 1988). High TDS concentrations can also be measured 
gravimetrically, although volatile organic compounds are lost by this method ( 4). 
The constituents ofTDS can also be measured individually. 

13.33.3 Environmental levels and human exposure 

Water 

TDS in water supplies originate from natural sources, sewage, urban and agricul
tural run-off, and industrial wastewater. Salts used for road de-icing can also con
tribute to the TDS loading of water supplies. 

Concentrations of TDS from natural sources have been found to vary from 
less than 30 mg/litre to as much as 6000 mg/litre (5), depending on the solubili
ties of minerals in different geological regions. Thus values, expressed as the sum 
of the constituents, were below 500 mg/litre in 36 of 41 rivers monitored in Can
ada ( 6) while, in a survey of the Great Lakes, levels ranged from 65 to 227 mglli
tre (7). The levels of TDS in all of the Great Lakes except Lake Superior have 
increased in the past 70 years, by 50-60 mgllitre in Lakes Erie and Ontario 
(7-10). Between 1960 and 1980, a threefold increase in TDS was observed in 
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the Kent River, Australia (5). Between 1955 and 1970, a tenfold increase in the 
salinity of the groundwater at Burlington, MA, was noted, resulting from road 
de-icing. The use of de-icing chemicals was prohibited thereafter (5). 

13.33.4 Effects on humans 

No recent data on health effects associated with the ingestion of TDS in drink
ing-water appear to exist; however, associations between various health effects 
and hardness, rather than TDS content, have been investigated in many studies 
(see page 237). 

In early studies, inverse relationships were reported between TDS concentra
tions in drinking-water and the incidence of cancer ( 11 ) , coronary heart disease 
(12), arteriosclerotic heart disease (13), and cardiovascular disease (14,15). Total 
mortality rates were also reported to be inversely correlated with TDS levels in 
drinking-water ( 15, 16). 

It was reported in a summary of a study in Australia that mortality from all 
categories of ischaemic heart disease and acute myocardial infarction was in
creased in a community with high levels of soluble solids, calcium, magnesium, 
sulfate, chloride, fluoride, alkalinity, total hardness, and pH when compared with 
one in which levels were lower (17). No attempts were made to relate mortality 
from cardiovascular disease to other potential confounding factors. 

The results of a limited epidemiological study in the former Soviet Union in
dicated that the average number of "cases" of inflammation of the gallbladder 
and gallstones over a 5-year period increased with the mean level of dry residue in 
the groundwater (18). It should be noted, however, that the number of "cases" 
varied greatly from year to year in one district, as did the concentration of dry 
residue in each district, and no attempt was made to take possible confounding 
factors into account. 

13.33.5 Other considerations 

Certain components of TDS, such as chlorides, sulfates, magnesium, calcium, 
and carbonates, affect corrosion or encrustation in water-distribution systems 
(4). High TDS levels (>500 mg/litre) result in excessive scaling in water pipes, 
water heaters, boilers, and household appliances such as kettles and steam irons 
(19). Such scaling can shorten the service life of these appliances (20). 

13.33.6 Conclusions 

Reliable data on possible health effects associated with the ingestion of TDS in 
drinking-water are not available. The result of early epidemiological studies sug
gest that even low concentrations of TDS in drinking-water may have beneficial 
effects, although adverse effects have been reported in two limited investigations. 
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Water containing TDS concentrations below 1000 mg/litre is usually accept
able to consumers, although acceptability may vary according to circumstances. 
However, the presence of high levels of TDS in water may be objectionable to 
consumers owing to the resulting taste and to excessive scaling in water pipes, 
heaters, boilers, and household appliances (see also the section on hardness, page 
237). Water with extremely low concentrations ofTDS may also be unacceptable 
to consumers bacause of its flat, insipid taste; it is also often corrosive to water
supply systems. 

In areas where the TDS content of the water supply is very high, the individ
ual constituents should be identified and the local public health authorities 
consulted. No health-based guideline value is proposed for TDS. However, 
drinking-water guidelines are available for some of its constituents, including 
boron, fluoride, and nitrate. 
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13.34 Turbidity 

13.34.1 General description 

Identity 

Turbidity is caused by the presence in water of particulate matter, such as clay, 
silt, colloidal particles, and plankton and other microscopic organisms, and is a 
measure of the water's ability to scatter and absorb light. This depends on anum
ber of factors, such as the number, size, shape, and refractive index of the parti
cles and the wavelength of the incident light ( 1). 
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Sources 

The particles that cause turbidity in water vary in size between 1 nm and 1 mm 
(2). They can be divided into three classes: clay particles, which have an upper 
particle size limit of about 0.002 mm diameter; organic particles produced by the 
decomposition of plant and animal debris; and fibrous particles, e.g. those of 
minerals such as asbestos. 

Soil particles, produced by the erosion of the land surface, have been found 
to constitute the major part of the suspended material in most natural waters. 
The coarser sand and silt fractions are wholly or partially coated with organic ma
terial. Phyllosilicate day particles, as well as non-clay material, such as iron and 
aluminium oxides and hydroxides, quartz, amorphous silica, carbonates, and 
feldspar, constitute the clay fraction. Clay and organic material are often associat
ed as a "day-organic" complex. Humic substances have a much higher ion ex
change capacity than inorganic clays, and their effects often predominate (3). 

The accumulation of large numbers of microorganisms has been reported to 
produce turbid water. Examples include summer blooms of algae in surface 
water, algal debris, and the detritus from iron bacteria in distribution systems 
(3). 

13.34.2 Analytical methods 

A number of methods may be used to measure water turbidity, but nephelometry 
and turbidimetry form the basis of present standard methods ( 4-6). 

13.34.3 Environmental levels and human exposure 

All natural waters are turbid, surface waters generally more than groundwater. 
Raw water turbidity has been reported to range from less than 1 to more than 
1000 NTU (nephelometric turbidity units) (3). As processes such as simple fil
tration or coagulation, sedimentation, and filtration are effective in removing 
turbidity, drinking-water concentrations are usually less than 1 NTU. If turbidi
ty is present in higher concentrations, it may be as a consequence of inadequate 
treatment or the resuspension of sediment in the distribution system (7). It may 
also be due to the presence of inorganic particulate matter in some groundwaters. 

13.34.4 Relationship with water quality parameters 

The turbidity of water is related to or affects many other indicators of drinking
water quality. For example, there is a relationship between high turbidity and the 
appearance, colour, taste, and odour of both raw and filtered waters. It is report
ed that 50% of colour in water is due to a "colloidal fraction" of humic substan
ces. This, however, is not true colour, which is the colour remaining after remov
al of turbidity (6). 
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Turbidity can have a significant effect on the microbiological quality of 
drinking-water. Its presence can interfere with the detection of bacteria and 
viruses in drinking-water ( 8 ); more importantly, turbid water has been shown 
to stimulate bacterial growth (2) since nutrients are adsorbed on to particulate 
surfaces, thereby enabling the attached bacteria to grow more rapidly than those 
in free suspension. 

The main problem associated with turbidity is its effect on disinfection, be
cause high levels have been shown to protect microorganisms from the action of 
disinfectants ( 8-1 0) and to increase the chlorine and oxygen demand (I I). Coli
form bacteria have been found in waters of turbidity between 4 and 84 NTU, 
free chlorine residuals between 0.1 and 0.5 mg/litre, and a minimum contact 
time of 30 min (3). In turbid water, Escherichia coli has been shown to be pro
tected in the presence of chlorine levels of0.35 mg/litre or greater (3). 

The adsorptive capacity of some suspended particulates can lead to the pres
ence of undesirable inorganic and organic compounds in drinking-water. Most 
important in this respect is the organic or humic component of turbidity. For ex
ample, herbicides such as 2,4-D, paraquat, and diquat can be adsorbed on to 
day-humic particulates, the adsorption being greatly influenced by metal cations 
present in the humic material. In addition, the strength of the bonds in some 
metal-humate complexes in the turbidity fraction may complicate the measure
ment of trace metals in natural waters, resulting in an underestimation of the 
metal concentrations. 

13.34.5 Effects on humans 

The consumption of highly turbid water may constitute a health risk, because, as 
mentioned above, excessive turbidity can protect pathogenic microorganisms 
from the effects of disinfectants, stimulate the growth of bacteria in distribution 
systems, and increase the chlorine demand. In addition, the adsorptive capacity 
of some particulates may lead to the presence of harmful inorganic and organic 
compounds in drinking-water. 

13.34.6 Conclusions 

The appearance of water with a turbidity of less than 5 NTU is usually accept
able to consumers, although this may vary with local circumstances. However, 
because of its microbiological effects, it is recommended that turbidity be kept as 
low as possible. No health-based guideline value for turbidity is proposed. 

The impact of turbidity on disinfection efficiency is discussed in section 
11.2.9. 
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13.35 Uranium1 

13.35.1 General description 

Identity 

Uranium occurs naturally in the +2, +3, +4, +5 and +6 oxidation states, the last 
of these being the most common. In nature, uranium(VI) is commonly associat
ed with oxygen as the uranyl ion, UOi+. Naturally occurring uranium (natU) is a 
mixture of three radionuclides (234U, 235U, and 238U), all of which decay by both 
alpha and gamma emissions (1, 2). Uranium is widespread in nature, occurring 
in granites and various other mineral deposits (1, 3). 

Compound 
Uranium 

CAS no. 
7440-61-1 
541-09-3 
7791-26-6 
36478-76-9 
1344-57-6 

Molecular formula 
u 

Uranyl ethanoate 
Uranyl chloride 
Uranyl nitrate 
Uranium dioxide 

C4H60 6U 
Cl20 2U 
N 20 8U 
uo2 

Physicochemical properties (1) 

Compound Melting point Boiling point 
(oC) (oC) 

u 1132 3818 
C4H 60 6U 110 275 (decomposes) 

Cl20 2U 578 (decomposes) 

N 20 8U 60.2 118 
uo2 2878 

Major uses 

Density 
at 20 oc (gfcm3) 
19.0 
2.9 

2.8 
10.96 

Uranium is used mainly as fuel in nuclear power stations. 

Environmental fate 

Ulater 
solubility (g!l) 
insoluble 
76.94 
3200 
soluble 
insoluble 

Uranium is present in the environment as a result of leaching from natural de
posits, release in mill tailings, emissions from the nuclear industry, the combus
tion of coal and other fuels, and the use of phosphate fertilizers that contain 
uranmm. 

1 This review addresses only the chemical aspects of uranium toxicity. Information on the 
derivation of a guideline value based on radiological effects is presented in Chapter 17, page 908. 
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13.35.2 Analytical methods 

Uranium in water is most commonly measured by solid fluorometry with either 
laser excitation or ultraviolet light following fusion of the sample with a pellet of 
carbonate and sodium fluoride (detection limit 0.1 ~g!litre) ( 4 ). It can also be 
determined by inductively coupled plasma mass spectrometry (detection limit 
0.1 rgllitre) (5). 

13.35.3 Environmental levels and human exposure 

Air 

Reported mean levels of uranium in ambient air are 0.02 ngfm3 in Tokyo (6) and 
0.08 ngfm3 in New York City (7). On the assumption of a daily respiratory vol
ume of20 m3 and a concentration in air of0.05 ngfm3, the daily intake of ura
nium from air would be about 1 ng. Tobacco smoke (from two packets of 
cigarettes per day) contributes up to 50 ng of uranium (8). 

Water 

Uranium concentrations in drinking-water in Canadian cities are generally less 
than 1 ~g!litre but have exceeded 8 rgllitre; concentrations were below the detec
tion limit of 0.05 ~g/litre in about 50% of samples taken (9). Uranium concen
trations of up to 700 jlg/litre have been found in private supplies in Canada 
(10, 11). The mean concentration of uranium in drinking-water in New York 
City ranged from 0.03 to 0.08 rgllitre (12); in five Japanese cities, the mean lev
el in potable water supplies was 0.009 rg/litre (13). 

The daily uranium intake from water in Finland is estimated to be 2.1 rg 
(14), and from drinking-water in Salt Lake City (USA) 1.5 jlg (15). On the basis 
of the results of the survey of Canadian cities (9), the daily intake of uranium in 
drinking-water is likely to be approximately 0.1 jlg. 

Food 

Uranium has been detected in a variety of foodstuffs, the highest concentrations 
being found in shellfish and lower levels in fresh vegetables, cereals, and fish. The 
average per capita intake of uranium in food has been reported to be 1.3 rg/day 
(7) and 2-3 ~g/day (15) in the USA and 1.5 rglday in Japan (13). 

In a review of naturally occurring sources of radioactive contamination in 
food, dietary intakes of238U were found to range from 12 to 45 mBq/day in sev
eral European countries, from 11 to 60 mBq/day in Japan (the higher values were 
found in uranium mining areas), and from 15 to 17 mBq/day in the United 
States. The average daily dietary intake was of the order of 20 mBq, or about 
4 jlg. It was often difficult to determine whether these dietary intakes included 
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that from drinking-water, and it was emphasized that the latter has sometimes 
been found to be equal to that from diet ( 16). 

Estimated total exposure and relative contribution of drinking-water 

The daily intake of uranium from each source for adults is estimated to be: air, 
0.001 flg; food, 1.4 flg; water, 0.1 flg. The total daily intake is therefore approxi
mately 1. 5 flg, most of which comes from food. 

13.35.4 Kinetics and metabolism in laboratory animals and 
humans 

The average human gastrointestinal absorption of uranium is 1-2% (17). Only 
0.06% of ingested uranium was absorbed in Sprague-Dawley rats and New Zea
land white rabbits fed ad libitum and having free access to drinking-water con
taining up to 600 mg of uranyl nitrate hexahydrate per litre for up to 91 days 
( 18). Absorption increased with dose in starved rats given uranium by gavage; ab
sorption ranged from 0.06 to 2.8% for doses of 0.03 and 45 mg of uranium per 
kg of body weight, respectively (19). 

Following ingestion, uranium rapidly appears in the bloodstream (19), 
where it is associated primarily with the red cells (20) and forms a nondiffusible 
uranyl-albumin complex in equilibrium with a diffusible ionic uranyl hydrogen
carbonate complex (U02HC03 +) in the plasma (21). Clearance from the blood
stream is rapid, and the uranium subsequently accumulates in the kidneys and 
skeleton (19). The skeleton is the major site of uranium accumulation (17); the 
uranyl ion replaces calcium in the hydroxyapatite complex of bone crystals (11 ). 

Once equilibrium is attained in the skeleton, uranium is excreted in the 
urine and faeces. Urinary excretion in humans has been found to account for ap
proximately 1% of total excretion, averaging 4.4 flg/day (15), the rate depending 
in part on the pH of tubular urine (21 ). Under alkaline conditions, most of the 
uranyl hydrogencarbonate complex is stable and is excreted in the urine. If the 
pH is low, the complex dissociates to a variable degree, and the uranyl ion may 
then bind to cellular proteins in the tubular wall. 

The estimated overall elimination half-life of uranium under conditions of 
normal daily intake is between 180 and 360 days (11). 

13.35.5 Effects on laboratory animals and in vitro test systems 

Acute exposure 

Reported oral LD50s of uranyl ethanoate for rats and mice are 204 and 242 
mg/kg of body weight, respectively (22 ). Among the most common signs of 
acute toxicity are piloerection, significant weight loss, and haemorrhages in the 
eyes, legs, and nose. 
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The most common renal injury caused by uranium in experimental animals 
is damage to the proximal convoluted tubules, predominantly in the distal two
thirds (21 ). At doses not high enough to destroy a critical mass of kidney cells, 
the effect is reversible, as some of the lost cells are replaced. However, the new 
epithelial lining differs morphologically, and possibly functionally, from normal 
tubular epithelium (17,21 ). Regeneration of the injured tubular epithelium 
begins 2-3 days after exposure (21). There is some evidence that tolerance may 
develop following repeated exposure to uranium (23-25). 

Short-term exposure 

A total of 40 male Sprague-Dawley rats given 0, 2, 4, 8, or 16 mg of uranyl etha
noate dihydrate per kg of body weight per day (equivalent to doses ofO, 1.1, 2.2, 
4. 5, or 9.0 mg of uranium per kg of body weight per day) in drinking-water for 4 
weeks exhibited a variety of biochemical effects, including increases in blood glu
cose levels at or above 4 mg/kg of body weight per day, decreases in aspartate 
aminotransferase and alanine aminotransferase values at or above 8 mg/kg of 
body weight per day, increases in several other haematological parameters at 16 
mg/kg of body weight per day, and increases in total protein levels in all treated 
groups (26). The authors considered the NOAEL to be 2 mg/kg of body weight 
per day ( 1.1 mg of uranium per kg of body weight per day). 

Preliminary results are available for a series of studies in which rats and rab
bits were exposed to uranyl ion in drinking-water (A. Gilman, unpublished data, 
1991). Groups of 15 male and 15 female weanling Sprague-Dawley rats con
sumed water containing 0.001 (control), 0.9, 4.8, 24, 120, or 600 mg of uranyl 
nitrate hexahydrate per litre (equivalent to doses of0.00005, 0.06, 0.3, 1.5, 7.5, 
and 37 mg of uranium per kg of body weight per day in males, and 0.00005, 
0.08, 0.4, 2, 10, and 54 mg of uranium per kg of body weight per day in females) 
for 90 days. A dose-related increase in the incidence and severity of kidney le
sions, namely necrosis of the epithelial cells lining the proximal convoluted tu
bules, and the appearance of small vesicles in the cell lumen, were observed in all 
groups of treated male rats. The only renal lesions in females appeared in the 
highest dose group. The LOAEL for adverse effects on the kidney in male rats, 
based on the frequency and degree of degenerative lesions in the epithelium of 
the proximal convoluted tubule, was considered to be 4.8 mg/litre (or 0.3 mg of 
uranium per kg of body weight per day). Minor effects in the lowest dose group 
(0.9 mg/litre, or 0.06 mg of uranium per kg of body weight per day) were not 
considered to be adverse, as minor damage to the tubular epithelium appears to 
be partially reversible (17, 21). The reason for the difference in sensitivity be
tween males and females is not clear, but it did not appear to be due to differen
ces in pharmacokinetics, since accumulation of uranium in renal tissue did not 
differ significantly between the two sexes at all doses. 

In a similar study, groups of 10 male New Zealand white rabbits were given 
uranyl nitrate hexahydrate in drinking-water at concentrations of 0.001 (con-
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trol), 0.9, 4.8, 24, 120, or 600 mg/litre (determined to be equivalent to doses of 
0, 0.05, 0.2, 0.9, 4.8, and 28.7 mg of uranium per kg of body weight per day) 
for 91 days (A. Gilman, unpublished data, 1991). Degenerative renal changes, 
namely pyknosis of nuclei in proximal convoluted tubules accompanied by 
vacuolation of tubules resulting in epithelial destruction in severely affected ani
mals, and mild inflammatory changes were observed in the animals drinking wa
ter containing 24, 120, or 600 mg of uranyl nitrate hexahydrate per litre. There 
were histopathological changes in the thyroid gland at 24 and 600 mg/litre and 
mild hepatic changes in all dose groups. The LOAEL was considered to be 24 
mg/litre (0.9 mg of uranium per kg of body weight per day). It should be noted, 
however, that these rabbits were not Pasteurella-free, and four of them contracted a 
Pasteurella infection during the course of the study. There were no dose-related 
changes in groups of 1 0 female Pasteurella-free rabbits drinking water containing 
<0.001 (control), 4.8, 24, or 600 mg of uranyl nitrate hexahydrate per litre (equiv
alent to doses ofO, 0.5, 1.3, and 43 mg of uranium per kg of body weight per day) 
for 91 days. 

In an additional study in Pasteurella-free male New Zealand white rabbits, 
groups of 5-8 animals were given <0.001, 24, or 600 mg of uranyl nitrate hexa
hydrate per litre in drinking-water for 91 days, with a recovery period of up to 91 
days (A. Gilman, unpublished data, 1991). Although minor histopathological 
lesions were seen in the thyroid, aorta, liver, and kidney, male rabbits did not re
spond as dramatically as those in the earlier study. It is possible that the Pasteu

rella-free rabbits are less sensitive to the effects of uranyl ion in drinking-water 
than the non-Pasteurella-free strain. The LOAEL for the Pasteurella-free rabbits 
was considered to be 600 mg/litre (43 mg of uranium per kg of body weight per 
day). The generally mild lesions observed following 91 days of exposure were less 
frequently reported in animals kept for 91 days after exposure ceased. Repair 
responses were observed in the tissues of some animals, suggesting that the mild 
lesions reported may be largely reversible. 

Long-term exposure 

In an early series of experiments, very high doses (up to 20% in the diet) of a vari
ety of uranium compounds were fed to rats, dogs, and rabbits in the diet for 
periods ranging from 30 days to 2 years (27). On the basis of very limited histo
pathological investigations, renal damage was reported in each species. 

Reproductive toxicity, embryotoxicity, and teratogenicity 

Adverse reproductive effects, in terms of total number of litters and average num
ber of young per litter, were reported in rats given 2% uranyl nitrate for 7 
months (27). 
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Carcinogenicity 

Although bone cancer has been induced in experimental animals by injection or 
inhalation of soluble compounds of high-specific-activity uranium isotopes or 
mixtures of uranium isotopes, no carcinogenic effects have been reported in ani
mals ingesting soluble or insoluble uranium compounds (17). 

13.35.6 Effects on humans 

Nephritis is the primary chemically induced effect of uranium in humans (28). 
Little information is available on the chronic health effects of exposure to en

vironmental uranium in humans. In Nova Scotia (Canada), clinical studies were 
performed on 324 persons exposed to variable amounts of naturally occurring 
uranium in drinking-water (up to 0.7 mg!litre) supplied from private wells. No 
relationship was found between overt renal disease or any other symptomatic 
complaint and exposure to uranium. However, a trend towards increasing excre
tion of urinary ~rmicroglobulin and increasing concentration of uranium in 
well-water was observed; this raises the possibility that an early tubular defect was 
present and suggests that this parameter might be useful as an index of subclini
cal toxicity. The group with the highest uranium concentrations in well-water 
failed to follow this trend, but this was attributed to the fact that most of the in
dividuals in this group had significantly reduced their consumption of well-water 
by the time that the measurements were made, leading to the conclusion that the 
suspected tubular defect might well be rapidly reversible ( 10, 11). 

13.35.7 Conclusions 

Adequate short- and long-term studies on the chemical toxicity of uranium are 
not available, and a guideline value for uranium in drinking-water was therefore 
not derived. Until such information becomes available, it is recommended that the 
limits for the radiological characteristics of uranium be used (see Chapter 17). 
Based on these limits, the equivalent for natural uranium is approximately 0.14 
mg/litre. 
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13.36 Zinc 

13.36.1 General description 

Identity 

Zinc occurs in small amounts in almost all igneous rocks. The principal zinc ores 
are sulfides, such as sphalerite and wurzite (1 ). The natural zinc content of soils 
is estimated to be 1-300 mg/kg (2). 

Physicochemical properties 

Value Property 
Physical state 
Melting point 
Boiling point 
Density (g/cm3) 

Bluish-white metal 
419.58 oc 
907 oc 
7.14 at 20 oc 

Organoleptic properties 

Zinc imparts an undesirable astringent taste to water. Tests indicate that 5% of a 
population could distinguish between zinc-free water and water containing zinc at 
a level of 4 mg!litre (as zinc sulfate). The detection levels for other zinc salts were 
somewhat higher. Water containing zinc at concentrations in the range 3-5 mg/li
tre also tends to appear opalescent and develops a greasy film when boiled (3). 

Major uses 

Zinc is used in the production of corrosion-resistant alloys and brass, and for gal
vanizing steel and iron products. Zinc oxide, used in rubber as a white pigment, 
for example, is the most widely used zinc compound. Peroral zinc is occasionally 
used to treat zinc deficiency in humans. Zinc carbamates are used as pesticides (1). 

13.36.2 Analytical methods 

Atomic absorption spectrophotometry is the most widely used method for the 
determination of zinc. The detection limit of the direct air-acetylene flame 
method is 50 )lgflitre (4). Low concentrations can be measured by chelating zinc 
with ammonium pyrrolidine dithiocarbamate and extracting it with methyl iso
butyl ketone (detection limit 0.5-1 )lg!litre) (5). 

13.36.3 Environmental levels and human exposure 

Air 

In rural areas, atmospheric zinc concentrations are typically between 10 and 100 
ng/m3, whereas levels in urban areas commonly fall within the range 100-500 
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ngfm3 (2). Mean concentrations of zinc associated with particulate matter in am
bient air in Canada were 85 ngfm3 (6) and in Finland, 170 ngfm3 (7). 

Water 

In natural surface waters, the concentration of zinc is usually below 10 Jlg!litre, 
and in groundwaters, 10-40 Jlg!litre (1). In tapwater, the zinc concentration can 
be much higher as a result of the leaching of zinc from piping and fittings (2). The 
most corrosive waters are those of low pH, high carbon dioxide content, and low 
mineral salts content. In a Finnish survey of 67% of public water supplies, the me
dian zinc content in water samples taken upstream and downstream of the water
works was below 20 Jlg/litre; much higher concentrations were found in tapwater, 
the highest being 1.1 mg/litre (8 ). Even higher zinc concentrations (up to 24 
mg!litre) were reported in a Finnish survey of water from almost 6000 wells (9). 

Food 

Protein-rich foods, such as meat and marine organisms, contain high concentra
tions of zinc (10-50 mg/kg wet weight), whereas grains, vegetables, and fruit are 
low in zinc (usually <5 mg/kg) (I). 

Estimated total exposure and relative contribution of drinking-water 

Values of 5-22 mg have been reported in studies on the average daily intake of 
zinc in different areas (1 ). The zinc content of typical mixed diets of North 
American adults varies between 10 and 15 mg/day (10). In Finland, the average 
daily intake of zinc from foodstuffs is calculated to be 16 mg (1 I). The recom
mended dietary allowance for adult men is set at 15 mg/ day, for adult women 12 
mg/day, for formula-fed infants 5 mg/day, and for preadolescent children 10 
mg/day (12,I3). 

Drinking-water usually makes a negligible contribution to zinc intake unless 
high concentrations of zinc occur as a result of the corrosion of piping and fit
tings. Under certain circumstances, tapwater can provide up to 10% of the daily 
intake (9,14). 

13.36.4 Kinetics and metabolism in laboratory animals and 
humans 

Absorption of ingested zinc is highly variable (1 0-90%) and is affected by a 
number of factors. Homoeostatic mechanisms exist for the gastrointestinal ab
sorption and excretion of zinc. High zinc concentrations are found in prostate, 
bone, muscle, and liver. Excretion takes place mainly (75%) via the gastrointes
tinal tract, and only to a smaller extent via urine and sweat. The biological half
time of retained zinc in humans is of the order of 1 year (I). 
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Zinc is an essential element in all living organisms. Nearly 200 zinc-contain
ing enzymes have been identified, including many dehydrogenases, aldolases, 
peptidases, polymerases, and phosphatases (15). 

13.36.5 Effects on laboratory animals and in vitro test systems 

Acute exposure 

Acute oral LD50 values in rats are reported to be as follows: zinc chloride 350, 
zinc sulfate 2950, and zinc ethanoate 2510 mg/kg of body weight (16). 

Long-term exposure 

Zinc toxicosis has been documented in various mammalian species, including 
ferrets, sheep, cattle, pigs, horses, and dogs, mostly taking the form of copper de
ficiency caused by excessive zinc intake (I, 17). Signs of toxicosis among a herd of 
95 calves began to appear when calves were fed 1.2-2 g of zinc per day and ex
posed to a cumulative zinc intake of 42-70 g per calf (18). A high-zinc diet has 
been shown to induce hypocalcaemia and bone resorption in rats (19). 

The antagonistic effects of zinc on the toxic effect of other metals, including 
cadmium, lead, and nickel, has been described in several reports (20-22). 

Carcinogenicity 

One study with rats given zinc ethanoate (1.5 g of zinc per litre) in drinking
water indicated that there was an increase in the number of metastases following 
the intravenous injection of cells from a benzpyrene-induced sarcoma (23). 

13.36.6 Effects on humans 

Nutritional zinc deficiency in humans has been reported in a number of coun
tries (24-27). 

Acute toxicity results from the ingestion of excessive amounts of zinc salts, 
either accidentally or deliberately as an emetic or dietary supplement. Vomiting 
usually occurs after the consumption of more than 500 mg of zinc sulfate. Mass 
poisoning has been reported following the drinking of acidic beverages kept in 
galvanized containers; fever, nausea, vomiting, stomach cramps, and diarrhoea 
occurred 3-12 h after ingestion. Food poisoning attributable to the use of galva
nized zinc containers in food preparation has also been reported; symptoms oc
curred within 24 h and included nausea, vomiting, and diarrhoea, sometimes 
accompanied by bleeding and abdominal cramps (I). 

Manifest copper deficiency, which is the major consequence of the chronic 
ingestion of zinc (13), has been caused by zinc therapy (150-405 mg/day) for 
coeliac disease, sickle cell anaemia, and acrodermatitis enteropathica (28-30). 
Impairment of the copper status of volunteers by the dietary intake of 18.5 mg 
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of zinc per day has been reported (31 ). Zinc supplementation of healthy adults 
with 20 times the recommended dietary allowance for 6 weeks resulted in the im
pairment of various immune responses (32). Gastric erosion is another reported 
complication of a daily dosage of 440 mg of zinc sulfate ( 1). Daily supplements 
of 80-150 mg of zinc caused a decline in high-density lipoprotein cholesterol 
levels in serum after several weeks (1 ), but this effect was not found in some 
other studies. In an Australian study, no detrimental effect of 150 mg of zinc per 
day on plasma copper levels was seen in healthy volunteers over a period of 
6 weeks (33). 

Acute toxic effects of inhaled zinc have been reported in industrial workers 
exposed to zinc fumes (1); the symptoms include pulmonary distress, fever, 
chills, and gastroeneritis. 

In a small-scale study on zinc-refinery workers, no evidence was found of in
creased mortality from any type of cancer (1). In subjects with low baseline levels 
of serum zinc, no significant difference in the risk of death from cancer or cardio
vascular diseases, as compared with those with high baseline levels, was observed 
(34). 

13.36. 7 Conclusions 

In 1982, JECFA proposed a daily dietary requirement of zinc of 0.3 mg/kg of 
body weight and a provisional maximum tolerable daily intake (PMTDI) of 
1.0 mg/kg of body weight (35 ). The daily requirement for adult humans is 
15-22 mg/day. It was concluded that, in the light of recent studies on humans, 
the derivation of a health-based guideline value is not required at this time. 
However, drinking-water containing zinc at levels above 3 mg/litre tends to be 
opalescent, develops a greasy film when boiled, and has an undesirable astringent 
taste. 
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14. 
Organic constituents 

14.1 Carbon tetrachloride 

14.1.1 General description 

Identity 

CAS no.: 056-23-5 
Molecular formula: CC14 

Physicochemical properties (1, 2)1 

Property 
Melting point 
Boiling point 
Density 
Vapour pressure 
Water solubility 
Log octanol-water 
partition coefficient 

Value 
-23 oc 
76.5 oc 
1.594 g/cm3 at 25 ac 
15.36 kPa at 25 ac 
785 mg/litre at 20 ac 

2.64 

Organoleptic properties 

The odour thresholds for carbon tetrachloride in water and air are 0.52 mg/litre 
and< 64 mgfm3, respectively (3). 

Major uses 

Carbon tetrachloride is used mainly in the production of chlorofluorocarbon re
frigerants, foam-blowing agents, and solvents. It is also used in the manufacture 
of paints and plastics, as a solvent in metal cleaning, and in fumigants ( 4). 

Environmental fate 

Most carbon tetrachloride released to the environment reaches the atmosphere, 
where it is uniformly distributed. It does not react with photochemically pro-

I Conversion factor in air: 1 ppm = 6.4 mgfm3. 
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duced hydroxyl radicals in the troposphere but may undergo photolysis in the 
stratosphere. It has an estimated half-life of 50 years in the atmosphere (1, 5). 

Carbon tetrachloride readily migrates from surface water to the atmosphere 
in a matter of days or weeks; however, levels in anaerobic groundwater may re
main elevated for months or even years (5). Carbon tetrachloride is capable of 
being adsorbed onto organic matter in soils (1). Migration to groundwater is 
possible (6). Bioaccumulation has not been observed. 

14.1.2 Analytical methods 

Carbon tetrachloride in drinking-water is determined by purge-and-trap gas 
chromatography (7). It is usually detected by mass spectrometry, the detection 
limit being about 0.3 )lg/litre (8). 

14.1.3 Environmental levels and human exposure 

Air 

Most urban air concentrations of carbon tetrachloride are close to the back
ground level of 0.8-0.9 )lgfm3 found in the continental air mass. Outdoor con
centrations as high as 3.7 )lgfm3 have been reported near point sources. Indoor 
concentrations (1 )lgfm3) tend to be higher than outdoor levels (I). 

Water 

Carbon tetrachloride was detected in the drinking-water of 30 of945 cities in the 
USA at mean levels ranging from 0.3 to 0.7 )lg/litre. Levels as high as 2-3 )lg/litre 
have been measured (1 ). In Italy, carbon tetrachloride concentrations in drink
ing-water averaged 0.2 )lgllitre (9). Carbon tetrachloride is an occasional con
taminant of the chlorine used for drinking-water disinfection ( 1). 

Food 

Carbon tetrachloride has been detected in a variery of foodstuffs at levels ranging 
from 0.1 to 20 )lg/kg (10). Foods often become contaminated when they are 
fumigated with it. However, carbon tetrachloride is now seldom used for this 
purpose. 

Estimated total exposure and relative contribution of drinking-water 

Although available data on concentrations in food are limited, the intake from air 
is expected to be much greater than that from food or drinking-water. At a typi
cal carbon tetrachloride concentration of 1 )lgfm3 in air, the daily exposure by 
inhalation is estimated to be about 20 )lg for an adult with an air intake of 
20 m3fday. At a rypical concentration of 0.5 )lgllitre in drinking-water, a daily 
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exposure of 1 jlg is estimated for an adult with an average consumption of 2 litres 
of water per day. 

14.1.4 Kinetics and metabolism in laboratory animals and humans 

Carbon tetrachloride is readily absorbed from the gastrointestinal tract, the res
piratory tract, and the skin, the extent depending on the administration vehicle 
(I 1-13). It appears to be distributed to all major organs following absorption (2), 
the highest concentrations being in fat. 

Carbon tetrachloride is thought to be metabolized by the hepatic cyto
chrome P-450 enzymes with the production of the highly toxic trichloromethyl 
radical, which binds to macromolecules, initiating lipid peroxidation and de
stroying cell membranes (14). The resulting metabolites depend on the aerobic 
state of the tissue in which metabolism occurs ( 1) and include chloroform, hexa
chloroethane, and possibly phosgene (I 5, 16). The trichloromethyl radical can 
also combine with oxygen to form peroxy free radicals capable of binding to cel
lular molecules (17). Carbon tetrachloride and its metabolites are excreted pri
marily in exhaled air and to a lesser extent in the urine and faeces (2). 

14.1.5 Effects on laboratory animals and in vitro test systems 

Acute exposure 

Oral LD50 values ranging from 1000 to 12 800 mg/kg of body weight were re
ported in mice and rats (2). 

Short-term exposure 

Hepatotoxic effects (increased serum enzymes and histopathology) were observed 
in rats given carbon tetrachloride in corn oil by gavage at daily doses of 20 mg/kg 
of body weight and above for 9 days. The same effects were observed in rats given 
daily oral doses of 10 mg/kg of body weight, 5 days per week for 12 weeks. No 
measurable adverse effects were observed in rats given 1 mg/kg of body weight 
per day for 12 weeks (18). 

Hepatotoxicity (increased serum enzymes, increased organ weight, and 
pathological changes) was observed in male and female CD-1 mice given carbon 
tetrachloride in corn oil by gavage at doses of 625, 1250, or 2500 mg/kg of body 
weight for 14 consecutive days. After 90 days, hepatotoxic effects were observed 
in animals that had ingested 12, 120, 540, or 1200 mg/kg of body weight (19). 

Male and female CD-1 mice were given carbon tetrachloride at 0, 1.2, 12, or 
120 mg/kg of body weight per day for 90 days (5 days per week) by gavage in 
corn oil or as an aqueous suspension in 1 o/o polysorbate 60 (20). A significant in
crease in serum enzyme activity was detected at 12 and 120 mg/kg of body 
weight per day in the corn oil groups as compared with the polysorbate 60 ones. 
Liver and liver-to-body-weight ratios were significantly greater at 120 mg/kg of 
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body weight per day. Hepatocellular changes (e.g. necrosis, fat) occurred at 12 
and 120 mg/kg of body weight per day and were more frequently observed in the 
corn oil groups. Use of a corn oil vehicle yielded a NOAEL that was an order of 
magnitude lower than that obtained when the polysorbate 60 suspension was 
used (12 v. 1.2 mg/kg of body weight per day). 

Long-term exposure 

Carbon tetrachloride at doses of 0, 80, or 200 mg/kg of diet (high dose equiva
lent to about 10-18 mg/kg of body weight per day) was fed to rats (18 per sex, 
strain not given) until sacrifice at 2 years (21). Although no adverse effects were 
observed, tissues were not examined microscopically, liver weights were not 
measured, and survival was below 50% at 21 months. 

Reproductive toxicity, embryotoxicity, and teratogenicity 

No reproductive effects were noted in rats fed diets containing carbon tetrachlo
ride at 80 or 200 mg/kg for up to 2 years (22). Degeneration of testicular germi
nal epithelium has been reported in rats exposed to air concentrations of 1280 
mgfm3 or above (23). An intraperitoneal dose of 2400 mg/kg of body weight 
resulted in adverse effects on testicular function in rats (24). 

Mutagenicity and related end-points 

In general, carbon tetrachloride is not mutagenic in bacterial test systems or cul
tured liver cells (2). However, weakly positive results were reported at cytotoxic 
levels in an alkaline elution-rat hepatocyte assay that measures DNA single
strand breaks. It has caused point mutations and gene recombination in a eukary
otic (yeast) test system (25). Carbon tetrachloride induced cell transformation in 
Syrian hamster embryo cells (26). In an in vivo-in vitro hepatocyte DNA repair 
assay, carbon tetrachloride did not induce unscheduled DNA synthesis in male or 
female B6C3F 1 mice (27), although significant increases in hepatic cell prolifera
tion were observed. This effect was also produced by carbon tetrachloride in male 
Fischer 344 rats. 

Carcinogenicity 

In a number of studies, the development of liver tumours (primarily hepatomas 
and hepatocellular carcinomas) in several animal species, including hamsters, 
mice, and rats, has been reported following oral, subcutaneous, or inhalation ex
posure. In general, the first tumours appeared early, within 12-16 weeks in some 
experiments, and the incidence was high. 

Mter inbred strain L mice were exposed to oral doses of 0.04 ml (approxi
mately 64 mg) of carbon tetrachloride 2-3 times per week for 4 months, hepato-
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mas developed in 47% of the treated animals, as compared with 1 o/o of controls 
(28). In a study in which Syrian golden hamsters (10 per sex per group) were ex
posed to oral doses of carbon tetrachloride of 6.25-12.5 11llday (approximately 
10-20 mg/day) for 43 weeks, all animals that survived the treatment period (5 
per sex) developed liver cell carcinomas (29). 

Groups of B6C3F 1 mice (50 per sex) were given carbon tetrachloride at 0, 
1250, or 2500 mg/kg of body weight five times per week for 78 weeks by corn oil 
gavage, and Osborne-Mendel rats were given 47 or 94 mg/kg of body weight 
(males) and 80 or 159 mg/kg of body weight (females) (30). The incidence of 
hepatocellular carcinomas was markedly increased in treated mice (96-1 00%) 
but only slightly in rats (2-8%) as compared with controls (0-6%). 

14.1.6 Effects on humans 

Single oral doses of 2.5-15 ml (57-343 mg/kg of body weight) do not usually 
produce serious effects, although changes may occur in liver and kidney tissue, 
including fat accumulation in the liver and renal swelling. Some adults suffer ad
verse effects (including death) from the ingestion of as little as 1.5 ml (34 mg/kg 
of body weight). A dose of0.18-0.92 ml (29-150 mg/kg of body weight) may be 
fatal in children. Alcohol consumption potentiates carbon tetrachloride-induced 
hepatic and renal effects in humans (1, 2). 

Occupational exposure to 128-512 mgfm3 carbon tetrachloride for 2-3 
months produced neurological effects (nausea, depression, dyspepsia, and narco
sis) in workers. Hepatic and renal effects similar to those described for acute oral 
exposures have been reported after short-term exposures to 1280 mgfm3 (1). 

Although an epidemiological study of workers in the rubber industry sug
gested an association between exposure to carbon tetrachloride and lymphosar
coma and lymphatic leukaemia, the authors stressed that the results should be 
interpreted cautiously because of multiple exposure, possible bias, and small sam
ple size (31). The development of liver cancer in humans exposed to carbon 
tetrachloride fumes has been reported only in a few cases, and the data are insuf
ficient to establish a causal relationship (I). 

14. 1. 7 Guideline value 

IARC has concluded that there is sufficient evidence that carbon tetrachloride is 
carcinogenic in laboratory animals to assign it to group 2B as a possible human 
carcinogen ( 4). 

As there is unequivocal evidence that carbon tetrachloride is carcinogenic in 
several species, and as it metabolizes to give the highly toxic trichloromethyl 
radical, the linearized multistage model was chosen for calculating concentra
tions of carbon tetrachloride in drinking-water associated with lifetime excess 
cancer risks of IQ-4, 10-s, and 10-6. Based on the geometric means of risk esti
mates for liver cancer from four bioassays in laboratory rodents, the concentra-
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tions in drinking-water associated with lifetime excess cancer risks of 10·4, 10·s, 
and 10·6 are 600, 60, and 6 )lg/litre, respectively. 

Because carbon tetrachloride has not been shown to be genotoxic in most 
available studies, and because there is a possibility that it may act as a nongeno
toxic carcinogen, a guideline value has been derived based on the division of a 
NOAEL by an uncertainty factor. The NOAEL in a 12-week oral gavage study in 
rats was 1 mg/kg of body weight per day (18). A TDI of 0.71 )lglkg of body 
weight (allowing for dosing for 5 days per week) was calculated by applying an 
uncertainty factor of 1000 (1 00 for intra- and interspecies variation, and 10 for 
evidence of possible nongenotoxic carcinogenicity). No additional factor for the 
short duration of the study (12 weeks) was incorporated, as the compound was 
administered in corn oil in the critical study, and available data indicate that tox
icity following administration in water may be an order of magnitude less. The 
guideline value based on a 1 Oo/o allocation to drinking-water is 2 )lg/litre (round
ed figure). This value is lower than the range of values associated with lifetime ex
cess cancer risks of 10·4, 1 o·5, and 1 o-6 calculated by linear extrapolation. 
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14.2 Dichloromethane 

14.2.1 General description 

Identity 

CAS no.: 75-09-2 
Molecular formula: CH2Cl2 

Dichloromethane is also known as methylene chloride. 
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Physicochemical properties (1, 2)1 

Property 
Melting point 
Boiling point 
Density 
Vapour pressure 
Water solubility 
Log octanol-water 
partition coefficient 

Value 
-95.1 oc 
40°C 
1.3255 g/cm3 at 20 oc 
46.53 kPa at 20 oc 
20 000 mg/litre at 20 oc 

1.3 

Organoleptic properties 

14. ORGANIC CONSTITUENTS 

The odour thresholds for dichloromethane in air and water are 530-2120 mg/m3 
and 9.1 mg/litre, respectively (3, 4). 

Major uses 

Dichloromethane is widely used as an organic solvent and is found in paints, in
secticides, degreasing and cleaning fluids, and other products (2, 5, 6). 

Environmental fate 

Most dichloromethane released to water and soil will be vaporized. It can persist 
in air for up to 500 days, but is rapidly biodegraded in water. In soil, it undergoes 
only slight biodegradation and is highly mobile, being leached from subsurface 
soil into groundwater (5, 6). 

14.2.2 Analytical methods 

Purge-and-trap gas chromatography is routinely used for the determination of 
dichloromethane and other volatile organohalides in drinking-water (7). This 
method is suitable for use at concentrations of 1-1500 ~gllitre, but there are 
difficulties at low concentrations because dichloromethane vapour readily pene
trates tubing during the procedure. Mass spectrometry (detection limit 0.3 ~g/li
tre) can be used to confirm the identity of the compound ( 8). 

1 Conversion factor in air: 1 ppm = 3.53 mgfm3. 
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14.2.3 Environmental levels and human exposure 

Air 

Background levels in air are usually about 0.1 mgfm3; average concentrations in 
urban air range between 1 and 7 )lgfm3 (2). 

Water 

Dichloromethane has been found in surface water samples at concentrations rang
ing from 0.1 to 743 fig/litre. Levels are usually higher in groundwater because vol
atilization is restricted; concentrations as high as 3600 )lg!litre have been reported 
(5). Mean concentrations in drinking-water were less than 1 )lgflitre. 

Food 

Food is not expected to be a significant source of exposure to dichloromethane, 
which is now rarely used in food-extraction processes (e.g. decaffeination of cof
fee); however, it is used as a post-harvest fumigant on some foods (e.g. strawber
ries and grains). 

Estimated total exposure and relative contribution of drinking-water 

Inhalation is the major route of environmental exposure (2), the estimated aver
age daily intake from urban air being 33-307 )lg (5). Exposure to dichloro
methane through food and drinking-water is insignificant. 

14.2.4 Kinetics and metabolism in laboratory animals and humans 

Dichloromethane appears to be readily absorbed from the gastrointestinal tract 
(2, 9). Distribution in rats after oral administration was primarily to liver (10). 
The cytochrome P-450 and glutathione S-transferase systems can both metabo
lize dichloromethane to carbon monoxide or carbon dioxide (5, 11). Animal 
data indicate that it is excreted primarily through the lungs, the excretion prod
ucts depending on the dose (10). 

14.2.5 Effects on laboratory animals and in vitro test systems 

Acute exposure 

Dichloromethane has a low acute toxicity; LD50 values of 2000 mg/kg of body 
weight for rats and mice have been reported (2, 12, 13). The primary effect asso
ciated with acute exposure is depression of the central nervous system. 

398 



14 ORGANIC CONSTITUENTS 

Short-term exposure 

Fischer 344 rats (20 per sex per group) were given dichloromethane in drinking
water for 90 days (0, 166, 420, or 1200 mg/kg of body weight per day in males, 
and 0, 209, 607, or 1469 mg/kg of body weight per day in females) (1-f). Centri
lobular necrosis and granulomatous foci were noted in mid- and high-dose ani
mals, and changes in some clinical chemistry parameters were noted in mid- and 
high-dose females. An increased incidence of hepatocyte vacuolization (lipid 
accumulation) was found in all dose groups. The LOAELs were 166 and 
209 mg/kg of body weight per day for male and female rats, respectively. 

In a study in which B6C3F1 mice (20 per sex per group) received dichloro
methane in drinking-water for 90 days at doses of 0, 226, 587, or 1911 mg/kg of 
body weight per day (males) and 0, 231, 586, or 2030 mg/kg of body weight per 
day (females), subtle centrilobular fatty changes in liver and slight decreases in 
body weight were seen in the mid- and high-dose groups. The NOAELs were 
226 and 231 mg/kg of body weight per day for male and female mice, respective
ly (I ,f). 

Dichloromethane administered to Wistar rats in drinking-water at 125 
mg/litre (17.5 mg/kg of body weight per day) (15) for 13 weeks did not affect 
behaviour, body weight, blood and urine chemistries, organ-to-body-weight 
ratios, or histopathology, except that the urine albumin test was often positive 
(2, 16). 

Long-term exposure 

Fischer 344 rats (85 per sex per group) received estimated mean doses of 6, 52, 
125, or 235 mg/kg of body weight per day (males) and 6, 58, 136, or 263 mg/kg 
of body weight per day (females) for 104 weeks ( 11). Hepatic histological altera
tions (including an increased incidence of foci/areas of cellular alterations and 
fatty changes) were detected at 52 mg/kg of body weight per day and above. 
There were no other treatment-related effects (e.g. on survival, organ weight, or 
gross pathology) at any dose tested. The NOAEL for hepatic effects was 6 mg/kg 
of body weight per day. 

When given to B6C3F1 mice for 104 weeks at estimated mean doses of 0, 
61, 124, 177, or 234 mg/kg of body weight per day for males (100-200 per dose) 
and 0, 59, 118, 172, or 238 mg/kg of body weight per day for females (50-100 
per dose), dichloromethane did not affect body weight, water consumption, 
survival, clinical signs, haematological parameters, or gross pathology in any dose 
group. The histological alterations seen consisted of increased Oil Red 0-positive 
material in both sexes at the highest dose tested. A NOAEL of 175 mg/kg of 
body weight per day (average for males and females) was identified ( 18). 
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Reproductive toxicity, embryotoxicity, and teratogenicity 

In a two-generation study in which Fischer 344 rats were exposed to dichloro
methane via inhalation at levels up to 5.3 gfm3, no effects on fertility, litter size, 
neonatal growth and survival, or histopathology were observed (19). In a study 
in which mice and rats were exposed to dichloromethane at 4.4 or 15.9 gfm3 
during gestation (2, 20, 21), fetal body weights were reduced in rats at 15.9 gfm3 
(21), and minor skeletal variants (e.g. decreased incidence of lumbar spur in rats 
and increased incidence of a single extra sternal ossification centre in mice) were 
found at 4.4 gfm3 (20). 

Mutagenicity and related end-points 

Dichloromethane was positive in the Salmonella typhimurium assay with and 
without activation (22). Test results in cultured mammalian cells are usually 
negative, but dichloromethane has been shown to transform rat embryo cells and 
to enhance the viral transformation of Syrian hamster embryo cells (23, 24). No 
DNA alkylation was detected in rats and mice after inhalation of dichloro
methane (25). 

Carcinogenicity 

Fischer 344 rats (85 per sex per group) received estimated mean doses of 6, 52, 
125, or 235 mg/kg of body weight per day (males) and 6, 58, 136, or 263 mg/kg 
of body weight per day (females) in drinking-water for 104 weeks ( 17). Although 
the incidence of combined hepatocellular carcinomas and neoplastic nodules in
creased significantly in females in the groups receiving doses of 58 and 263 
mg/kg of body weight per day (4/83, 6/85) as compared with controls (01134), 
the number of tumours was similar to that for historical controls. No significant 
increase in liver tumours was evident in any of the male dose groups. The dose of 
235 mg/kg of body weight per day was concluded to be borderline for carcino
genicity in Fischer 344 rats ( 6). 

B6C3F1 mice received dichloromethane in drinking-water for 104 weeks at 
estimated mean doses of 0, 61, 124, 177, or 234 mg/kg of body weight per day 
(males) and 0, 59, 118, 172, or 238 mg/kg of body weight per day (females) 
(18). There was a marginal increase in the incidence of combined hepatocellular 
adenomas/carcinomas in male mice in the groups receiving doses of 124, 177 
and 234 mg/kg of body weight per day (30/100, 31199, 35/125) as compared 
with controls (24/125) but the incidence rates were within the historical control 
range. Liver tumours were not observed in female mice. This study is regarded as 
providing suggestive but not conclusive evidence for the carcinogenicity of dich
loromethane ( 6). 

Groups of B6C3F1 mice (50 per sex per dose) were exposed by inhalation to 
0, 7.1 or 14.1 gfm3 dichloromethane for 102 weeks (26). The incidence of alve
olar/bronchiolar carcinomas was increased in both dose groups in males (10/50, 
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28/50) and females (13/48, 29/48) as compared with controls (2/50 males, 1/50 
females). The combined incidence of hepatocellular adenomas and hepato
cellular carcinomas was increased in high-dose males (33/49 v. 22/50 and 24/49 
for the control and low-dose group) and high-dose females (40/48 vs. 3/50 and 
16/48). This study was regarded as clear evidence of carcinogenicity in mice. 

14.2.6 Effects on humans 

Inhalation of a high concentration of dichloromethane has been associated with a 
variety of central nervous system effects, most notably narcosis. Acute exposure 
to levels of 1.06 gfm3 in air can impair sensory and motor function (2, 27). Epi
demiological studies involving occupational exposure (2, 28-31) have failed to 
show a positive correlation between inhalation exposure and increased cancer 
incidence. 

14.2.7 Guideline value 

Dichloromethane is of low acute toxicity. An inhalation study in mice provided 
conclusive evidence of carcinogenicity, whereas a drinking-water study provided 
only suggestive evidence. IARC has placed dichloromethane in group 2B (pos
sible human carcinogen) (32); however, the evidence suggests that it is not a 
genotoxic carcinogen and that genotoxic metabolites are not formed in signifi
cant amounts in vivo. 

A TDI of 6 p.g/kg of body weight was calculated by applying an uncertainty 
factor of 1000 (1 00 for inter- and intraspecies variation and 10 reflecting concern 
about carcinogenic potential) to a NOAEL of 6 mg/kg of body weight per day 
for hepatotoxic effects in a 2-year drinking-water study in rats (I 7). This gives a 
guideline value of 20 p.g!litre (rounded figure), based on the allocation of 1 Oo/o of 
the TDI to drinking-water. It should be noted that widespread exposure from 
other sources is possible. 
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14.3 1, 1-Dichloroethane 

14.3.1 General description 

Identity 

CAS no.: 75-34-3 

Physicochemical properties ( 1, 2 )1 

Property 

Melting point 
Boiling point 
Density 
Vapour pressure 
Water solubility 
Log octanol-water 
partition coefficient 

Value 
-97.4 oc 
57.3 oc 
1.174 g/cm3 at 20 oc 
31.2 kPa at 20 oc 
5500 mg!litre at 20 oc 

61.7 

Organoleptic properties 

1,1-Dichloroethane has an aromatic, ethereal and chloroform-like odour. Its 
odour threshold in air is 486 or 810 mgfm3 (2). 

Major uses 

The major use of 1, 1-dichloroethane is as an intermediate in the production of 
1,1, 1-trichloroethane, vinyl chloride, and other chemicals (3). It is also used as a 
solvent in paint and varnish removers, as a degreaser and cleaning agent, and in 
ore flotation. It was formerly used as an anaesthetic. 

1 Conversion factor in air: 1 ppm = 4.05 mgfm3. 
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Environmental fate 

Most 1, 1-dichloroethane released to the environment will be vaporized and enter 
the atmosphere, where photo-oxidation takes place; the estimated half-life is 44 
days. Biodegradation is not expected to be significant in aquatic systems (3). 

14.3.2 Analytical methods 

A purge-and-trap gas chromatographic procedure is used for the determination 
of 1, 1-dichloroethane and other volatile organohalides in drinking-water ( 4). 
This method is applicable to the measurement of 1,1-dichloroethane over a con
centration range of 0.02-1500 Jlg!litre. Mass spectrometry (detection limit 0.17 
Jlg/litre) can be used to confirm the identity of the compound (5). 

14.3.3 Environmental levels and human exposure 

Air 

1, 1-Dichloroethane has been detected in urban air at concentrations ranging 
from 0.4 to 6.1 Jlgfm3. A median concentration of0.22 Jlgfm3 was reported for 
urban, rural, and industrial sites across the United States. Concentrations in the 
vicinity of industrial sources ranged from 0.23 to 0.56 Jlgfm3, and a concentra
tion of22.5 Jlgfm3 was reported near a hazardous waste site. 1,1-Dichloroethane 
has also been detected in indoor air at a mean concentration of 12.8 Jlgfm3 (3). 

Water 

1, 1-Dichloroethane was detected in 4.3% of 945 public water supplies in the 
USA at levels of up to 4.2 Jlg!litre. It was also detected in private wells used for 
drinking-water and in surface water and groundwater supplies, generally at levels 
below 10 Jlg!litre, although concentrations up to 400 11g/litre have been reported 
(3). 

Estimated total exposure and relative contribution of drinking-water 

Exposure to 1,1-dichloroethane may occur through drinking-water, but from the 
point of view of the general population the greatest exposure is usually from the 
inhalation of ambient air. Based on a median air level of 0.22 !lgfm3, the average 
inhalation exposure to 1, 1-dichloroethane is estimated at 4 11g/ day (3). 

14.3.4 Kinetics and metabolism in laboratory animals and humans 

The detection of metabolites in the urine following oral exposure and its former 
use as an anaesthetic provide evidence for the absorption of 1, 1-dichloroethane 
by the oral and inhalation routes ( 6). In general, chlorinated organic solvents are 
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distributed throughout the body following absorption into the blood but prefer
entially to adipose tissue (7). Following intraperitoneal administration of 1,1-
dichloroethane to rats, the compound was detected in liver, kidney, lung, and 
stomach tissues (8). 

Following oral administration of 1, 1-dichloroethane to mice and rats, 29% 
and 7% was metabolized, respectively ( 6), the major metabolite in both species 
being carbon dioxide. In vitro studies suggest that the primary route of biotrans
formation involves the hepatic microsomal cytochrome P-450 system, the major 
metabolite being ethanoic acid (9,10). The metabolic capacity of the P-450 sys
tem may be exceeded at high oral doses (3). Absorbed 1,1-dichloroethane is ex
creted mainly in the urine and expired air ( 6, 7). 

14.3.5 Effects on laboratory animals and in vitro test systems 

Acute exposure 

Reported oral LD50s in rats range from 0.7 to 14 g/kg of body weight (11,12). 

Short-term exposure 

Groups of five male and five female Osborne-Mendel rats and B6C3F 1 mice re
ceived 1, 1-dichloroethane in corn oil by gavage, 5 days per week for 6 weeks; this 
was followed by a 2-week observation period (13). Dose levels were 0, 562, 
1000, 1780, 3160, or 5620 mg/kg of body weight per day for rats and 0, 1000, 
1780, 3160, 5620, or 10 000 mg/kg of body weight per day for mice. Body 
weight was depressed in male rats at 562 and 1000 mg/kg of body weight per day 
and in female rats at 1780 and 3160 mg/kg of body weight per day. Two female 
rats in the group receiving 3160 mg/kg of body weight per day and two male and 
three female mice in that receiving 5620 mg/kg of body weight per day died. 

Groups of 10 rats, 10 guinea pigs, four rabbits, and four cats were exposed to 
2025 mgfm3 1,1-dichloroethane by inhalation for 6 h per day, 5 days per week 
for 13 weeks (14). Because no effects were observed in these animals, the concen
tration was increased to 4050 mgfm3 for an additional 10-13 weeks. Elevated 
blood urea nitrogen values were observed in cats only. At termination, histo
pathological examination revealed renal tubular dilatation and degeneration. 

Long-term exposure 

Groups of Osborne-Mendel rats and B6C3F1 mice were given 1, 1-dichloro
ethane by gavage in corn oil, 5 days per week for 78 weeks, at time-weighted 
average doses of 382 or 764 mg/kg of body weight per day (male rats), 475 or 
950 mg/kg of body weight per day (female rats), 1442 or 2885 mg/kg of body 
weight per day (male mice), and 1665 or 3331 mg/kg of body weight per day (fe
male mice) (13). High mortality was seen in both treated and control animals; 
mortality in male rats and mice showed a significant dose-related trend. The in-
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creased mortality was thought to be related to pneumonia, which was observed in 
about 80% of the rats. 

Male B6C3F 1 mice were given 1,1-dichloroethane in drinking-water at con
centrations of 835 or 2500 mg/litre (high dose equivalent to about 540 mg/kg of 
body weight per day) for 52 weeks (15). No histopathological changes were ob
served in the liver, kidneys, or lungs. 

Reproductive toxicity, embryotoxicity, and teratogenicity 

1, 1-Dichloroethane has been found to be embryo toxic but not teratogenic 
following inhalation exposure. Exposure of pregnant rats to 15.4 or 24.3 gfm3 
1, 1-dichloroethane in air 7 h per day on days 6-15 of gestation did not affect the 
incidence of fetal resorptions or gross or soft tissue anomalies, although a signifi
cantly increased incidence of delayed ossification of the sternebrae, reflecting 
retarded fetal development, was observed in offspring of the rats exposed at 
24.3 gfm3 (16). 

Mutagenicity and related end-points 

1,1-Dichloroethane was found to be mutagenic in several strains of Salmonella 
typhimurium with or without metabolic activation ( 17) but not in others (3, 18). 
It was not mutagenic in Saccharomyces cerevisiae strains with or without metabol
ic activation (3,18). 1,1-Dichloroethane increased the frequency of DNA viral 
transformations in Syrian hamster embryo cells (19) but did not increase cell 
transformations in BALB/c-3T3 mouse cells (20). 1, 1-Dichloroethane was posi
tive in DNA binding assays in mouse and rat organs in vivo. Following intra
peritoneal injection, it was reported to be covalently bound to macromolecules 
(DNA, RNA, proteins) in liver, lung, stomach, and kidney tissues of both species 
(B). 

Carcinogenicity 

Groups of Osborne-Mendel rats and B6C3F1 mice were given 1,1-dichloro
ethane by gavage in corn oil, 5 days per week for 78 weeks, at time-weighted 
average doses of 382 or 764 mg/kg of body weight per day (male rats), 475 or 
950 mg/kg of body weight per day (female rats), 1442 or 2885 mg/kg of body 
weight per day (male mice), and 1665 or 3331 mg/kg of body weight per day 
(female mice) (13). Marginally significant dose-related increases in mammary 
adenocarcinomas and haemangiosarcomas in female rats and a nonsignificant 
increase in hepatocellular carcinomas in male mice were observed. A statistically 
significant increase in uterine endometrial stromal polyps (benign tumours) was 
also observed. Lymphomas of the cervical lymph nodes were reported in 2 of 47 
female mice in the high-dose group but not in other groups. The authors con
cluded that the high mortality in all the groups prevented the appearance of late-
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developing tumours. The results of this study suggest that 1, 1-dichloroethane is 
carcinogenic in rats and mice, but the evidence is not considered conclusive. 

1,1-Dichloroethane was administered in drinking-water to male B6C3F 1 
mice at concentrations of 835 or 2500 mg/litre (the latter is equivalent to about 
540 mg/kg of body weight per day) for 52 weeks, either alone or following initia
tion with diethylnitrosamine (15). Lung and liver tumours were found in all 
groups, but neither the incidence nor the number of tumours per animal was in
creased as compared with controls in any treatment group. This was not a life
time study, and there was a high incidence of spontaneous tumours in the 
controls, so that its value is limited. The authors suggested that 1, 1-dichloro
ethane may be more toxic by gavage than by drinking-water exposure. 

14.3.6 Effects on humans 

It can be assumed that inhalation exposures to high concentrations of 1, 1-dichlo
roethane cause central nervous system depression, as the compound was used as 
an anaesthetic until its use was discontinued because of the occurrence of cardiac 
arrhythmias at the concentrations required for anaesthesia (> 100 000 mgfm3) 
(21). 

14.3. 7 Conclusions 

The acute toxicity of 1, 1-dichloroethane is relatively low, and only limited data 
on its toxicity are available from short- and long-term studies. There is limited in 

vitro evidence of genotoxicity. One carcinogenicity study by gavage in mice and 
rats provided no conclusive evidence of carcinogenicity, although there was some 
evidence of an increased incidence of mammary adenocarcinomas and haem
angiosarcomas in treated animals (13). 

In view of the very limited database on toxicity and carcinogenicity, it is con
cluded that no guideline value should be proposed. 
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14.4 1 ,2-Dichloroethane 

14.4.1 General description 

Identity 

CAS no.: 107-06-2 
Molecular formula: C2H4Cl2 

1,2-Dichloroethane is also known as ethylene dichloride. 

Physicochemical properties ( 1) 1 

Property 

Melting point 
Boiling point 
Density 
Vapour pressure 
Water solubility 
Log octanol-water 
partition coefficient 

Value 
-35 oc 
8rc 
1.23 g/cm3 at 20 oc 
8.53 kPa at 20 oc 
8.69 g!litre at 20 oc 

1.48 

Organoleptic properties 

The odour thresholds for 1,2-dichloroethane in air and water are 356 mgfm3 and 
7 mg/litre, respectively (2). 

Major uses 

The major use of 1 ,2-dichloroethane is in the production of vinyl chloride (1). It 
is also used as a solvent, in the synthesis of other chlorinated solvents, and as a 
lead scavenger in leaded petrol. 

I Conversion factor in air: I ppm = 4.05 mgfm3. 
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Environmental fate 

Most 1 ,2-dichloroethane released to the environment volatilizes to the atmos
phere, where it is photo-oxidized with a lifetime of up to 4 months. Biodegra
dation is not expected to be significant in aquatic systems (3). 1,2-Dichloro
ethane may persist for long periods in groundwater, where volatilization is 
restricted (1). 

14.4.2 Analytical methods 

A purge-and-trap gas chromatographic procedure is used for the determination 
of 1 ,2-dichloroethane and other volatile organohalides in drinking-water ( 4). 
This method is applicable to the measurement of 1,2-dichloroethane over a con
centration range of 0.2-1500 rg/litre. Confirmatory analysis is by mass spec
trometry, the detection limit being 0.3 rgllitre (5). 

14.4.3 Environmental levels and human exposure 

Air 

1,2-Dichloroethane has been detected in urban air at concentrations ranging 
from 0.04 to 38 rgfm3 (6). Concentrations in the vicinity of industrial sources 
may be higher (1, 7). 

Water 

1,2-Dichloroethane was detected in drinking-water in 26 of 80 cities in the USA 
at levels up to 6 rg/litre (8). It was not detected in the drinking-water of 100 
cities in Germany, but was present at levels up to 61 rgllitre in tapwater in other 
areas of Europe (7). 

Food 

1,2-Dichloroethane was detected in 11 of 17 spice samples at levels of 2-23 rg/g 
(9) and in milk products with added fruit at an average concentration of 
0.8 rg/kg (7). There is no significant bioconcentration of 1,2-dichloroethane in 
fish (9). 

Estimated total exposure and relative contribution of drinking-water 

The greatest exposure of the general population is usually from the inhalation of 
ambient air (3). Exposure from drinking-water may be important for about 5% 
of the population and may exceed exposure by inhalation in places where the 
water concentration is greater than 6 rg/litre (3). Volatilization of I ,2-dichloro
ethane from water during showering or other water uses and from consumer 
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products (cleaning agents, wallpaper, and carpet glue) may also contribute to 
inhalation exposure. 

14.4.4 Kinetics and metabolism in laboratory animals and 
humans 

1,2-Dichloroethane is readily absorbed through the lungs, skin, and gastrointes
tinal tract by both humans and laboratory animals (I, 1~12). It appears to be 
readily distributed following oral or inhalation exposure, accumulating in 
the liver and kidneys (13). 1,2-Dichloroethane appears to cross the blood-brain 
barrier and the placenta (3), and it has been detected in human milk following 
occupational exposure (I 1). 

1,2-Dichloroethane is readily metabolized following oral or inhalation expo
sure. The primary route of biotransformation appears to involve conjugation 
with glutathione in the liver to produce several urinary metabolites, including 
5-carboxymethylcysteine and thiodiacetic acid (3, 14, 15). Absorbed 1,2-dichlo
roethane is rapidly excreted, mainly in the urine and expired air ( 14, 15). 

14.4.5 Effects on laboratory animals and in vitro test systems 

Acute exposure 

Reported oral LD50s are 670 mg/kg of body weight for rats, 489 mg/kg of body 
weight for mice, and 860 mg/kg of body weight for rabbits ( 1, 16). 

Short-term exposure 

Mice exposed to 1,2-dichloroethane at 4.9 or 49 mg/kg of body weight per day 
for 14 days by gavage exhibited a significant depression of leukocyte counts at the 
higher dose, and a significant reduction in the number of antibody-forming cells 
and inhibition of cell-mediated immunity at both doses. No effects on other 
haematological parameters, body weights, or the hepatic, renal, or respiratory 
systems were observed. Mice exposed to 1,2-dichloroethane at time-weighted 
average doses of 3, 24, or 189 mg/kg of body weight per day for 90 days in 
drinking-water experienced no significant adverse effects on haematological, 
immunological, hepatic, renal, or respiratory parameters (I 7). Liver changes, 
including an increase in liver triglycerides and a 15% increase in fat accumula
tion in the liver, were observed in rats given 1,2-dichloroethane in the diet at 80 
mg/kg ofbodyweight per day for 5-7 weeks (12). 

Long-term exposure 

Significantly increased mortality was reported in groups of rats and mice exposed 
to 1,2-dichloroethane by gavage in corn oil for 78 weeks at doses of 95 or 299 
mg/kg of body weight per day, respectively ( 18). No treatment-related effects on 
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growth or biochemical indices were observed in rats exposed to 1,2-dichloro
ethane at 250 or 500 mg/kg in the diet (the higher dose is equivalent to about 
26-35 mg/kg of body weight per day) for 2 years (12). 

Reproductive toxicity, embryotoxicity, and teratogenicity 

In rats exposed to 1 ,2-dichloroethane at 250 or 500 mg/kg in the diet for 2 years, 
no effect was seen on male fertility or on reproductive activity in either sex (12). 
No reproductive effects, as measured by fertility, gestation, viability or lactation 
indices, pup survival, or weight gain, were found in a multigeneration reproduc
tion study using male and female ICR Swiss mice that received 0, 5, 15, or 50 
mg/kg of body weight per day in drinking-water (19). In a study in which male 
and female mice were exposed to 1,2-dichloroethane in drinking-water at doses 
of 0, 5, 15, or 50 mg/kg of body weight per day, no statistically significant devel
opmental effects, as indicated by the incidence of fetal visceral or skeletal anoma
lies, were observed (19). 

Mutagenicity and related end-points 

1,2-Dichloroethane was mutagenic in several strains of Salmonella typhimurium 
and in Escherichia coli in some microsome assay test systems (1, 3, 20, 21) but not 
in others (3, 22). The mutagenic effects were enhanced by metabolic activation 
(3, 21). Sex-linked recessive lethal and somatic cell mutations were induced in 
Drosophila melanogaster (3, 23, 24). 1,2-Dichloroethane also induced mutations 
in vitro in human lymphoblasts and was positive in DNA-binding and DNA
damage assays in mice and rats in vivo. It did not induce micronucleus formation 
in mice (3). 

Carcinogenicity 

1,2-Dichloroethane administered by gavage 5 days per week for 78 weeks to 
Osborne-Mendel rats (time-weighted average doses of 47 or 95 mg/kg of body 
weight per day) and B6C3F1 mice (time-weighted average doses of 97 or 195 
mg/kg of body weight per day (males) and 149 or 299 mg/kg of body weight per 
day (females)) was reportedly carcinogenic to both species (1, 18). Statistically 
significant increases in the incidence of squamous cell carcinomas of the fore
stomach and haemangiosarcomas of the circulatory system were observed in male 
rats, and female rats showed a statistically significant increased incidence in 
adenocarcinoma of the mammary glands. Statistically significant increases in the 
incidence of mammary adenocarcinomas and endometrial stromal polyps or 
sarcomas were seen in female mice, and the incidence of alveolarlbronchiolar 
adenomas was increased in male and female mice. 

In a bioassay in which 1 ,2-dichloroethane was administered in drinking
water to male B6C3F1 mice at concentrations of 835 or 2500 mg/litre (the 
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higher dose is equivalent to about 470 mg/kg of body weight per day) for 52 
weeks, either alone or following initiation with diethylnitrosamine (25), no in
crease was seen in the incidence of tumours as compared with controls. However, 
this was not a lifetime study, and there was a high incidence of spontaneous tu
mours in the controls. In addition, 1 ,2-dichloroethane appears to be more toxic 
by gavage than by exposure to drinking-water (3, 17). 

14.4.6 Effects on humans 

Acute oral exposure to 1 ,2-dichloroethane is reponed to cause central nervous 
system, hepatic, gastrointestinal, respiratory, renal, and cardiovascular effects in 
humans (1, 3, 26-28). Death following acute intoxication is most often attribut
ed to cardiovascular or respiratory failure (3, 28). Repeated inhalation exposures 
in the workplace result in anorexia, nausea, vomiting, weakness and fatigue, ner
vousness, epigastric pain, and irritation of the respiratory tract and eyes (1, 29). 

14.4. 7 Guideline value 

IARC has classified 1,2-dichloroethane in Group 2B (possible human carcino
gen) (30). It has been shown to produce statistically significant increases in a 
number of types of tumour in laboratory animals, including the relatively rare 
haemangiosarcoma, and the balance of evidence indicates that it is potentially 
genotoxic. There are no suitable long-term studies on which to base a TDI. 

On the basis of haemangiosarcomas observed in male rats in a 78-week gav
age study (I 8), and applying the linearized mu!tistage model, concentrations in 
drinking-water of 300, 30, and 3 11g/litre, corresponding to excess cancer risks of 
10-4, 10-5, and 10-6, respectively, were calculated. 
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14.5 1,1, 1-Trich loroethane 

14.5.1 General description 

Identity 

CAS no.: 71-55-6 

Physicochemical properties (1,2 )1 

Property 
Melting point 
Boiling point 
Density 
Vapour pressure 
Water solubility 
Log octanol-water 
partition coefficient 

Value 
-30.4 oc 
74.1 oc 
1.339 g/cm3 at 20 oc 
13.3 kPa at 25 oc 
0.3-0.5 g/litre at 25 oc 

2.49 

Organoleptic properties 

1,1, 1-Trichloroethane has a chloroform-like odour. 

Major uses 

14. ORGANIC CONSTITUENTS 

1, 1, 1-Trichloroethane is widely and increasingly used as a cleaning solvent for 
electrical equipment, motors, electronic instruments, and upholstery, as a solvent 
for adhesives, coatings, and textile dyes, as a coolant and lubricant in metal 
cutting oils, and as a component of inks and drain cleaners (1, 2). 

Environmental fate 

1, 1, 1-Trichloroethane is found mainly in the atmosphere, where it has a half-life 
of approximately 2-6 years. It can be decomposed by photochemically produced 
hydroxyl radicals (1). In water, 1,1, 1-trichloroethane is moderately soluble but 
can volatilize to air. It can be anaerobically dechlorinated by methane-producing 
bacteria to form 1, 1-dichloroethane, and decomposed to give ethanoic acid and 
1, 1-dichloroethene by abiotic reactions, with a half-life of 200-300 days. 1,1, 1-
Trichloroethane is mobile in soils and readily migrates to groundwaters. Volatili
zation from surface soils is also likely. It does not bioaccumulate in animals (1). 

1 Conversion factor in air: I ppm = 5.4 mgfm3 
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14.5.2 Analytical methods 

1,1, 1-Trichloroethane in water is usually determined by a purge-and-trap gas 
chromatographic procedure (3). It can be detected by mass spectrometry, the 
detection limit being 0.3 j.lg/litre (4). 

14.5.3 Environmental levels and human exposure 

Air 

The median concentration of 1,1,1-trichloroethane in air was 0.6 j.lgfm3 in rural 
and remote areas, 2.8 jlgfm3 in urban and suburban areas, and 6.5 j.lgfm3 in 
source-dominated areas (5). Mean air levels in cities in the USA ranged from 
0.001 to 60 jlgfm3 for urban air and from 0.36 to 1.08 j.lgfm3 for rural air (1). 
Air concentrations are typically higher in the northern hemisphere (average 
0.06-0.1 j.lgfm3) than in the southern hemisphere (average 0.02 j.lgfm3) (6). 

Water 

Tributaries of the Rhine contained 1,1, 1-trichloroethane at levels of 0.05-2.2 
j.lg!litre. Surface waters in Switzerland contained an average of 0.06 j.lg/litre. In 
Europe, groundwater levels were in the range 0.04-130 j.lg!litre (6). 

In the USA, the mean level of 1,1, 1-trichloroethane in drinking-water was 
0.02-0.6 j.lg/litre; in well-water, the corresponding level was 9-24 j.lg!litre (1). A 
mean concentration of 0.3 j.lg!litre was reported for drinking-water in Italy (7). 
Surface water samples from 20 of 106 drinking-water systems analysed for 1,1, 1-
trichloroethane in the USA between 1977 and 1981 contained detectable levels 
of this compound (0.1-3.3 j.lg/litre, mean 0.6 j.lg!litre; detection limit 0.1 j.lg/li
tre). Of 316 groundwater systems tested, 15 contained 1,1, 1-trichloroethane 
at levels ranging from the detection limit (0.5 j.lg/litre) to 142 j.lg/litre (mean 
13 j.lg!litre) (B). 

Food 

Small amounts of 1,1,1-trichloroethane were found in various foodstuffs in the 
United Kingdom; it was present in meats, oils and fats, tea, and fruits and vege
tables at levels ranging from 1 to 10 j.lg/kg (9). The highest levels of 1,1,1-tri
chloroethane found in a survey in the USA were in fatty foods (19 j.lg/kg) and 
margarine (45 j.lg/kg) (10). 

Estimated total exposure and relative contribution of drinking-water 

Exposures to 1,1, 1-trichloroethane are highly variable and should be evaluated 
on an individual basis. If an air concentration of 5 j.lgfm3 is assumed, the daily 
intake will be 100 j.lg for an adult breathing 20 m3 of air per day. On the assump-
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tion of a 1,1,1-trichloroethane level of 0.6 rgllitre in drinking-water, the daily 
intake will be 1.2 rg for an adult consuming 2 litres of drinking-water per day. If 
the average concentration in food is 5 rglkg, the intake will be 10 rgl day for an 
adult consuming 2 kg of food. 

14.5.4 Kinetics and metabolism in laboratory animals and humans 

1,1, 1-Trichloroethane appears to be absorbed rapidly and completely from the 
lungs of human subjects (1 1). After 4 h of continuous exposure to 378 or 756 
mgfm3, a steady-state lung retention of 30% was observed (12,13). The concen
tration of 1,1, 1-trichloroethane in the expired air of humans after ingestion of 
0.6 g/kg of body weight was equivalent to the expired air concentration following 
an inhalation exposure of 2700 mgfm3 (1 4). 

After inhalation by humans, blood levels of 1,1, 1-trichloroethane were high
ly correlated with alveolar air levels. Within 2 h of exposure, 60-80% was elimi
nated from the blood (12). One day after intraperitoneal administration of 
1,1,1-trichloroethane at 700 mg/kg of body weight, rats retained 0.9% (as the 
parent compound) in the skin, 0.02% in the blood, 0.02% in the fat, and 0.1 o/o 
in other sites (15). 

1,1, 1-Trichloroethane is metabolized to a very limited extent in mammals 
(12); the proportion is probably less than 6% in humans. Metabolites include 
trichloroethanol, trichloroethane glucuronide, and trichloroethanoic acid. Less 
than 3% of a single intraperitoneal injection of 1,1, 1-trichloroethane was me
tabolized by rats ( 15). The metabolic fate of inhaled 1,1, 1-trichloroethane in rats 
and mice was not altered on repeated exposure (16). 

1,1, 1-Trichloroethane was detected in the expired air of human subjects ex
posed to oral doses (1 4). Metabolites were excreted primarily in urine; very small 
amounts of trichloroethanol (1 o/o) were excreted by the lungs (12). Over 99% of 
intraperitoneally injected 1,1, 1-trichloroethane was excreted by rats via the pul
monary route (98. 7% unchanged); less than 1 o/o was excreted via the urine, 
primarily as the trichloroethanol glucuronide (15). Rats and mice exposed via in
halation to radio labelled 1,1, 1-trichloroethane for 6 h excreted more than 96% 
of the administered radioactivity during the first 24 h, primarily via exhalation 
(16). 

14.5.5 Effects on laboratory animals and in vitro test systems 

Acute exposure 

The acute oral LD50 for 1,1,1-trichloroethane in several species ranged from 5.7 
to 14.3 g/kg of body weight (1 7). A single oral dose of approximately 1.4 g/kg of 
body weight depressed the activities of hepatic cytochrome P-450 and epoxide 
hydratase in rats ( 18). 
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Short-term exposure 

1,1, 1-Trichloroethane at doses of 5 or 10 g/kg of body weight per day for 9 days 
produced fatalities, transient hyperexcitability, and protracted narcosis in rats. 
There were no observed adverse effects at 0.5 g/kg of body weight per day. When 
1,1, 1-trichloroethane was administered to rats by gavage five times a week for up 
to 12 weeks at doses of 0, 0.5, 2.5, or 5.0 g/kg of body weight, the animals given 
2.5 or 5.0 g/kg of body weight exhibited reduced body weight gain and central 
nervous system effects. Although 35% of these rats died during the first 50 days 
of the experiment, only the group receiving 5.0 g/kg of body weight showed an 
increase in serum enzyme levels indicative of toxicity. No adverse effects were ob
served following ingestion of 0.5 g/kg of body weight for 12 weeks (19). 

Male mice were exposed continuously to 1,1, 1-trichloroethane by inhalation 
at levels of 1365 or 5460 mgfm3 for 14 weeks, while control mice were exposed 
to room air. Significant changes were observed in the centrilobular hepatocytes of 
mice in the high-dose group, namely vesiculation of the rough endoplasmic re
ticulum with loss of attached polyribosomes and increased smooth endoplasmic 
reticulum, microbodies, and triglyceride droplets. The NOAEL in this study was 
1365 mgfm3 (20). 

Long-term exposure 

Decreases in survival and body weight gain were noted in mice and rats given 
1,1,1-trichloroethane by gavage in corn oil, 5 days per week for 78 weeks. The 
rats were given doses of 750 or 1500 mg/kg of body weight per day, and the mice 
2800 or 5600 mg/kg of body weight per day (21). 

Reproductive toxicity, embryotoxicity, and teratogenicity 

In a multigenerational study, no dose-dependent effects on fertility, gestation, or 
viability indices were seen in mice exposed to 1,1, 1-trichloroethane in their 
drinking-water at dose levels of 100, 300, or 1000 mg/kg of body weight from 
premating to lactation (22). 

Mutagenicity and related end-points 

It was reported in several studies that 1,1, 1-trichloroethane was not mutagenic in 
Salmonella typhimurium when tested with or without metabolic activation (I), 
but no attempt was made in the testing procedure used to prevent volatilization 
of the test compound. 1,1, 1-Trichloroethane was mutagenic in various strains of 
S. typhimurium when tested with or without metabolic activation (I, 23), but not 
in Saccharomyces cerevisiae or Schizosaccharomyces pombe (24). In several mam
malian cell lines, exposure to 1,1, 1-trichloroethane led to an increased frequency 
of transformed cells (I). 
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Carcinogenicity 

Male and female rats (750 or 1500 mg/kg of body weight) and male and female 
mice (2800 or 5600 mg/kg of body weight) were given 1,1, 1-trichloroethane in 
corn oil by gavage five times per week for 110 weeks (rats) and 78 weeks (mice). 
The incidence and types of tumours observed in treated animals were similar to 
those observed in controls. Because of the decreased survival time in both mice 
and rats, the authors concluded that this bioassay was not adequate to assess car
cinogenicity in either species (2, 21). 

Rats (375 or 750 mg/kg of body weight) and mice (1500 or 3000 mg/kg of 
body weight) were given 1,1, 1-trichloroethane in corn oil by gavage five times per 
week for 103 weeks. No treatment-related tumours were observed in male rats, and 
the study was inadequate for the evaluation of female rats because of the high mor
tality rate. Although there was a significant dose-response trend and an increased 
incidence of hepatocellular carcinomas in male and high-dose female mice, the 
study was judged to be inadequate for assessment of carcinogenicity (25). 

14.5.6 Effects on humans 

Large oral doses of 1,1,1-trichloroethane have produced nausea, vomiting, and 
diarrhoea in humans. Acute inhalation exposures result in neurological effects (1). 
Impaired test performance occurs above 945 mg/m3, while dizziness, light
headedness, and incoordination can occur above 2.7 g/m3. Concentrations of 
54 g/m3 result in general anaesthesia. Acute pulmonary congestion and oedema 
were often found in fatalities resulting from inhalation (26, 27). Fatty vacuoli
zation was also found in the liver of exposed subjects (26). High concentrations of 
1,1, 1-trichloroethane in air can produce respiratory failure and cardiac arrhyth
mia ( 1), while chronic exposure to low levels had no effect on parameters of 
serum and urine chemistry indicative ofliver and kidney damage in humans (1). 

14.5.7 Provisional guideline value 

IARC has placed 1,1 ,1-trichloroethane in Group 3 (not classifiable as to its car
cinogenicity to humans) (28). Available studies of oral administration were con
sidered inadequate for calculation of a TDI. However, as there is an increasing 
need for guidance on this compound, a 14-week inhalation study in male mice 
was selected for use in calculating the guideline value (20). Based on a NOAEL 
of 1365 mg/m3, a TDI of 580 )lg/kg of body weight was calculated from a total 
absorbed dose of 580 mg/kg of body weight per day (assuming an average mouse 
body weight of 30 g, a breathing rate of 0.043 m3/day, and absorption of 30% of 
the air concentration), applying an uncertainty factor of 1000 (1 00 for inter- and 
intraspecies variation and 10 for the short duration of the study). A provisional 
guideline value of 2000 )lgllitre (rounded value) is proposed, if 10% of the TOI 
is allocated to drinking-water. 
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This value is provisional only because of the use of an inhalation rather than 
an oral study. It is strongly recommended that an adequate oral toxicity study 
be conducted to provide more acceptable data for the derivation of a guideline 
value. 

References 

1. Agency for Toxic Substances and Disease Registry. Toxicological profile for 1,1,1-tri
chloroethane. Atlanta, GA, US Department of Health and Human Services, 1990. 

2. 1,1,1-Trichloroethane. Geneva, World Health Organization, 1992 (Environmental 
Health Criteria, No. 136). 

3. Environmental Monitoring and Support Laboratory. Method 502.1. Volatile halogen
ated organic compounds in water by purge-and-trap gas chromatography. Cincinnati, 
OH, US Environmental Protection Agency, 1985. 

4. Environmental Monitoring and Support Laboratory. Method 524.1. Volatile organic 
compounds in water by purge-and-trap gas chromatography/mass spectrometry. Cincin
nati, OH, US Environmental Protection Agency, 1985. 

5. Brodzinsky R, Singh HB. Volatile organic chemicals in the atmosphere: an assessment of 
available data. Menlo Park, CA, Atmospheric Service Center, SRI International, 
1982 (contract no. 68-02-3452). 

6. Herbert P et al. The occurrence of chlorinated solvents in the environment. Chemis
try and industry, 1986, 15:861-869. 

7. Aggazzotti G, Predieri G. Survey of volatile halogenated organics (VHO) in Italy. 
Water research, 1986, 20(8):959-963. 

8. Office of Drinking Water. 1, 1,1- Trichloroethane-occurrence in drinking water, food 
and air. Washington, DC, US Environmental Protection Agency, 1982 (contract no. 
68-01-6388). 

9. US Environmental Protection Agency. Ambient water quality criteria for chlorinated 
ethanes. Washington, DC, 1980 (NTIS PB81-117400). 

10. Pellizzari ED et al. Total exposure assessment methodology (TEAM). Prepilot 
study-northern New Jersey. Research Triangle Park, NC, US Environmental Protec
tion Agency, Office of Research and Development, 1982 (contract no. 68-01-3849). 

11. Stewart RD et al. Experimental human exposure to methyl chloroform vapor. Ar
chives of environmental health, 1969, 19:467-472. 

422 



14. ORGANIC CONSTITUENTS 

12. Monster AC, Boersma G, Steenweg M. Kinetics of 1,1,1-trichloroethane in volun
teers: influence of exposure concentration and workload. International archives of 
occupational and environmental health, 1979, 42:293-301. 

13. Humbert BE, Fernandez JG. [Exposure to 1,1,1-trichloroethane: contribution to 
the study of absorption, excretion and metabolism in human subjects.] Archives des 

maladies professionelles, 1977, 38:415-425 (in French). 

14. Stewart RD, Andrews JT. Acute intoxication with methylchloroform. Journal of the 

American Medical Association, 1966, 195:904-906. 

15. Hake CL et al. The metabolism of 1,1, 1-trichloroethane by rats. Archives of environ
mental health, 1960, 1:101-105. 

16. Schumann AM, Fox TR, Watanabe PG. A comparison of the fate of inhaled methyl 
chloroform (1, 1, 1-trichloroethane) following single or repeated exposure in rats and 
mice. Fundamental and applied toxicology, 1982, 2:27-32. 

17. Torkelson TR et al. Toxicity of 1,1, 1-trichloroethane as determined on laboratory 
animals and human subjects. American Industrial Hygiene Association journal, 1958, 
19:353-362. 

18. Vainio H, Parkki MG, Marniemi J. Effects of aliphatic chlorohydrocarbons on drug
metabolizing enzymes in rat liver in vivo. Xenobiotica, 1976, 6:599-604. 

19. Bruckner JV et al. Acute and subacute oral toxicity studies of 1,1, 1-trichloroethane 
(TRI) in rats. Toxicologist, 1985, 5(1):100. 

20. McNutt NS et al. Hepatic lesions in mice after continuous inhalation exposure to 
1, 1, 1-trichloroethane. Laboratory investigations, 1975, 32:642-654. 

21. National Cancer Institute. Bioassay of 1, 1, 1-trichloroethane for possible carcinogenicity. 
Bethesda, MD, 1977 (Technical Report Series No. 3). 

22. Lane RW, Riddle BL, Borzelleca JF. Effects of 1,2-dichloroethane and 1, 1,1-trichlo
roethane in drinking water on reproduction and development in mice. ToxicoLogy 

and applied pharmacology, 1982, 63:409-421. 

23. Simmon VF, Kauhanen A, Tardiff RG. Mutagenic activity of chemicals identified in 
drinking water. In: Scott D, Bridges BA, Sobels FH, eds, Progress in genetic toxicology, 
Vol. 2, Developments in toxicology and environmental science. Amsterdam, Else
vier/North Holland, 1977:249-258. 

24. Loprieno N et al. In vivo mutagenicity studies with trichloroethylene and other solvents. 
Preliminary results. Ivrea, Italy, Istituto di Ricerche biomediche, 1979. 

25. National Toxicology Program. Carcinogenesis bioassay of 1,1,1-trichloroethane m 
F344/N rats and B6C3F1 mice. Research Triangle Park, NC, 1983. 

423 



GUIDELINES FOR DRINKING-WATER QUALITY 

26. Caplan YH, Backer RC, Whitaker JQ. 1,1,1-Trichloroethane: report of a fatal in
toxication. Clinical toxicology, 1976, 9:69-7 4. 

27. Bonventure J et al. Two deaths following accidental inhalation of dichloromethane 
and 1,1, 1-trichloroethane. journal of analytical toxicology, 1977, 4:158-160. 

28. International Agency for Research on Cancer. Overall evaluations of carcinogenicity: 
an updating of !ARC monographs volumes 1-42. Lyon, 1987:73 (IARC Monographs 
on the Evaluation of Carcinogenic Risks to Humans, Suppl. 7). 

14.6 Vinyl chloride 

14.6.1 General description 

Identity 

CAS no.: 75-01-4 
Molecular formula: C2H 3Cl 

The IUPAC name for vinyl chloride is chloroethene; it is also known as mono
chloroethylene. 

Physicochemical properties ( 1-3 J1 
Property 
Physical state 
Boiling point 
Vapour density 
Log octanol-water 
partition coefficient 
Water solubility 

Value 
Colourless gas 
-13.4oC 
2.2 relative to air at 20 oc 

0.6 
Slightly soluble (1.1 g/litre) at 25 oc 

Organoleptic properties 

Vinyl chloride has a mild, sweetish odour at high concentrations. Odour thresh
olds in air range from 26-52 mgfm3 in sensitive individuals to 10 000 mgfm3 
(3, 4). An odour threshold of3.4 mg!litre in water has been reported (5). 

Major uses 

Vinyl chloride is used primarily for the production of polyvinyl chloride (PVC). 
It is also used as a co-monomer with ethenyl ethanoate (vinyl acetate) or 1,1-
dichloroethene (vinylidene chloride) and as a raw material in the manufacture of 
1,1, 1-trichloroethane and monochloracetaldehyde ( 4). 

1 Conversion factor in air: I ppm = 2.6 mgfm3. 
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Environmental fate 

In the atmosphere, vinyl chloride reacts with hydroxyl radicals and ozone, ulti
mately forming formaldehyde, carbon monoxide, hydrochloric acid, and formic 
acid; its half-life is about 20 h. It is stable in the absence of sunlight or oxygen 
but polymerizes when exposed to air, light, or heat (3). 

Vinyl chloride released to surface water migrates to the atmosphere in a few 
hours or days. When released to the ground, it is not adsorbed onto soil but mi
grates readily to groundwater, where it may be degraded to carbon dioxide and 
chloride ion or may remain unchanged for several months or even years. Vinyl 
chloride has been reported to be a degradation product of trichloroethene and 
tetrachloroethene in groundwater ( 6). 

14.6.2 Analytical methods 

Vinyl chloride in drinking-water can be determined by purge-and-trap gas 
chromatography over the concentration range 0.06-1500 Jlg/litre. Mass spec
trometry is used for confirmation (detection limit 0.3 Jlgllitre) (6). 

14.6.3 Environmental levels and human exposure 

Air 

The background level of vinyl chloride in ambient air in western Europe is esti
mated to range from 0.1 to 0.5 Jlgfm3 (3). Concentrations are higher close to 
industrial production sources. Vinyl chloride has been found in the smoke of 
cigarettes ( 1.3-16 ng per cigarette) and small cigars (14-27 ng) (2). 

Water 

It was found in one survey that fewer than 2% of all groundwater-derived public 
water-supply systems contained vinyl chloride at levels of 1 Jlg!litre or higher. 
Those derived from surface water have also been found to contain vinyl chloride 
but at lower levels ( 6). The highest concentration of vinyl chloride detected in 
drinking-water in the USA was 10 Jlgllitre. In a five-city survey in that country, 
concentrations of vinyl chloride of up to 1.4 Jlg/litre were detected in drinking
water taken from distribution systems in which PVC pipe was used (7). Vinyl 
chloride has been detected only occasionally in samples of drinking-water from 
100 cities in Germany. The highest level, 1.7 Jlg/litre, was ascribed to dissolution 
from PVC tubing (3). 

Food 

With the implementation of stringent manufacturing specifications for PVC, re
sidual levels of vinyl chloride in food and drinks have decreased from 20 mg/kg 
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in the mid-1970s to well below 10 )lg/kg ( 4). In a survey of 50 food samples in 
the United Kingdom, it was detected in only five of them, the highest levels be
ing 0.04 )lg/kg in sunflower oil and 0.74 )lg/kg in orange drink (4). 

Estimated total exposure and relative contribution of drinking-water 

If an ambient air concentration of0.1-0.5 )lgfm3 and a daily inhalation of20 m3 
of air are assumed, daily intake by the inhalation route would amount to 2-10 
)lg. Heavy smokers may inhale an additional 0.5 )lg/day (2). At a concentration 
of 1-2 )lg!Iitre in drinking-water, daily intake would be about 2-4 )lg. Daily in
take from food has been estimated to be about 0.02-0.025 )lg ( 4). It appears that 
inhalation is the most important route of vinyl chloride intake, although drink
ing-water may contribute a substantial portion of daily intake where PVC piping 
with a high residual content of vinyl chloride monomer is used in the distribu
tion network. 

14.6.4 Kinetics and metabolism in laboratory animals and humans 

Vinyl chloride is readily absorbed following oral administration or inhalation. 
Absorption through the skin is negligible (3). The highest concentrations of me
tabolites are found in the liver, kidneys, and spleen (2). 

Vinyl chloride is metabolized via the microsomal mixed-function oxidase 
system, forming chloroethylene oxide, which can rearrange spontaneously to 
chloroacetaldehyde; both metabolites are highly reactive and mutagenic. Chloro
acetaldehyde can be oxidized to chloroethanoic acid, and all three metabolites 
can be conjugated to glutathione or cysteine and excreted in the urine (3). 

Vinyl chloride metabolism is dose-dependent and saturable. Low doses ad
ministered by gavage are metabolized and eliminated primarily in the urine, 
whereas with higher doses a substantial proportion is excreted unchanged via the 
lungs. Major urinary metabolites in rats include Nacetyl-S-2-hydroxyethyl cys
teine and thiodiglycolic acid. These metabolites have also been found in the 
urine of humans following inhalation of vinyl chloride (3). 

Vinyl chloride does not accumulate in the body to any significant extent. In 
rats, it is estimated to have a biological half-life of 20 min (2). 

14.6.5 Effects on laboratory animals and in vitro test systems 

Acute exposure 

The acute toxicity of vinyl chloride is low, 2-hour LC50s ranging from 295 gfm3 
for mice to 595 gfm3 for guinea-pigs and rabbits (3). 
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Short-term exposure 

Groups of 30 rats given vinyl chloride in soybean oil by gavage at 0, 30, 100, 
or 300 mg/kg of body weight, 6 days per week for 13 weeks, exhibited a dose
related increase in relative liver weight. A dose-related increase in adrenal gland 
weight (males only) was significant at the highest dose level. Histological changes 
in the liver and other organs were minimal. Hypertrophy of the endoplasmic 
reticulum was observed in hepatocytes of animals in the group given 300 mg/kg 
of body weight (8, 9). 

Long-term exposure 

Groups of Wistar rats (60-80 per sex per dose) were fed diets containing PVC 
7 days per week for 135-144 weeks (JO). Oral exposure to vinyl chloride mono
mer during the period offeeding was 0, 1.7, 5.0, or 14.1 mg/kg of body weight 
per day. Another group of rats (80 per sex) received a 1 Oo/o solution of vinyl chlo
ride monomer in soybean oil by gavage, 5 days per week for 83 weeks, at a dose 
of approximately 300 mg/kg of body weight per day. There was a marked dose
related increase in mortality in the groups given 5.0 and 14.1 mg/kg of body 
weight per day. Rats in the groups given 14.1 and 300 mg/kg of body weight 
per day exhibited a significant decrease in blood clotting time, slightly increased 
levels of a-fetoprotein in the blood serum, liver enlargement, and increased 
haematopoietic activity in the spleen. Liver-to-body-weight ratios were higher in 
the groups given 14.1 and 300 mg/kg of body weight per day than in controls, 
and the incidence of foci of cellular alteration was much higher in both of the 
treatment groups than in controls. 

Reproductive toxicity, embryotoxicity, and teratogenicity 

No significant effects on malformations or anomaly rates were seen following the 
inhalation exposure of mice, rats, or rabbits to vinyl chloride during different 
periods of pregnancy. The results of other experiments, however, have suggested 
that it may be embryotoxic in rats and mice (2, 8). 

Mutagenicity and related end-points 

Vinyl chloride induced sister chromatid exchange in human lymphocytes in 
vitro, mutations in Chinese hamster cells, unscheduled DNA synthesis in rat 
hepatocytes, and transformation of BALB/c 3T3 cells. It also caused sex-linked 
recessive lethal mutations but not aneuploidy, heritable translocations, or domi
nant lethal mutations in Drosophila. It was mutagenic to plants including the 
yeast Schizosaccharomyces pombe, but not to other fungi. It induced gene conver
sion in yeast, caused DNA damage and mutation in bacteria and, with metabolic 
activation, bound covalently to isolated DNA (I I). 
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Vinyl chloride induced chromosomal aberrations, sister chromatid exchange, 
and micronuclei in rodents exposed in vivo, but did not induce mutation in the 
mouse spot test or dominant lethal mutations in rats or mice. It alkylated DNA 
in several tissues of mice and rats exposed in vivo (1 I). 

Carcinogenicity 

There is sufficient evidence of the carcinogenicity of vinyl chloride to animals. 
When administered by inhalation, it induced angiosarcomas of the liver in rats, 
mice, and hamsters, Zymbal gland tumours in rats and hamsters, nephroblas
tomas in rats, pulmonary and mammary gland tumours in mice, and forestom
ach papillomas in hamsters. The minimum concentrations at which compound
related tumours were observed were 26, 130 and 1300 mgfm3 in rats, mice, and 
hamsters, respectively ( 4). 

In the study in which groups ofWistar rats were fed vinyl chloride monomer 
in the diet for 135-144 weeks (0, 1.7, 5.0, or 14.1 mg/kg of body weight per 
day) or a 10% solution of vinyl chloride mono mer in soybean oil by gavage, 5 
days per week for 83 weeks (300 mg/kg of body weight per day), angiosarcomas 
of the liver were observed in the three highest dose groups and there was a dose
related increase in hepatocellular carcinomas. Angiosarcomas were present in the 
lungs in the two highest dose groups, and the incidence of adenomas of the 
mammary glands was twice as high in the test groups as in the controls (1 0). 

In extended studies carried out in the same laboratory using the same meth
ods but lower doses (12), hepatocellular carcinomas and angiosarcomas were 
found at the highest dose (1.7 mg/kg of body weight per day), although in small
er numbers. A statistically significant increase in the incidence of liver nodules 
(presumed to be hepatomas) was the only neoplastic response at levels below 1.7 
mg/kg of body weight per day. 

In another study, groups of Sprague-Dawley rats (40 per sex per dose) and 
groups of DS rats (75 per sex per dose) were given vinyl chloride monomer in 
olive oil at dose levels equivalent to 0, 3.3, 16.6, or 50 mg/kg of body weight 
(Sprague-Dawley rats) and 0, 0.03, 0.3, or 1 mg/kg of body weight (DS rats), 5 
times a week for 52 or 59 weeks; the study was terminated at 136 weeks. In the 
study on Sprague-Dawley rats, there was a dose-related increase in angiosar
comas: 18 at 50 mg/kg of body weight, nine at 16.6 mg/kg of body weight, and 
one at 3.3 mg/kg of body weight. In the study on DS rats, four angiosarcomas 
were found at 1 mg/kg of body weight, two at 0.3 mg/kg of body weight, and 
none at 0.03 mg/kg of body weight. Small numbers of other tumours were also 
found, including nephroblastomas, Zymbal gland carcinomas, and hepatomas 
(13). 

In a study in which Wistar-derived rats (54 per sex per dose) were given vinyl 
chloride in drinking-water at concentrations of 0, 2.5, 25, or 250 mg!litre 
(equivalent to 0.12, 1.2, and 12 mg/kg of body weight per day for males, and 
0.22, 2.2, and 22 mg/kg of body weight per day for females) for 101-152 weeks 
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(Evans et al., unpublished data, 1980, cited in references 4 and 8), malignant 
tumours occurred with greater frequency in the highest dose groups, the increase 
being more pronounced in females. Liver angiosarcomas occurred only in the 
highest dose groups. In addition, five males in the group given 250 mg!litre de
veloped angiosarcoma in the spleen, and a single subcutaneous angiosarcoma was 
present in a male in the group given 25 mg!litre. 

14.6.6 Effects on humans 

Vinyl chloride is a narcotic agent, and loss of consciousness can occur at 25 gfm3. 
Effects of chronic inhalation exposure include Raynaud's phenomenon, a painful 
vasospastic disorder of the hands, and pseudoscleroderma (2). 

There is sufficient evidence of the carcinogenicity of vinyl chloride in hu
mans from studies of industrial populations exposed to high concentrations via 
the inhalation route, and IARC has classified vinyl chloride in Group 1 (1 1). The 
causal association between vinyl chloride exposure and angiosarcoma of the liver 
is commonly accepted. There are conflicting opinions, however, regarding the re
lationship between vinyl chloride exposure and hepatocellular carcinoma, brain 
tumours, lung tumours, and malignancies of the lymphatic and haematopoietic 
tissues ( 4, 11). 

A number of cytogenetic studies have demonstrated an increased frequency 
of chromosomal aberrations in the peripheral lymphocytes of exposed workers, 
but negative studies have also been reported ( 4). 

Although some studies suggest that paternal exposure to vinyl chloride may 
be associated with adverse reproductive outcomes, the available data cannot be 
considered conclusive, and no mechanism whereby the supposed reproductive ef
fects could be produced is known ( 4). 

14.6.7 Guideline value 

There is sufficient evidence of the carcinogenicity of vinyl chloride in humans 
from industrial populations exposed to high concentrations via the inhalation 
route, and IARC has classified vinyl chloride in Group 1 (I 1). A causal associa
tion between vinyl chloride exposure and angiosarcoma of the liver is sufficiently 
proved, and some studies suggest that vinyl chloride is also associated with 
hepatocellular carcinoma, brain tumours, lung tumours, and malignancies of the 
lymphatic and haematopoietic tissues. 

Animal data show vinyl chloride to be a multisite carcinogen. When admin
istered orally or by inhalation to mice, rats, and hamsters it produced tumours in 
the mammary gland, lungs, Zymbal gland, and skin, as well as angiosarcomas of 
the liver and other sites. 

Because there are no data on carcinogenic risk following oral exposure of hu
mans to vinyl chloride, estimation of the risk of cancer in humans was based on 
animal carcinogeniciry bioassays involving oral exposure. Using results from the 
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rat bioassay, which yields the most protective value (12), and applying the linear
ized multistage model, the human lifetime exposure for a 1 o-s excess risk of he
patic angiosarcoma was calculated to be 20 11g per day. It was also assumed that, 
in humans, the number of cancers at other sites may equal that of angiosarcoma 
of the liver, so that a correction (factor of 2) for cancers other than angiosarcoma 
is justified. Concentrations in drinking-water of 50, 5, and 0.5 11g/litre were cal
culated as being associated with excess risks of 10-4, 10-5, and 10-6, respectively. 
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14.7 1, 1-Dichloroethene 

14.7 .1 General description 

Identity 

CAS no.: 75-35-4 
Molecular formula: C 2H 2Cl2 

1, 1-Dichloroethene is also known as vinylidene chloride. 

Physicochemical properties (1, 2 )1 

Property 

Melting point 
Boiling point 
Density 
Vapour pressure 
Water solubility 
Log octanol-water 
partition coefficient 

Value 
-122.5 oc 
31.6oC 
1.21 g/cm3 at 20 oc 
78.8 kPa at 25 oc 
2.5 g/lirre at 25 oc 

1.66 

Organoleptic properties 

1, 1-Dichloroethene has a mild, sweet odour (3). Its odour thresholds in air and 
water are 760 mgfm3 and 1.5 mg/litre, respectively (4). 

Major uses 

1,1-Dichloroethene is used mainly as a monomer in the production of poly
vinylidene chloride co-polymers and as an intermediate in the synthesis of other 
organic chemicals, such as methyl chloroform and 1, 1,1-trichloroethane (I, 5, 6). 

I Conversion factor in air: 1 ppm = 4 mgfm3. 
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Environmental fate 

Most 1, 1-dichloroethene released to the environment volatilizes to the atmos
phere, where it is oxidized by hydroxyl radicals with a lifetime of about 1-3 days 
(5, 7). Rapid photolysis is also expected to occur. Volatilization is the major re
moval mechanism in surface waters and soils, and anaerobic biotransformation to 

vinyl chloride is expected to be important in groundwater (5). 

14.7.2 Analytical methods 

The concentration of 1,1-dichloroethene is measured by a purge-and-trap gas 
chromatographic procedure used for the determination of volatile organohalides 
in drinking-water. This method is applicable to the measurement of 1, 1-dichlo
roethene over a concentration range of 0.03-1500 )lgflitre. Mass spectrometry is 
used for confirmation (detection limit of 0.2 )lgflitre) (8). 

14.7.3 Environmental levels and human exposure 

Air 

1,1-Dichloroethene has been detected in urban air at mean concentrations of 
19.6-120 ngfm3 (7, 9). The median concentration in ambient air from all areas 
is less than 4 ng/ m3. Concentrations in the vicinity of industrial plants or hazard
ous waste sites may be higher. It has also been detected in indoor air at an average 
concentration of78.8 )lgfm3 (5). 

Water 

1,1-Dichloroethene was detected in 2.3% of 945 samples of finished drinking
water taken from groundwater sources in the USA at median concentrations of 
0.28-1.2 )lgflitre and in about 3% of public drinking-water supplies at concen
trations ranging from 0.2 to 0.5 )lg/litre. It was not detected in a survey of surface 
water in 105 cities (5). 

Food 

1,1-Dichloroethene residues have been reported in foodstuffs wrapped with co
polymer films at levels ranging from 0.005 to 0.01 mg/kg and in household food 
wraps at an average concentration of 8.8 mg/kg (5). Because of its high volatility, 
residual levels in food are expected to be low. 

Estimated total exposure and relative contribution of drinking-water 

Estimated average exposure from drinking-water in the USA is less than 
0.01 )lg/day; the maximum is about 1 )lg/day (10). At a mean concentration 
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of 19.6-120 ngfm3 in urban air, the estimated average inhalation exposure is 
0.4-2.5 rg/day (7). Food is not expected to be a significant exposure source. 

14.7.4 Kinetics and metabolism in laboratory animals and humans 

1,1-Dichloroethene is rapidly and almost completely absorbed from the gastro
intestinal tract following administration by gavage (1, 11, 12). It is also readily 
absorbed from the lungs (13), and dermal absorption is expected to occur (5). 
It is rapidly distributed following oral or inhalation exposure, accumulating pref
erentially in the liver, kidneys, and lungs (1, 11, 12). 

Biotransformation of 1, 1-dichloroethene involves the cytochrome P-450 
system and pathways that include the formation of 1,1-dichloroethylene oxide 
and chloroacetyl chloride and detoxification via conjugation with glutathione. 
The major metabolites include thiodiglycolic acid and N-acetyl-S-(2-carboxy
methyl)cysteine (1, 11, 12, 14). Mice metabolize more of an oral dose than rats 
(14), in which 1,1-dichloroethene metabolism may be a saturable process (12). 
Excretion occurs mainly via the urine and expired air ( 1, 11, 12, 14). 

14.7 .5 Effects on laboratory animals and in vitro test systems 

Acute exposure 

Reported oral LD50s for 1,1-dichloroethene are 1500 (15) and 1550 (14) mg/kg 
of body weight for rats and 194 and 217 mg/kg of body weight for female and 
male mice, respectively (14). Histopathological changes in the liver and kidneys 
(rats) and lungs (mice) were observed following administration of single oral 
doses of 200 mg/kg of body weight (16-18). 

Short-term exposure 

Increased cytoplasmic vacuolation of hepatocytes was observed in rats exposed to 
1,1-dichloroethene in drinking-water at doses of 19.3 or 25.6 mg/kg of body 
weight per day in males and females, respectively, for 90 days (19). Beagle dogs 
given 1,1-dichloroethene in gelatin capsules at doses of 6.2, 12.5, or 25 mg/kg 
of body weight per day for 97 days experienced no adverse effects on hepatic, 
haematological, renal, or neurological end-points (1, 20). 

Long-term exposure 

No treatment-related adverse effects were observed in Sprague-Dawley rats dosed 
with 1,1-dichloroethene at 0.5, 5, 10, or 20 mg/kg of body weight per day by 
gavage in corn oil for 1 year (1, 21). Renal inflammation was observed in F344 
rats receiving 5 mg/kg of body weight per day by gavage in corn oil for 2 years, 
but not in those receiving 1 mg/kg of body weight (22). In a study in which 

433 



GUIDELINES FOR DRINKING-WATER QUALITY 

B6C3F 1 mice were dosed by gavage at 2 or 10 mg/kg of body weight per day, liv
er necrosis was reported in male mice at the higher dose but not in female mice 
(1, 22). 

Sprague-Dawley rats exposed to 1,1-dichloroethene in drinking-water for 2 
years at doses of 7, 10, or 20 mg/kg of body weight per day (males) and 9, 14, 
or 30 mg/kg of body weight per day (females) experienced no treatment-related 
effects on mortality, body or organ weights, or haematological, urinary, or 
clinical chemistry end-points (1, 20). A statistically significant increase in the 
incidence of hepatic lesions (hepatocellular swelling and fatty changes) was 
observed in females at all dose levels and in males at the highest dose. 

Reproductive toxicity, embryotoxicity, and teratogenicity 

Administration of 1, 1-dichloroethene in drinking-water to rats at doses of up to 
28 mg/kg of body weight per day for three generations produced no changes in 
reproductive outcome or neonatal development (1,23). No evidence of toxicity 
to the dams or offspring was observed in rats exposed to drinking-water contain
ing 1, 1-dichloroethene at 200 mg/litre on days 6-15 of gestation (24). 

Mutagenicity and related end-points 

1,1-Dichloroethene was mutagenic in several strains of Salmonella typhimurium, 
Escherichia coli, and Saccharomyces cerevisiae with metabolic activation but not 
without (1, 2~28). It increased the frequency of chromosomal aberrations and 
sister chromatid exchanges in Chinese hamster CHL cells (29), and was also pos
itive in host-mediated gene mutation and conversion assays in yeast (28). Nega
tive results were reported in assays for dominant lethal mutations in mice and 
rats (30, 31) and in a micronucleus test in mice (29). 

Carcinogenicity 

In a study in which F344/N rats and B6C3F1/N mice were given 1,1-dichloro
ethene by gavage for 104 weeks at 1 or 5 mg/kg of body weight per day (rats) and 
2 or 1 0 mg/kg of body weight per day (mice), the only significant effect was an 
increase in the incidence of lymphomas or leukaemias in female mice in the low
dose group (22). Similarly, in a study in which Sprague-Dawley rats received 1,1-
dichloroethene in drinking-water at 7, 10, or 20 mg/kg of body weight per day 
(male) or 9, 14, or 30 mg/kg of body weight per day (female) for 2 years, a sig
nificant increase in the incidence of combined mammary gland fibroadenomas 
and adenofibromas was observed only in the low-dose females (1,20). Neither 
increase was considered to be treatment-related, because the effects were not seen 
in high-dose females or in male mice at either dose. 

Swiss mice were exposed by inhalation to 1, 1-dichloroethene for 4 h per day, 
4-5 days per week for 1 year at 40 or 100 mgfm3 (32). Carcinomas of the mam-
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mary gland were significantly increased in females at both doses, pulmonary 
adenomas were increased in males at 40 mgfm3 and in both sexes at 100 mg/m3, 
and renal adenocarcinomas were significantly increased in high-dose males. 

14.7.6 Effects on humans 

1,1-Dichloroethene reportedly induces central nervous system depression at 
high concentrations (16 gfm3 in air) (5). A possible association of 1,1-dichloro
ethene with liver and kidney toxicity following exposure to lower concentrations 
has also been suggested (5). 

14.7.7 Guideline value 

IARC has placed 1,1-dichloroethene in Group 3 (33). It was found to be gena
toxic in a number of test systems in vitro but was not active in the dominant le
thal assay in vivo. It induced kidney tumours in mice in one inhalation study but 
was not carcinogenic in other studies, including several in which it was given in 
drinking-water. 

A TDI of 9 )lglkg of body weight per day was calculated from a LOAEL 
of 9 mg/kg of body weight per day in a 2-year drinking-water study in rats (20), 
using an uncertainty factor of 1000 (1 00 for intra- and interspecies variation and 
10 for the use of a LOAEL in place of a NOAEL and the potential for carcino
genicity). This gives a guideline value of 30 )lg!litre (rounded figure) for a 10% 
contribution to the TDI from drinking-water. 
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14.8 1 ,2-Dichloroethene 

14.8.1 General description 

Identity 

Compound CAS no. Molecular formula 

czs-Isomer 
trans-isomer 

156-59-2 
156-60-5 

Physicochemical properties ( 1, 2 )1 

Property 
Melting point (QC) 
Boiling point (QC) 
Density (g/cm3 at 20 QC) 
Vapour pressure (kPa at 25 QC) 
Water solubility (g!litre at 20 QC) 
Log octanol-water partition coefficient 

Organoleptic properties 

czs-zsomer 
-80.5 
60.3 
1.2837 
27.7 
3.5 
1.86 

tram-isomer 
-50 
47.5 
1.2565 
35.3 
6.3 
2.09 

A mixture of 1,2-dichloroethene isomers has a pleasant odour (3). The odour 
thresholds for trans-1,2-dichloroethene in air and water are 68 mgfm3 and 0.26 
mg!litre, respectively ( 4). 

Major uses 

1,2-Dichloroethene (cisltrans mixture) is used mainly as an intermediate in the 
synthesis of chlorinated solvents and compounds (5). It has also been used as an 
extraction solvent for organic materials. 

Environmental fate 

1 ,2-Dichloroethene is removed from the atmosphere mainly through reaction 
with photochemically generated hydroxyl radicals; the estimated half-lives for the 
cis- and trans-isomers are 8.3 and 3.6 days, respectively. Most 1,2-dichloroethene 
in surface water and surface soils is expected to be volatilized. The compound 
may be leached through subsurface soils to groundwater. Anaerobic biodegrada-

1 Conversion factor in air: 1 ppm = 3.97 mgfm3. 
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tion may remove both isomers from groundwater, the half-life then being 13-48 
weeks (5). 

14.8.2 Analytical methods 

The concentrations of cis- or trans-1 ,2-dichloroethene are measured by a purge
and-trap gas chromatographic procedure used for the determination of volatile 
organohalides in drinking-water (6). The method can differentiate between the 
cis- and tram-isomers at concentrations of 0.03-1500 pg/litre. Mass spectrome
try is used for confirmation; the detection limit is 0.17 Jlgllitre (7). 

14.8.3 Environmental levels and human exposure 

Air 

1,2-Dichloroethene has been detected in the air of urban and industrial areas at 
concentrations in the range 0.04-0.3 Jlgfm3 (mean) for the cis-isomer to 10.3 
Jlgfm3 (maximum) for a mixture of isomers. Mean concentrations up to 32.2 
pgfm3 have been measured in indoor air (5). 

Water 

1,2-Dichloroethene has been detected in industrial effluents, surface water, 
groundwater, and drinking-water supplies in the USA. It was detected in 16 of 
466 randomly selected and 38 of 479 purposely selected drinking-water supplies 
derived from groundwater at levels of up to 2 and 120 Jlg/litre, respectively (5). 

The cis-form of 1 ,2-dichloroethene is more frequently found as a water con
taminant. The presence of the two isomers, which are metabolites of other un
saturated halogenated hydrocarbons in wastewater and anaerobic groundwater, 
may indicate the simultaneous presence of other more toxic organochlorine 
chemicals, such as vinyl chloride. Accordingly, more intensive monitoring is nec
essary if they are found to be present. 

Food 

1,2-Dichloroethene was not detected in fish samples at 95 stations covered by the 
STORET database of the US Environmental Protection Agency, but was found 
in fish tissue samples from Commencement Bay, WA, at mean levels of 0.04 
mg/kg (5). 

Estimated total exposure and relative contribution of drinking-water 

Based on urban air levels of0.04-0.3 Jlgfm3, the average inhalation exposure to 
1 ,2-dichloroethene is about 1-6 Jlg/ day (5). At a drinking-water concentration 
of 2 pg/litre, the daily intake by an adult would be about 4 Jlg. 
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14.8.4 Kinetics and metabolism in laboratory animals and humans 

As the cis- and trans-isomers of 1 ,2-dichloroethene are lipid-soluble compounds 
of low relative molecular mass, they would be expected to be readily absorbed by 
the oral or dermal routes (8). In humans, about 75% of inhaled tram-1,2-di
chloroethene is absorbed through the lungs (9). 1,2-Dichloroethene may be pref
erentially distributed to adipose tissue (I 0). On the basis of distribution data for 
1, 1-dichloroethene, the highest concentrations might be expected to occur in liv
er and kidney (I I). 

The first step in the metabolism of both isomers of 1 ,2-dichloroethene ap
pears to be the formation of the chloroethylene epoxide, which undergoes re
arrangement to form dichloroacetaldehyde and possibly monochloroacetic acid 
(12, 13). In vitro studies indicate that biotransformation involves the hepatic mi
crosomal cytochrome P-450 system (14, 15). The cis-isomer is metabolized at a 
faster rate than the tram-isomer (14). High doses may saturate the P-450 system 
and exceed its metabolic capacity (5). If excretion is similar to that of 1, 1-dichlo
roethene, elimination would be expected to be relatively rapid, so that most of a 
single dose would be excreted in the urine within 24-72 h (15). 

14.8.5 Effects on laboratory animals and in vitro test systems 

Acute exposure 

For a mixture of isomers, the reported oral LD50 for rats is 770 mg/kg of body 
weight (16). Reported oral LD50s for trans-1,2-dichloroethene are 1275 mg/kg of 
body weight for female rats, 7902 mg/kg of body weight for male rats, 2221 
mg/kg of body weight for male mice, and 2391 mg/kg of body weight for female 
mice (I 7-19). Administration of single doses of cis -1,2-dichloroethene at 400 or 
1500 mg/kg of body weight to rats caused significant elevations of liver alkaline 
phosphatase, whereas the same doses of tram-isomer did not (20). 

Short-term exposure 

tram-1,2-Dichloroethene was administered by gavage to male CD-1 mice for 14 
days at doses of 0, 21, or 210 mg/kg of body weight per day (21). No changes in 
body or organ weights, serum alanine aminotransferase, or blood urea nitrogen 
were reported at any dose level. However, fibrinogen levels, prothrombin times, 
and lactate dehydrogenase levels were significantly decreased at the highest dose. 
In a similar study, the tram-isomer, administered by gavage at doses equal to 1 o/o 
and 10% of the LD50 (22 or 222 mg/kg of body weight per day) to male mice for 
14 days, caused no significant changes in body or organ weights, haematological 
or blood coagulation parameters, serum enzyme levels, or humoral immune re
sponse (I 8). 

In a study on CD-1 mice (15-24 per sex per dose), male mice received tram-
1 ,2-dichloroethene in doses of 17, 175, or 387 mg/kg of body weight per day 
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and female mice received doses of 23, 224, or 452 mg/kg of body weight per day 
in drinking-water for 90 days (21). No changes in water consumption, body 
weight, or gross pathology were observed in any dose group. There were signifi
cant increases in serum alkaline phosphatase levels in male mice at the two high
est doses, and liver glutathione concentrations were decreased at the highest dose. 
In females, thymus weight was significantly decreased at the two highest doses, 
and lung weight was depressed at the highest dose. A significant decrease in ani
line hydroxylase activity was also observed in females exposed to the highest dose. 
In another phase of this study (22), dose-dependent effects were observed either 
in cell-mediated immunity in either sex or in the humoral immune status of 
female mice. However, a significant decrease in spleen antibody-forming cells was 
noted at all dose levels in male mice. Female mice exposed to the highest dose 
demonstrated an enhanced spleen cell response to lipopolysaccharide at some, 
but not all, concentrations. 

CD rats were exposed to trans-l ,2-dichloroethene at doses of 402, 1314, or 
3114 mg/kg of body weight per day (males) and 353, 1257, or 2809 mg/kg of 
body weight per day (females) in drinking-water for 90 days (19). No com
pound-related effects on water consumption, body weight, serum chemistry, or 
urinary parameters were observed, nor were any effects on gross or histological 
pathology noted. However, a significant dose-dependent decrease in kidney 
weight was observed at the two highest doses in females. 

Mutagenicity and related end-points 

In vitro investigations of the genotoxic potential of 1,2-dichloroethene yielded 
negative results for both isomers. 1,2-Dichloroethene was not found to be muta
genic in Escherichia coli, several strains of Salmonella typhimurium, or Saccharo
myces cerevisiae, with or without metabolic activation (23-26). Neither isomer 
induced chromosomal aberrations or sister chromatid exchanges in Chinese ham
ster lung fibroblasts (27). 

In vivo studies indicate that the cis-, and possibly the trans-, isomer may be 
genotoxic. The cis-isomer was found to be mutagenic in S. typhimurium and S. 
cerevisiae strains in two host-mediated assays in mice (23, 24). Repeated intra
peritoneal injections of cis-1 ,2-dichloroethene induced chromosomal aberrations 
in mouse bone marrow cells (24). The trans-isomer gave negative results in these 
studies. However, an increase in the number of aneuploid V 79 Chinese hamster 
cells was reported following treatment with the trans-isomer (28). 

14.8.6 Effects on humans 

Inhalation of high concentrations (38 gfm3 and above) of 1 ,2-dichloroethene in 
air causes central nervous system depression (17). Neurological effects, including 
nausea, drowsiness, fatigue, and vertigo, have been reported following exposure 
to lower levels (9). A burning sensation in the eyes was also reported. The trans-
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isomer is reportedly about twice as potent a central nervous system depressant as 
the cis-isomer (17), which has been used as an anaesthetic. 

14.8.7 Guideline value 

In a 3-month study in mice given the trans-isomer in drinking-water, there was 
an increase in serum alkaline phosphatase and reduced thymus and lung weights, 
as well as transient immunological effects, the toxicological significance of which 
is unclear. Only one rat toxicity study is available for the cis-isomer. There are 
limited data to suggest that both isomers may possess some genotoxic activity. 
There is no information on carcinogenicity. 

Data on the toxicity of the trans-isomer in mice (21) were used to calculate 
a joint guideline value for both isomers because of the lack of adequate toxicity 
data for the cis-isomer and because data suggest that the mouse is a more sensitive 
species than the rat. Accordingly, the NOAEL of 17 mg/kg of body weight per 
day from the tram-isomer toxicity study was used with an uncertainty factor of 
1000 ( 100 for intra- and interspecies variation and 10 for the short duration 
of the study) to derive a TDI of 17 Jlg!kg of body weight. This gives a guideline 
value of 50 Jlg!litre (rounded figure) for an allocation of 1 Oo/o of the TDI to 
drinking-water. 
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14.9 Trichloroethene 

14.9.1 General description 

Identity 

CAS no.: 79-01-6 
Molecular formula: C2HC13 

Trichloroethene is also known as trichloroethylene. 

Physicochemical properties (1, 2)1 

Property 

Boiling point 
Density 
Vapour pressure 
Water solubility 

Value 
86.7 ac 
1.4 g/cm3 at 25 ac 
10.3 kPa at 25 ac 
1.07 gflitre at 20 ac 

Organoleptic properties 

The odour thresholds for trichloroethene in air and water are 546-1092 mgfm3 
and 0.3 mg/litre, respectively (3, 4). 

1 Conversion factor in air: 1 ppm = 5.46 mgfm3. 
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Major uses 

Trichloroethene is used mainly in dry cleaning, for the degreasing of fabricated 
metal parts, as a solvent for fats, waxes, resins, oils, rubber, paints, and varnishes, 
and as an inhalation analgesic and anaesthetic (1, 5). 

Environmental fate 

Trichloroethene is readily released to the atmosphere, where it is highly reactive 
and does not persist for any significant length of time. In water, biodegradation 
occurs, possibly with some partitioning to sediment and suspended organic mat
ter. Trichloroethene in anaerobic groundwater may be degraded to more toxic 
compounds, including vinyl chloride. It is highly mobile in soil and may be 
leached into groundwater supplies. Bioconcentration of trichloroethene in aquat
ic species is low to moderate (5). 

14.9.2 Analytical methods 

A purge-and-trap gas chromatographic procedure can be used to measure trichlo
roethene in drinking-water at concentrations of 0.01-1500 rgflitre ( 6). Mass 
spectrometry is used for confirmation (detection limit 0.2 rgllitre) (7). 

14.9.3 Environmental levels and human exposure 

Air 

Mean concentrations of0.16 rgfm3 and 2.5 rgfm3 have been detected in the at
mosphere of rural and urban areas, respectively (5). 

Water 

Trichloroethene may be released directly into wastewater, deposited in water 
from the atmosphere, or formed as a by-product during water chlorination (5, 8). 
In a survey of drinking-water in the USA it was found at a mean concentration of 
2.1 rg/litre in 28 of 113 cities in 1976-77 (9). It was present in 24% of 158 
nonrandom samples collected in a groundwater supply survey in the USA; medi
an levels of 1 rgflitre were reported and a maximum of 130 rgflitre was found in 
one sample (5). 

Food 

Trichloroethene has been found at concentrations of up to 10 rg/kg in meat, up 
to 5 rg/kg in fruits and vegetables, and up to 60 rg/kg in tea in the United King
dom (1, 10). It has also been detected in margarine samples in the USA at levels 
of 440-3600 rg/kg and in grain-based food at concentrations of up to 2.7 rglkg 
(5). 
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Estimated total exposure and relative contribution of drinking-water 

Because of its high vapour pressure, potential human exposure to trichloro
ethene is greatest from the inhalation of contaminated air. Exposure from drink
ing-water or food is not expected to pose a significant health risk, as it volatilizes 
rapidly from water and does not bioaccumulate to any significant extent. 

14.9.4 Kinetics and metabolism in laboratory animals and humans 

Analysis of human blood and breath following inhalation of 546 mgfm3 trichlo
roethene showed that peak levels were reached within 1 h of exposure (1,5). In 
rats, 72-85% of an orally administered dose was detected in expired air and 
10-20% in urine (I 1), indicating that at least 80% of ingested trichloroethene is 
systemically absorbed. Transplacental diffusion has been demonstrated in hu
mans following inhalation; the ratio of the concentrations in fetal and maternal 
blood ranged between 0.52 and 1.90 (12). Trichloroethene was widely distribut
ed in rats given it by gavage (13), the highest concentration being in body fat. 

Inhalation studies in humans show that 40-75% of the retained dose is 
metabolized (5). The principal urinary metabolites are trichloroacetaldehyde, 
trichloroethanol, trichloroethanoic acid, and trichloroethanol glucuronide (I 4). 
An important metabolic intermediate is the reactive epoxide, trichloroethene 
oxide, which can alkylate nucleic acids and proteins (I 1). Trichloroethene is 
eliminated with a half-time of about 1.5 h (15). Metabolites are excreted more 
slowly; the biological half-life measured in human urine is about 50 h for trichlo
roethanol and 36-73 h for trichloroethanoic acid (16, 17). 

14.9.5 Effects on laboratory animals and in vitro test systems 

Acute exposure 

The acute oral LD 505 for trichloroethene in rats and mice are 4920 mg/kg of 
body weight and 2400 mg/kg of body weight, respectively (1, 5, 18). 

Short-term exposure 

In a study in which groups of 12-24 male Swiss-Cox mice received trichloro
ethene by gavage in corn oil, 5 days per week for 6 weeks, at doses of 0, 100, 200, 
400, 800, 1600, 2400, or 3200 mg/kg of body weight per day, dose-related in
creases in hepatic DNA, relative liver weight, and hypertrophy of the liver were 
apparent at 100 mg/kg of body weight per day and above, and glucose-6-
phosphate levels were decreased by 30-40% at 800 mg/kg of body weight per 
day and above. The LOAEL was 100 mg/kg of body weight per day (19). 

Fischer 344/N rats and B6C3F 1 mice (1 0 per sex per dose) were given tri
chloroethene at doses of up to 2000 (male rats), 1000 (female rats), or 6000 
(mice) mg/kg of body weight per day in corn oil by gavage, 5 days per week for 
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13 weeks. Survival in mice was greatly decreased at 3000 and 6000 mg/kg of 
body weight per day. Body weight was decreased in male rats at 2000 mg/kg of 
body weight per day and in male mice at 750 mg/kg of body weight per day and 
above. Mild to moderate cytomegaly and enlarged cell nuclei of the renal tubular 
epithelial cells in the inner cortex were observed in both sexes of both species at 
1000 and 2000 mg/kg of body weight per day (rats) and 3000 and 6000 mg/kg 
of body weight per day (mice) (20). 

In rats exposed to air containing 300 mg/m3 trichloroethene 5 days per week 
for 14 weeks, liver weights were elevated, possibly as the result of fatty accumula
tion. Haematological parameters, liver and renal function tests, blood glucose, 
and organ-to-body-weight ratios were the same as in controls (21). 

Long-term exposure 

The toxicity of trichloroethene (epichlorohydrin-free) was investigated in F344 
rats and B6C3F 1 mice (50 per sex per dose) given 0, 500, or 1000 mg/kg of body 
weight per day (rats) and 0 or 1000 mg/kg of body weight per day (mice) in corn 
oil, 5 days per week for 103 weeks. Survival was reduced in male rats and mice 
but not in females. Toxic nephrosis, characterized as cytomegaly, occurred in rats 
at 500 and 1000 mg/kg of body weight per day and in mice at 1000 mg/kg of 
body weight per day. LOAELs of 500 mg/kg of body weight per day for rats and 
1000 mg/kg of body weight per day for mice were identified (20). 

Reproductive toxicity, embryotoxicity, and teratogenicity 

No statistically significant effects on sperm count, motility, or morphology were 
detected in male Long-Evans rats (10 per dose) intubated with 1, 10, 100, or 
1000 mg of trichloroethene per kg of body weight per day, 5 days a week for 6 
weeks. Copulatory behaviour was impaired at 100 mg/kg of body weight per day 
during the initial4 weeks of exposure but returned to normal by week 5 (13). 

A continuous-breeding fertility study was conducted in which male and 
female Fischer 344 rats were fed diets containing microencapsulated trichloro
ethene at dose levels of approximately 0, 75, 150, or 300 mg/kg of body weight 
per day from 7 days before mating to the birth of the F2 generation. Although 
testicular and epididymal weights decreased in the F 1 generation, no histopatho
logical changes were observed (22). In a similar study in CD-1 mice given up 
to 750 mg of trichloroethene per kg of body weight per day, sperm motility was 
reduced by 45% in Fa males and 18% in F1 males. There were no treatment
related effects on mating, fertility, or reproductive performance in the Fa or F 1 
mice (23). 

Mice and rats exposed to trichloroethene vapour at a concentration of 1600 
mg/m3 on days 6-15 of gestation for 7 h per day did not experience any terato
genic effects, although there was some evidence of haemorrhages in the cerebral 
ventricles and a few cases of undescended testicles (24). 

447 



GUIDELINES FOR DRINKING-WATER QUALITY 

Mutagenicity and related end-points 

There are numerous studies of the genotoxicity of trichloroethene, but the evi
dence is conflicting, in part because of impurities in the test material and the 
presence of stabilizers that are themselves mutagenic. In a range of in vitro assays, 
the data indicate that it is either negative or only weakly positive (1, 25). A dose
dependent increase in DNA single-strand breaks was observed in liver and kid
ney, but not lung, of male NMRI mice 1 h, but not 24 h, after intraperitoneal 
injection of 4-10 mmol of trichloroethene per kg of body weight (26). 

Carcinogenicity 

There was a significant increase in hepatocellular tumours in both sexes of 
B6C3F1 mice given trichloroethene by gavage in corn oil (27). However, in a 
similar study in a strain of mice with a low background incidence of liver tu

mours, there was no evidence of increased tumour incidence (28). There was 
some indication of a small increase in renal tumours in male rats given 250 mg of 
trichloroethene per kg of body weight by gavage in corn oil, but these tumours 
are of doubtful significance for humans (1, 29). 

In an inhalation study, a dose-related increase in malignant lymphomas was 
reported in female HAN:NMRI mice exposed to 546 or 819 mgfm3 trichloro
ethene vapour 6 h per day, 5 days per week for 18 months (30); this strain of 
mice has a high incidence of spontaneous lymphomas. An increased incidence 
of pulmonary adenocarcinomas was found in female ICR mice exposed to 820 
or 2460 mgfm3 trichloroethene vapour as compared with controls, but no such 
increase was found in female Sprague-Dawley rats (31). 

14.9.6 Effects on humans 

Acute exposure to high concentrations of trichloroethene causes central nervous 
system depression (32). Exposure to 147 mgfm3 in air for 4 h caused drowsiness 
and mucous membrane irritation; at 442 mgfm3, it caused headaches. Drowsi
ness, lethargy, and nausea were observed within 5 min at 10.9 gfm3. Coma and 
respiratory depression may occur following prolonged exposure to levels above 
10.9 gfm3 (5). Hepatic failure and subsequent death were reported following the 
use of trichloroethene as an anaesthetic, generally in patients with complicating 
transfusions (33). Oral exposure of humans to 15-25 ml (21-35 g) resulted in 
vomiting and abdominal pain, followed by transient unconsciousness (34). 

Humans exposed occupationally to trichloroethene had an increase in serum 
aminotransferases, indicating damage to the liver parenchyma (35). Neurological 
abnormalities were associated with occupational exposure to 76-464 mgfm3 tri
chloroethene for between 1 month and 15 years, including decreased appetite, 
sleep disturbances, ataxia, vertigo, headache, and short-term memory loss (5). 
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14.9.7 Provisional guideline value 

Trichloroethene has been classified by IARC in Group 3: not classifiable as to its 
carcinogenicity to humans (35). Although it induces lung and liver tumours in 
mice, there is no conclusive evidence that it causes cancer in other species. Tri
chloroethene is a weakly active mutagen in bacteria and yeast. 

A TDI of 23.8 jlg!kg of body weight has been calculated by applying an un
certainty factor of 3000 to a LOAEL of 100 mg/kg of body weight per day (nor
malized for 5 days per week exposure) for minor effects on relative liver weight 
in a 6-week study in mice (19). The uncertainty factor components are 100 for 
inter- and intraspecies variation, 10 for limited evidence of carcinogenicity, and 
an additional factor of 3 in view of the short duration of the study and the use of 
a LOAEL rather than a NOAEL. A provisional guideline value of 70 jlgflitre 
(rounded figure) is derived by allocating 1 Oo/o of the TDI to drinking-water. 
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14.10 Tetrachloroethene 

14.10.1 General description 

Identity 

CAS no.: 127-18-4 
Molecular formula: C2Cl4 

Tetrachloroethene is also known as tetrachloroethylene and perchloroethylene. 

Physicochemical properties (1-3 )1 

Property 
Melting point 
Boiling point 
Density 
Vapour pressure 
Water solubility 
Log octanol-water 
partition coefficient 

Value 
-19 oc 
121 oc 
1.623 g/ml at 25 oc 
2.53 kPa at 25 oc 
150 mg/litre at 25 oc 

2.86 

Organoleptic properties 

The odour thresholds for tetrachloroethene in water and air are 0.3 mg/litre and 
7 mgfm3, respectively (3). 

Major uses 

Tetrachloroethene is used primarily as a solvent in the dry-cleaning industry. It is 
also used as a degreasing solvent in metal industries, as a heat transfer medium, 
and in the manufacture of fluorohydrocarbons (1, 4). 

Environmental fate 

Most tetrachloroethene released to the environment is found in the atmosphere, 
where photochemically produced hydroxyl radicals degrade it to phosgene and 
chloroacetyl chlorides with a half-life of 96-251 days (3). In water, it does not 
readily undergo hydrolysis or photolysis but is biodegraded by microorganisms to 

1 Conversion factor in air: 1 ppm = 6.78 mgfm3. 
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dichloroethene, vinyl chloride, and ethene. Tetrachloroethene can persist in wa
ters where volatilization cannot occur. It volatilizes less readily from soil than 
from water and, with a soil adsorption coefficient of 72-534, is expected to be 
fairly mobile in soils. Degradation may occur in anaerobic soils. It does not ap
pear to bioaccumulate in animals or food-chains (3). 

14.10.2 Analytical methods 

A purge-and-trap gas chromatographic procedure is used for the determination 
of tetrachloroethene in drinking-water (5). Mass spectrometry or electron cap
ture, flame-ionization, and halide-sensitive detectors may be used for detection, 
the detection limits ranging from 0.1 to 1.9 ~g/litre in water (3, 6). 

14.10.3 Environmental levels and human exposure 

Air 

Concentrations of tetrachloroethene in city air in the United Kingdom range 
from less than 0.7 to 70 ~gfm3 (7). In Munich, suburban and urban air concen
trations were 4 and 6 ~g/m3, respectively (8). Surveys in the USA indicated 
concentrations of less than 0.01 ~gfm3 in rural areas and up to 6.7 ~gfm3 in ur
ban areas (9). 

Water 

A survey of drinking-water in the USA in 197 6-77 detected tetrachloroethene in 
nine of 105 samples at levels ranging from 0.2 to 3.1 ~g/litre (mean 0.8 ~g!litre) 
(10). In other surveys of drinking-water supplies in the USA, it was found that 
3% of all public water-supply systems that used well-water contained tetra
chloroethene at concentrations of 0.5 ~g/litre or higher, whereas those that used 
surface water contained lower levels (2). In the United Kingdom, it has been 
detected at levels of 0.4 ~g/litre in municipal waters (1, 7) and, in Japan, in 
approximately 30% of all wells, at concentrations ranging from 0.2 to 23 000 
~g!litre (3). In Switzerland, tetrachloroethene concentrations as high as 954 
~g/litre have been found in contaminated groundwater (11). Tetrachloroethene 
in anaerobic groundwater may degrade to more toxic compounds, including 
vinyl chloride (3). 

Food 

Tetrachloroethene concentrations in seafood in the United Kingdom ranged 
from 0.5 to 30 ~g/kg (7, 12). Those in other foodstuffs ranged from almost un
detectable (0.01 ~g/kg) in orange juice to 13 ~g/kg in butter (13). Some foods 
(particularly those with a high fat content) stored or sold near dry-cleaning facil
ities may contain considerably higher concentrations (14). 
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Estimated total exposure and relative contribution of drinking-water 

Based on a tetrachloroethene concentration in air of 6 rg/ m 3, estimated exposure 
would be about 120 rg/ day for an adult with an air intake of 20 m3. If drinking
water contains 0.5 rg of tetrachloroethene per litre, the average daily exposure 
would be 1 rg for an adult consuming 2 litres of water per day. There are insuffi
cient data on the levels of tetrachloroethene in foods to allow an average exposure 
to be determined. 

14.10.4 Kinetics and metabolism in laboratory animals and 
humans 

The results of animal studies indicate that tetrachloroethene is rapidly and com
pletely absorbed from the gastrointestinal tract (3, 15). It reached near-steady
state levels in the blood of human volunteers after 2 h of continuous inhalation 
(16). Rats given a gavage dose of radiolabelled tetrachloroethene contained 
radioactivity in the liver, kidneys, and fat (15). Occupationally exposed subjects 
had whole-blood levels as high as 2500 rgllitre, as compared with 0.4 rgllitre in 
controls (17). 

Metabolic products appear to be similar in humans and experimental ani
mals (1,18,19). Tetrachloroethene is metabolized by a cytochrome P-450-
mediated oxidation to tetrachloroethene oxide and trichloroacetyl chloride to 
form trichloroethanoic acid and trichloroethanol. In mice, trichloroethanoic acid 
is the major metabolite formed, whereas it is formed in relatively small amounts 
in rats (20). In humans, only 1.8% of the retained dose was converted into tri
chloroethanoic acid; l.Oo/o was converted into an unknown metabolite in 67 h 
(21). 

Saturation of metabolism has been observed both in inhalation studies in rats 
(22) and in gavage studies in mice (23). After saturation of metabolism via the 
oxidative pathway, a second metabolic pathway through conjugation with gluta
thione to form a highly reactive trichlorovinylthiol compound has been shown to 
occur in rat kidney, activated by renal ~-lyase enzyme. This metabolic pathway 
appears to be absent in humans (22) and to be significant only in male rats (24). 

Tetrachloroethene is eliminated from the body primarily via the lungs; the 
half-life is about 65 h (1, 25). Trichloroethanoic acid is eliminated via the urine 
with a half-life of 144 h (1, 26). 

14.10.5 Effects on laboratory animals and in vitro test systems 

Acute exposure 

LD50s of 3835 and 3005 mg/kg of body weight were found for male and female 
rats to which single doses of tetrachloroethene were administered by gavage. 
Acute effects were dominated by central nervous system depression (27). 
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Short-term exposure 

Groups of male Swiss-Cox mice were given oral doses of tetrachloroethene in 
corn oil at 0, 20, 100, 1000, or 2000 mg/kg of body weight, 5 days per week for 
6 weeks (equivalent to 0, 14, 70, 700, or 1400 mg/kg of body weight per day). 
Mice treated with doses as low as 70 mg/kg of body weight per day exhibited sig
nificantly increased liver triglyceride levels and liver-to-body-weight ratios. At 
higher doses, hepatotoxic effects included decreased DNA content, increased 
serum alanine aminotransferase, decreased glucose-6-phosphatase serum levels, 
and hepatocellular necrosis, degeneration, and polyploidy. The NOAEL was 
14 mg/kg of body weight per day (23). 

Sprague-Dawley rats (20 per sex per dose) were given tetrachloroethene in 
drinking-water at doses of 14, 400, or 1400 mg/kg of body weight per day for 90 
days. Males in the high-dose group and females in the mid- and high-dose groups 
exhibited depressed body weights. Increased liver- and kidney-to-body-weight 
ratios (equivocal evidence of hepatotoxicity) were also observed at the two high
est doses (27). 

There was moderate fatty degeneration of the liver in mice following a 4-h 
exposure to air containing 1340 mg of tetrachloroethene per m3 (28). Exposure 
to this level for 4 h per day, 6 days per week for up to 8 weeks increased the sever
ity of the lesions (29). 

Long-term exposure 

Male and female Osborne-Mendel rats and B6C3F 1 mice were exposed to tetra
chloroethene by corn oil gavage for 78 weeks at doses ranging from 471 to 1072 
mg/kg of body weight per day. Increased mortality and nephropathy, as shown by 
degenerative tubule changes, fatty changes, and cloudy swelling, were observed in 
all treated animals (30). 

Exposure of F344 rats to tetrachloroethene administered by inhalation at 
doses of 0, 1.36, or 2.72 gfm3 for 103 weeks, 5 days per week, resulted in a sig
nificant reduction in survival, increased renal karyomegaly in both sexes, and 
renal tubular cell hyperplasia in males at both doses. Similar exposure ofB6C3F 1 
mice to 0, 1.36, or 2.72 gfm3 resulted in reduced survival and increased renal 
nephrosis, tubular cell karyomegaly, and renal casts, as well as hepatic degenera
tion and necrosis (31). 

Reproductive toxicity, embryotoxicity, and teratogenicity 

Inhalation exposures to tetrachloroethene have resulted in maternal and fetal tox
icity in mice, rats, and rabbits (3). 
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Mutagenicity and related end-points 

Short-term studies indicate that tetrachloroethene induces single-strand DNA 
breaks in the mouse but does not cause chromosomal aberrations in rat bone 
marrow or human lymphocytes (I, 30, 32). In vitro assays in Salmonella typhimu
rium, Escherichia coli, and Saccharomyces cerevisiae were negative both with and 
without microsomal activation. 

Carcinogenicity 

The exposure by inhalation (6 h per day, 5 days per week for 103 weeks) of 
F344/N rats to 0, 1.36, or 2.72 gfm3 tetrachloroethene produced a small (but 
not statistically significant) increase in the combined incidence of renal tubular
cell adenomas and adenocarcinomas in males but not in females. In both sexes, 
there was an increase in the incidence of mononuclear cell leukaemias at both 
doses, but the incidence was also unusually high in concurrent as compared with 
historical controls (31). 

It has been suggested that the induction of kidney tumours in male rats is the 
combined result of the formation of a highly reactive metabolite and cell damage 
produced by renal accumulation of hyaline droplets (33, 34). 

The exposure by inhalation (6 h per day, 5 days per week for 103 weeks) of 
B6C3F1 mice at 0, 1.36, or 2.72 gfm3 resulted in an increase in hepatocellular 
carcinomas in both males and females (31). In an earlier bioassay, in which tetra
chloroethene was administered by gavage in corn oil, there was an increase in the 
incidence of hepatocellular carcinomas in both male and female mice but not in 
Osborne-Mendel rats. In this experiment, survival was reduced in both species as 
a result of pneumonia, and impurities later shown to be carcinogenic were 
present in the tetrachloroethene (30). 

Hepatotoxic and related carcinogenic effects of tetrachloroethene in mice ap
pear to be due to trichloroethanoic acid, which is formed in greater amounts by 
mice than by rats or humans (19, 35). In addition, mice are more sensitive than 
rats to trichloroethanoic acid, a peroxisome proliferator in mice (36). 

14.10.6 Effects on humans 

Oral doses of 4.2-6 g of tetrachloroethene administered to patients to control 
parasitic worm infections caused central nervous system effects, such as inebria
tion, perceptual distortion, and exhilaration (37). Several developmental effects, 
such as eye, ear, central nervous system, chromosomal, and oral cleft anomalies, 
were associated with exposure to tetrachloroethene and other solvents in contam
inated drinking-water supplies (38). Inhalation exposures have been associated in 
female dry-cleaning workers with reproductive effects, including menstrual dis
orders and spontaneous abortions (39, 40). 

456 



14. ORGANIC CONSTITUENTS 

A few case reports and small-scale epidemiological and clinical studies in
volving a group of men occupationally exposed to tetrachloroethene at levels of 
1890-2600 mgfm3 suggest an association between such exposure and serious 
central nervous system problems (1,41-43). However, workers were often simul
taneously exposed to several solvents ( 44). Evidence for the carcinogenicity of 
tetrachloroethene was obtained by observing laundry and dry-cleaning workers, 
but was rated as inadequate by IARC ( 45). Although an increased incidence of 
cancer was reported in several cohort and proportionate mortality studies 
(1,46-48) and increased risks of cancer in workers exposed to tetrachloroethene 
were found in case-control studies ( 49, 50), study limitations, such as concomi
tant exposures to other chemicals and small sample size, make it difficult to reach 
a definite conclusion. 

14.1 0. 7 Guideline value 

IARC ( 45) has concluded that there is sufficient evidence of carcinogenicity in 
animals to classify tetrachloroethene in Group 2B: possible human carcinogen. It 
reportedly produces liver tumours in mice, with some evidence of mononuclear 
cell leukaemia in rats and kidney tumours in male rats. However, overall evidence 
indicates that this compound is not genotoxic. 

In view of the overall evidence for nongenotoxicity and evidence for a satur
able metabolic pathway leading to kidney tumours in rats, it is appropriate to use 
a NOAEL with a suitable uncertainty factor for calculation of the TO I. A 6-week 
gavage study in male mice and a 90-day drinking-water study in male and 
female rats both indicated a NOAEL for hepatotoxic effects of 14 mg/kg of body 
weight per day (23, 27). A TDI of 14 11g/kg of body weight was calculated by 
applying an uncertainty factor of 1000 (1 00 for intra- and interspecies variation 
and 10 for carcinogenic potential). In view of the database on tetrachloroethene 
and considerations regarding the application of the dose via drinking-water in 
one of the two critical studies, it was deemed unnecessary to include an addition
al uncertainty factor to reflect the length of the study. The guideline value is 
40 11g/litre (rounded figure) for a drinking-water contribution of 1 Oo/o. 
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14.11 Benzene 

14.11.1 General description 

Identity 

CAS no.: 71-43-2 
Molecular formula: C6H6 

Physicochemical properties (1,2 J1 
Property 

Physical state 
Melting point 
Boiling point 
Density 
Vapour pressure 
Water solubility 
Log octanol-water 
partition coefficient 

Value 
Colourless liquid 
5.5 oc 
80.1 oc 
0.88 g/cm3 at 20 oc 
13.3 kPa at 26.1 oc 
1.8 g/litre at 25 oc 

2.13 

Organoleptic properties 

Benzene has a characteristic odour. Its odour threshold in water is 10 mg/litre (2). 

Major uses 

Benzene is used in the chemical industry for the production of styrene/ethylben-

I Conversion factor in air: 1 ppm = 3.2 mgfm3 at 20 oc and 101.3 kPa. 
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zene, cumene/phenol, and cyclohexane (1). Its use as a solvent has been greatly 
reduced in the last few years (3). Benzene is used as an additive in petrol to in
crease the octane number (2). 

Environmental fate 

In soil, benzene biodegrades under aerobic conditions only. In surface water, it 
rapidly volatilizes to the air, biodegrades with a half-life of a few days to weeks, or 
reacts with hydroxyl radicals with a half-life of several weeks to months. In air, it 
reacts with hydroxyl radicals, with a half-life of about 5 days ( 4). 

14.11.2 Analytical methods 

Benzene can be determined by a purge-and-trap gas chromatographic procedure 
with photoionization detection, a method which is applicable over a concentra
tion range of 0.02-1500 )lgflitre. Confirmation is by mass spectrometry (detec
tion limit 0.2 )lg!litre) ( 4). 

14.11.3 Environmental levels and human exposure 

Air 

Rural background concentrations of benzene, which may originate from natural 
sources (forest fires and oil seeps), have been reported to range from 0.3 to 54 
)lgfm3. The general urban atmosphere reportedly contains 50 )lgfm3. In several 
studies conducted since 1963, average concentrations in ambient air ranged from 
5 to 112 )lgfm3, mainly derived from vehicular emissions (1). 

Exposure inside homes can occur from cigarette smoke or when houses are 
built on soil polluted with benzene. In one case, levels varying from 34 )lgfm3 (in 
the living space) up to 230 )lgfm3 (beneath the floor) were found. Benzene is 
found both in the main stream (0.01-0.1 mg/cigarette) and in the side stream 
(0.05-0.5 mg/cigarette) of cigarette smoke (3). In a study in three states of the 
USA, weighted median concentrations were 9.8-16 )lgfm3 in indoor air and 
0.4-7.2 )lgfm3 in outdoor air (5). 

Water 

The major sources of benzene in water are atmospheric deposition, spills of pet
rol and other petroleum products, and chemical plant effluents. Levels of up to 

179 )lg!litre have been reported in chemical plant effluents (1). In seawater, levels 
were reported to be in the range 5-20 ng/litre (coastal area) and 5 ng/litre (cen
tral part) (3). Levels between 0.2 and 0.8 )lgflitre were reported in the Rhine in 
1976 ( 6). Levels of 0.03-0.3 mg/litre were found in groundwater contaminated 
by point emissions ( 7). 
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Benzene was detected in 50-60% of potable water samples taken at 30 treat
ment facilities across Canada; mean concentrations ranged from 1 to 3 p.g/litre 
(maximum 48 p.g/litre) (8). Federal drinking-water surveys in the USA estimated 
that approximately 1.3% of all groundwater systems contained benzene at con
centrations greater than 0.5 p.g!litre (highest level reported 80 p.g!litre) ( 4). 

Food 

Benzene may occur in food naturally, through migration from metallic covering 
layers of packaging material, or through contamination from the environment. 
It has been reported in several foods (eggs: 500-1900 p.g/kg; rum: 120 p.g/kg; 
irradiated beef: 19 p.g/kg; heat-treated or canned beef: 2 p.g/kg), and has also 
been detected in such foodstuffs as haddock, cheese, cayenne pepper, pineapple, 
and blackcurrants (9). 

Estimated total exposure and relative contribution of drinking-water 

Exposure to benzene may vary considerably. For nonsmokers, the estimated aver
age daily intake is 200-450 p.g/day. The estimated contribution from food is 180 
p.g/day but, as information on benzene levels in food is very scanty, this back
ground level should be considered only as an approximate reference point. For 
smokers, the intake levels are increased by a factor of 2-3 (urban areas) or 2-6 
(rural areas). The levels commonly found in drinking-water are minimal com
pared with the intake from food and air (3). 

14.11.4 Kinetics and metabolism in laboratory animals and 
humans 

Benzene is rapidly and efficiently (30-50%) absorbed following inhalation. Fol
lowing ingestion, animal data suggest about 100% absorption from the gastro
intestinal tract. Less than 1 o/o is absorbed through the skin. After absorption, 
benzene is widely distributed throughout the body, independently of the route of 
administration. Levels fall rapidly once exposure stops. Following uptake, adi
pose tissues have been found to contain high levels of benzene metabolites. 

The metabolism and elimination of absorbed benzene appear to follow simi
lar pathways in laboratory animals and humans. Benzene is converted mainly to 
phenol by the mixed-function oxidase system, primarily in the liver, but also in 
bone marrow. A small amount of phenol is metabolized to hydroquinone and 
catechol, and an even smaller amount is transformed into phenylmercapturic or 
trans-muconic acid. Berween 12% and 14% (up to 50% in laboratory animals) of 
the absorbed dose is excreted unchanged in expired air. The respiratory elimina
tion of benzene in humans is triphasic. In the urine, a small part is excreted un
changed, the remainder being excreted as phenol conjugates (3, 9---11). 
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14.11.5 Effects on laboratory animals and in vitro test systems 

Acute exposure 

Benzene has a low acute toxicity. The oral LD50 in mice and rats is 1-10 g/kg of 
body weight; the 2.8-h LC50 is 15-60 gfm3 (3). 

Long-term exposure 

Repeated exposure to low levels of benzene produces toxic effects principally in 
the blood and blood-forming tissues (3). Long-term exposure of mice to concen
trations of 32-65 mgfm3 results in inhibition of early differentiating blood cell 
elements (12). 

In a study in which benzene was administered by gavage in corn oil 5 days 
per week for 103 weeks at doses of 0, 5, 100, or 200 mg/kg of body weight to 
F344/N rats or 0, 25, 50, or 100 mg/kg of body weight to B6C3F 1 mice, hae
matological effects, including lymphoid depletion of the splenic follicles (rats) 
and thymus (male rats), bone marrow haematopoietic hyperplasia (mice), lym
phocytopenia, and associated leukocytopenia (rats and mice), were observed even 
at the lowest dose (1~15). 

Reproductive toxicity, embryotoxicity, and teratogenicity 

Benzene is not teratogenic even at maternally toxic dose levels. However, 
embryotoxicity/fetotoxicity was observed in rats and mice at levels as low as 65 
mgfm3 (9). 

Mutagenicity and related end-points 

Benzene was not mutagenic in several bacterial and yeast systems, in the sex
linked recessive lethal mutation assay with Drosophila melanogaster, or in the 
mouse lymphoma cell forward mutation assay. It can cause chromosome damage 
in plants and in mammalian somatic cells both in vitro and in vivo. Its clasto
genic potential is partly due to its hydroxylated metabolites. Benzene and its 
metabolites may interfere with the formation of the mitotic spindle and perhaps 
do not interact directly with DNA. However, binding of benzene to nucleic acids 
has been reported (3, I 0, 15). 

Carcinogenicity 

Benzene is carcinogenic in rats and mice after oral and inhalation exposure, pro
ducing malignant tumours at many sites. In a study by the National Toxicology 
Program, it was administered by gavage in corn oil5 days per week for 103 weeks 
at doses of 0, 5, 100, or 200 mg/kg of body weight to F344/N rats and 0, 25, 50, 
or 100 mg/kg of body weight to B6C3F1 mice. Compound-related non
neoplastic or neoplastic effects on the haematopoietic system, Zymbal gland, 
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forestomach, and adrenal gland were seen in both sexes of both species. In addi
tion, the oral cavity was affected in rats, and the lung, liver, harderian gland, 
preputia! gland, ovary, and mammary gland in mice (1~15). 

14.11.6 Effects on humans 

Acute exposure of humans to high concentrations of benzene primarily affects 
the central nervous system. Acute exposure to 65 gfm3 may cause death. Exten
sive haemorrhages have been observed in fatal cases (3). 

Occupational exposure to more than 162 mgfm3 results in toxic effects on 
the haematopoietic system, including pancytopenia. The white blood cells are 
the most sensitive (1 O). 

There is considerable evidence that exposure to high benzene concentrations 
(;;. 325 mg/ m3) may eventually result in leukaemia, in many cases preceded by 
pancytopenia or aplastic anaemia. Both epidemiological studies (16, 17) and sev
eral case-studies showed that exposure to benzene was correlated with the occur
rence ofleukaemia (particularly acute myeloid leukaemia). Cytogenetic effects in 
peripherallymphocytes were observed in human subjects with benzene haemopa
thy (3, 9, 11, 18). 

14.11. 7 Guideline value 

Benzene is carcinogenic in mice and rats after both inhalation and oral exposure, 
producing malignant tumours at many sites. It is considered to be a human car
cinogen and is classified by IARC in Group 1 (18). Although it does not induce 
mutations or DNA damage in standard bacterial assay systems, it has been shown 
to cause chromosomal aberrations in a variety of species in vivo. 

Because of the unequivocal evidence of the carcinogenicity of benzene in hu
mans and laboratory animals and its documented chromosomal effects, quantita
tive risk extrapolation was used to estimate lifetime cancer risks. Based on a risk 
estimate using data on leukaemia from epidemiological studies involving inhala
tion exposure, it was calculated that a drinking-water concentration of 1 fig/litre 
was associated with an excess lifetime cancer risk of 10-6 (10 flg/litre is associated 
with an excess lifetime risk of 10-5 and 100 flg/litre with an excess lifetime risk of 
10-4) (15). 

As data on the carcinogenic risk to humans following the ingestion of ben
zene are not available, risk estimates were also carried out on the basis of a 2-year 
gavage study in rats and mice (13). The robust linear extrapolation model was 
used, as there was a statistical lack of fit of some of the data with the linearized 
multistage model. The estimated range of concentrations in drinking-water cor
responding to excess lifetime cancer risks of 1 o-4' 1 o-5' and 1 o-6' based on leukae
mia and lymphomas in female mice and oral cavity squamous cell carcinomas in 
male rats, are 100-800, 10-80, and 1-8 flg!litre, respectively. These estimates are 
similar to those derived from epidemiological data, which formed the basis for 
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the previous guideline value of 10 Jlgflitre associated with a 1 o-5 excess lifetime 
cancer risk. 

Guideline values corresponding to excess lifetime cancer risks of 10-4, 10-5, 
and 10-6 are therefore 100, 10, and 1 Jlg/litre, respectively. 
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14.12 Toluene 

14.12.1 General description 

Identity 

CAS no.: 105-88-3 
Molecular formula: C7Hs 

The IUPAC name for toluene is methylbenzene. 

Physicochemical properties ( 1, 2 )1 

Property 

Physical state 
Melting point 
Boiling point 
Vapour pressure 
Density 
Water solubility 
Log octanol-water 
partition coefficient 

Value 

Clear, colourless liquid 
-95 oc 
110.6 oc 
3.78 kPa at 25 oc 
0.8623 g/cm3 at 15.6 oc 
535 mg!litre 

2.69 

I Conversion factor in air: 1 ppm = 3.75 mgfm3. 
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Organoleptic properties 

Toluene has a sweet, pungent, benzene-like odour. The lowest concentrations re
ported to be perceptible to humans on inhalation range from 0.64 to 139 mg/m3 
(3). The odour threshold in water is 0.024-0.17 mg!litre. The reported taste 
threshold ranges from 0.04 to 0.12 mg/litre (2, 4, 5). 

Major uses 

Toluene is used as a solvent, especially for paints, coatings, gums, oils, and resins, 
and as raw material in the production of benzene, phenol, and other organic sol
vents. Most toluene (in the form of benzene-toluene-xylene mixtures) is used in 
the blending of petrol. 

Environmental fate 

Toluene degrades readily in air. It is removed from the atmosphere mainly by re
actions with atomic oxygen, peroxy- or hydroxyl radicals, and ozone. Its half-life 
in the atmosphere ranges between 13 hand 1 day (1, 6). 

When toluene is released to surface water, it volatilizes to air very rapidly, the 
half-life being about 5 h at 25 oc and increasing with the depth of the water col
umn. Biodegradation and sorption are less important for the removal of toluene 
from surface waters. The extent to which it is biodegraded in soil ranges from 
63% to 86% after 20 days (7). 

The amount of toluene in environmental compartments can be estimated 
with the aid of models ( 8) when emission data are known. In the Netherlands, 
for example, the estimated percentages of total toluene in air, water, and soil are 
98.6%, 0.8%, and 0.6%, respectively (6). 

14.12.2 Analytical methods 

A purge-and-trap gas chromatographic procedure with photoionization detection 
can be used for the determination of toluene in water over a concentration range 
of0.02-1500 flg!litre (9). Confirmation is by mass spectrometry (10). Methods 
for the determination of toluene in air, soil, and other matrices have been re
viewed and compiled by Fishbein & O'Neill (11). 

14.12.3 Environmental levels and human exposure 

Air 

Mean atmospheric concentrations of toluene in urban areas around the world 
range from 2 to 200 flg/m3; concentrations are higher in areas with high traffic 
density. Lower levels (0.2-4 flg/m3) have been reported in rural areas. Indoor 
concentrations range from 17 to 1000 flg/m3 and are related both to outdoor 
concentrations and to the presence of cigarette smoke (1, 6). 

468 



14 ORGANIC CONSTITUENTS 

Water 

The concentration of toluene in rainwater in Germany has been reported to be 
0.13-0.70 p.g!litre (12). In the Netherlands, a median value of0.04 p.g/litre was 
found (6). 

Toluene was found at concentrations of 1-5 p.g!litre in water samples from a 
number of rivers in the USA (1). Concentrations of 0.8 p.g!litre and 1.9 Jlg!litre 
have been reported in the Rhine in Germany and Switzerland, respectively (13). 
In coastal waters, levels of 0. 01-1 Jlg!litre were found ( 14). 

In groundwater contaminated by point emissions, toluene levels of 0.2-1.1 
mg!litre were reported ( 15). The highest level reported in groundwater in the 
USA in 1983 was 1.4 Jlg/litre (2). 

In approximately 1 o/o of all groundwater-derived public drinking-water sys
tems in the USA, toluene levels are above 0.5 Jlg/litre (2). In Canada, in a study 
of 30 water-treatment plants, drinking-water contained an average of 2 Jlg/litre 
(1 6). In a study of Ontario drinking-water, concentrations of up to 0.5 Jlg!litre 
were found (1 7). Toluene can be leached from synthetic coating materials com
monly used to protect drinking-water storage tanks (18). 

Food 

Toluene concentrations of 1 mg/kg have been reported in fish (19). In cyclo
dextrin flavour complexes, residual concentrations can be in the range 2.7-10.2 
mg/kg (20). 

Estimated total exposure and relative contribution of drinking-water 

Although information on the intake of toluene via food and drinking-water is 
limited, it can be expected that this intake will be low compared with that via air. 
Studies in the Netherlands suggest that the population is exposed to at least 30 
Jlgfm3. If a mean ventilation volume of 20 m3fday and an absorption of 50% are 
assumed, the daily absorption ranges from 0.3 to 12 mg (6). Exposure is in
creased by traffic and cigarette smoking. 

14.12.4 Kinetics and metabolism in laboratory animals and 
humans 

In humans, toluene is probably completely absorbed from the gastrointestinal 
tract after oral uptake. The compound is rapidly distributed in animals, and tis
sue distribution is comparable after administration by inhalation and by mouth. 
After uptake, the compound is preferentially found in adipose tissue, followed in 
succession by the adrenal glands, kidneys, liver, and brain. It is rapidly converted 
into benzyl alcohol by the microsomal mixed-function oxidase system in the 
liver, then to benzoic acid, which is conjugated with either glycine or glucuronic 
acid and excreted in urine as hippuric acid or benzoyl glucuronide. Toluene is 
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also metabolized to a small extent to o- and p-cresol. In the lungs, part of the ab
sorbed toluene is excreted unchanged (3). 

14.12.5 Effects on laboratory animals and in vitro test systems 

Acute exposure 

Toluene has a low acute toxicity via the oral route; LD50s in rats range from 2.6 
to 7. 5 g/kg of body weight. 

Short-term exposure 

In most short-term studies, toluene was administered by inhalation; liver enzyme 
induction, liver weight increase, and neurophysiological changes are the main ef
fects seen in these studies (3). Few oral studies are available, and only one is of 
value for assessment purposes. This study was carried out in rats and mice with 
doses ofO, 312, 625, 1250,2500, or 5000 mg/kg ofbodyweight administered 5 
days per week for 13 weeks. In rats, increased liver and kidney weights (without 
concomitant histopathological changes) were the most sensitive effects, occurring 
at doses of 625 mg/kg of body weight and above; the NOAEL in this study was 
312 mg/kg of body weight. In mice, an increased relative liver weight was the 
most sensitive effect, being present at 312 mg/kg of body weight in females (21). 

Long-term exposure 

In the only adequate toxicity study, toluene was administered via the inhalation 
route in rats. In this study, the only significant difference between the treatment 
groups and the control group was a decrease in blood haematocrit (erythrocyte 
volume fraction), observed at 380 and 1100 mgfm3 but not at 110 mgfm3 (expo
sure 6 h per day, 5 days per week) (3). 

Reproductive toxicity, embryotoxicity, and teratogenicity 

Toluene has been tested for teratogenicity via the inhalation route (in rats, mice, 
and rabbits) and via the oral route (mice only). In the inhalation studies, embryo
toxicity and fetotoxicity, but not teratogenicity, were observed at high dose levels 
(~100 mgfm3). In one of the two oral studies, a significant increase in embryonic 
deaths occurred at all dose levels (~260 mg/kg of body weight); a teratogenic ef
fect (increased incidence of cleft palate) was observed at the highest dose level 
(870 mg/kg of body weight) only (3, 12). 
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Mutagenicity and related end-points 

Toluene was found to be nongenotoxic in a number of in vitro systems (bacteria, 
yeasts, mammalian cells). In vivo studies on insects, rats, and mice have yielded 
conflicting results; chromosomal aberrations in rat bone marrow cells were ob
served in studies carried out in the former USSR but not in other countries, per
haps as a result of contamination with benzene in these studies. In mice, the 
induction of micronuclei in erythrocytes was observed, but not consistently. It 
has been concluded that toluene has not been demonstrated to be genotoxic 
(3, 12). 

Carcinogenicity 

In an inhalation study in rats exposed to 110, 380, or 1100 mgfm3, 6 h per day, 
5 days per week, no clear evidence for the carcinogenicity of toluene was found; 
the same results were found in several special carcinogenicity studies, all of 
which, however, were very limited in design (3). In an adequate inhalation car
cinogenicity study carried out in rats and mice, no evidence for a carcinogenic ef
fect was found (21). IARC concluded that there is inadequate evidence for the 
carcinogenicity of toluene in both experimental animals and humans and classi
fied it in Group 3 (not classifiable as to its carcinogenicity to humans) (1). 

14.12.6 Effects on humans 

Virtually all the available data relate to exposure to toluene by inhalation. For 
acute exposure, the predominant effects were impairment of the central nervous 
system and irritation of mucous membranes. Fatigue and drowsiness were the 
most sensitive effects, being present at 375 mgfm3 and absent at 150 mgfm3. 
The toxic effects of toluene after long-term exposure are basically the same. 
There have been few controlled long-term studies via the oral and inhalation 
routes (3, 12,22). 

Studies designed to detect a possible increase in the frequency of chromo
somal aberrations or sister chromatid exchanges in the peripherallymphocytes of 
people occupationally exposed to toluene have yielded inconclusive results 
(1, 3, 12). Epidemiological studies on the occurrence of cancer as a consequence 
of the exposure of human populations to toluene alone are not available (3). 

14.12. 7 Guideline value 

The available evidence suggests that toluene should not be regarded as an initiat
ing carcinogen; a TDI approach can therefore be used to derive the guideline val
ue. The NOAEL from a 13-week gavage study in rats (21) was 312 mg/kg of 
body weight (administration 5 days per week); this dosage level had marginal ef
fects in an identical study in mice. A TDI of 223 11g/kg of body weight can be 
derived using the LOAEL for marginal hepatotoxicity in mice of 312 mg/kg of 
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body weight (equivalent to 223 mg/kg of body weight 7 days per week) and ap
plying an uncertainty factor of 1000 (1 00 for inter- and intraspecies variation 
and 10 for the short duration of the study and use of a LOAEL instead of a 
NOAEL). This TDI yields a guideline value of 700 rgllitre (rounded figure), al
locating 10% of the TDI to drinking-water. It should be noted, however, that 
this value exceeds the lowest reported odour threshold in water of 24 rgllitre. 
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14.13 Xylenes 

14.13.1 General description 

Identity 

CAS no.: 1130-20-7 
Molecular formula: C8H 10 

The IUPAC name for xylene is dimethylbenzene. There are three possible xylene 
isomers: 1,2-, 1,3-, and 1,4-dimethylbenzene; these will be referred to as o- (or
rho), m- (meta), and p- (para) xylene. The xylenes are for the most part manufac
tured and marketed as a mixture of the isomers, which will here be called xylene. 

Physicochemical properties ( 1, 2 )1 

Property 
Melting point (0 C) 
Boiling point (°C) 
Vapour pressure at 25 oc (kPa) 
Density at 20 oc (g/cm3) 
Water solubility at 20 oc (mg/litre) 
Log octanol-water 
partition coefficient 

Organoleptic properties 

o-Xylene 
-25 
144.4 
0.906 
0.88 
175 

2.77-3.12 

m-Xylene 
-48 
139.0 
1.11 
0.86 
160 

3.20 

p-Xylene 
13 
138.4 
1.17 
0.86 
198 (25 °C) 

3.15 

The lowest xylene concentrations in air reported to be perceptible to humans 
range from 0.6 to 16 mgfm3 (3, 4). The odour threshold for xylene isomers in 
water is 0.02-1.8 mg/litre (4,5). Concentrations of 0.3-1.0 mg!litre in water 
produce a detectable taste and odour ( 6). 

Major uses 

Xylene is used in the manufacture of insecticides and pharmaceuticals, as a com
ponent of detergents, and as a solvent for paints, inks, and adhesives. Xylene
containing petroleum distillates are used extensively and increasingly in blending 
petrol. The three isomers are used individually as starting materials in the manu
facture of various chemicals (1, 2). 

Environmental fate 

Releases of xylene to the environment are largely to air because of its volatility; 
the calculated distribution of xylene is: air, 99.1 o/o; water, 0. 7%; soil, 0.1 o/o; and 

1 Conversion factor in air: 1 ppm = 4.41 mgfm3. 
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sediment, 0.1% (7). Xylene degrades in air with a half-life of a few days. It is also 
readily biodegraded in soils and surface waters (2). Under aerobic conditions, it 
can be degraded in ground water; half-lives of from 24 to over 161 days have been 
reported (8, 9). In anaerobic groundwater, no biotransformation is expected 
(1 0). When xylene is released to surface water, it volatilizes to air very rapidly. 

14.13.2 Analytical methods 

A purge-and-trap gas chromatographic procedure with photoionization detection 
can be used for the determination of xylene in water over a concentration range 
of 0.02-1500 j-lg!litre (1 1). Confirmation is by mass spectrometry (12). Meth
ods for the determinaion of xylene in air, soil, and other matrices have been re
viewed and compiled by Fishbein & O'Neill (13). 

14.13.3 Environmental levels and human exposure 

Air 

Mean atmospheric concentrations of xylene in urban areas around the world 
range from 3 to 390 j-lgfm3 (I). Outdoor concentrations of 0.6-61 j-lgfm3 have 
been reported in the USA (1,14). Concentrations of 100 j-lgfm3 were found at 
cross-roads (1). Indoor air concentrations range from 5.2 to 29 j-lgfm3 and are 
higher (200 ]-lgfm3) in the presence of cigarette smoke. The average ratio of in
door to outdoor air concentration is 1.2 for m-xylene and 4.0 foro-xylene (15). 

Water 

Xylene has been found at levels of2-8 j-lg!litre in the surface water of Florida Bay 
(16). In the Netherlands section of the Rhine, the average xylene concentration 
in 1987 was 0.3 j-lg!litre (0.1 j-lg!litre for each isomer); the maximum value was 
1.2 j-lgflitre. In the surface water of Lake IJsselmeer, the average and maximum 
concentrations were 0.3 and 0.9 j-lg!litre, respectively (I 7). 

In groundwater contaminated by point emissions, xylene levels of 0.3-5.4 
mg/litre have been reported; levels in uncontaminated groundwater are low 
(<0.1 j-lg!litre) (18). The highest level in groundwater in the USA (1983) was 2.5 
]-lg!litre (2). In the Netherlands, xylene was detected in 10.1% of 304 samples of 
groundwater used for potable water production; the maximum concentration 
found was 0.7 ]-lg/litre (19). 

Xylene levels in approximately 3o/o of all groundwater-derived public drink
ing-water systems and 6% of all surface-water-derived drinking-water systems in 
the USA were greater than 0.5 j-lg!litre, the maximum level being 5.2 j-lg!litre (2). 
In Canada, m-xylene was found in seven out of 30 potable water treatment plants 
at concentrations below 1 j-lg/litre (20). In Ontario, xylene was found in drink
ing-water at concentrations of less than 0.5 ]-lgflitre (21). In drinking-water and 
tapwater in New Orleans, concentrations of 3-8 j-lg!litre were reported (16). 
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Concentrations in drinking-water can be increased by the leaching of xylene 
from the synthetic coating materials commonly used to protect the tanks used for 
its storage (22). 

Estimated total exposure and relative contribution of drinking-water 

Because of the low levels of xylene reported in drinking-water, air is likely to be 
the major source of exposure. If a mean ventilation volume of 20 m3fday (75% 
indoor air; 25% outdoor air) and an absorption of 65% are assumed, the daily 
exposure can be estimated to range from 0.05 to 0.5 mg. This exposure will be 
increased when air is polluted with cigarette smoke. 

14.13.4 Kinetics and metabolism in laboratory animals and 
humans 

Data on absorption after ingestion are not available. Xylene isomers are readily 
absorbed after inhalation, with retention percentages of 60-65% in humans. 
They are absorbed to some extent (exact percentages not known) via the skin; the 
few data available indicate rapid distribution of the compound after uptake. 
Xylenes can cross the placenta. They are stored in adipose tissue in both labora
tory animals and humans. A small part ( < 5%) of the absorbed amount is exhaled 
unchanged; the remainder is converted almost quantitatively into methyl benzoic 
acid, which is excreted in urine as methyl hippuric acid. Few data on rates of ex
cretion are available; it is eliminated from subcutaneous fat in humans with a 
half-life ranging from 25 to 128 h (2, 7, 23). 

14.13.5 Effects on laboratory animals and in vitro test systems 

Acute exposure 

Xylene isomers have a low acute toxicity via the oral route; LD50s in rats range 
from 3.6 to 5.8 g/kg of body weight (1). 

Short-term exposure 

Available short-term oral studies are of limited design. The toxicological signifi
cance of the ultrastructural liver changes observed in rats (24) at the only dose 
level tested (200 mg of a-xylene per kg of feed) is questionable given the absence 
of any histopathological signs in the livers of rats tested at much higher dose 
levels in oral studies carried out under the US National Toxicology Program 
(25). In addition, the results of the single-dose study are presented only for the 
group of methylated benzenes tested; the results observed with the individual 
compounds are not reported. In inhalation studies in rats, liver enzyme induc
tion was observed at concentrations of 217 mg/ m 3 and above, 6 h per day 
(NOAEL not determined) (23, 26). 
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Long-term exposure 

A carcinogenicity study in rats and mice provided some relevant information on 
the toxic effects of xylenes after oral administration. In rats, 0, 250, or 500 mg/kg 
of body weight per day was administered by gavage in corn oil, 5 days per week 
for 103 weeks. Growth was decreased at 500 mg/kg of body weight per day; no 
compound-related histological lesions were observed. The NOAEL for rats was 
250 mg/kg of body weight per day. In mice, the dose levels tested were 0, 500, 
and 1000 mg/kg of body weight per day. The only observed effect in this species 
was hyperactivity at 1000 mg/kg of body weight per day (25). 

Reproductive toxicity, embryotoxicity, and teratogenicity 

Both of the oral studies carried out in mice showed maternal toxicity with con
current embryotoxicity and teratogenicity (increased incidence of cleft palate) at 
the higher dose levels tested (LOAEL 640 mg/kg of body weight; NOAEL 255 
mg/kg of body weight) (27, 28). Teratogenicity studies carried out in rats and 
mice by the inhalation route showed maternal toxicity at high dose levels but no 
teratogenicity (7, 23). 

Mutagenicity and related end-points 

The mutagenic activity of xylenes was examined in bacteria and in mammalian 
cells (both in vitro and in vivo) with negative results. The significance of a weak 
positive effect observed with technical xylene in a Drosophila recessive lethal test 
is not clear, given the negative results in the same test system obtained with the 
individual components of the technical mixture (7, 23, 29). 

Carcinogenicity 

An oral carcinogenicity study in rats (0, 250, or 500 mg/kg of body weight per 
day administered by gavage in corn oil, 5 days per week for 103 weeks) and mice 
(0, 500, or 1000 mg/kg of body weight per day) did not show xylenes to be car
cinogenic (25). 

14.13.6 Effects on humans 

No oral data are available. In acute inhalation studies, irritation of eyes and 
throat was observed at concentrations of 480 mgfm3 and above. Mter short-term 
exposure (6 h per day, 5 days per week), reaction time, manual coordination, 
body equilibrium, and electroencephalogram were affected at concentrations of 
390 mgfm3 and above (NOAEL not determined). Controlled studies of longer 
duration are not available (7, 23). 
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14.13. 7 Guideline value 

On the basis of the available evidence, xylenes should not be regarded as initiat
ing carcinogens, so that a TDI approach may be used. A TDI of 179 11g/kg of 
body weight was derived using a NOAEL of 250 mg/kg of body weight per day 
based on decreased body weight in a 1 03-week gavage study in rats (25) with ad
ministration 5 days per week (equivalent to 179 mg/kg of body weight per day 7 
days per week) and an uncertainty factor of 1000 (1 00 for intra- and interspecies 
variation and 10 for the limited toxicological end-point). This TDI yields a 
guideline value of 500 11g/litre (rounded figure), allocating 1 Oo/o of the TDI to 

drinking-water. This value, however, exceeds the lowest reported odour threshold 
for xylenes in drinking-water of 20 11g/litre. 
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14.14 Ethylbenzene 

14.14.1 General description 

Identity 

CAS no.: 100-41-4 
Molecular formula: C8H 10 

Physicochemical properties (1 )1 

Property 
Physical state 
Melting point 
Boiling point 
Vapour pressure 
Density 
Water solubility 
Log octanol-water 
partition coefficient 

Value 
Colourless liquid 
-95 ac 
136.2 ac 
0.933 kPa at 20 ac 
0.86 g/cm3 at 20 ac 
152 mg!litre at 20 ac 

3.15 

Organoleptic properties 

14 ORGANIC CONSTITUENTS 

Ethylbenzene has an aromatic odour. The odour threshold is in the range 
0.27-0.4 mgfm3 in air (1, 2) and 0.002-0.13 mg/litre in water (1, 3). The taste 
threshold ranges from 0.072 to 0.2 mg!litre (2, 3). 

Major uses 

Ethylbenzene is present in xylene mixtures at levels up to 15-20% (4). This mix
ture is used in the paint industry, in insecticide sprays, and in petrol blends. 
Ethylbenzene is used primarily in the production of styrene and acetophenone, as 
a solvent, and as a constituent of asphalt and naphtha. 

Environmental fate 

The primary source of ethylbenzene in the environment is the petroleum indus
try. Because of its high vapour pressure and low solubility, it will disperse into the 
atmosphere if released. More than 96% of ethylbenzene can be expected in the 
air compartment. It is phototransformed in the air by reaction with hydroxyl 
radicals; the half-life is approximately 1 day (5). 

Biodegradation of ethylbenzene in soil under aerobic conditions with a half
life of 24.2 days has been reported. In activated sludge and water, it can be bio
degraded under aerobic conditions (6). 

1 Conversion factor in air: 1 ppm = 4.35 mgfm3. 
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14.14.2 Analytical methods 

A purge-and-trap gas chromatographic procedure with photoionization detection 
can be used for the determination of ethylbenzene in water over a concentration 
range of 0.02-1500 Jlgllitre (7). Confirmation is by mass spectrometry (8). 
Methods for the determination of ethylbenzene in air, soil, and other matrices 
have been reviewed and compiled by Fishbein & O'Neill (9). Continuous moni
toring of ethylbenzene and other volatile hydrocarbons is possible at the micro
gram per litre level (1 O). 

14.14.3 Environmental levels and human exposure 

Air 

In Germany, average indoor and outdoor ethylbenzene concentrations of 13 
Jlgfm3 were found (1 1). In Italy, mean indoor and outdoor air concentrations of 
27 and 7.4 Jlgfm3 were reported (12). 

The median daily concentrations of ethylbenzene in the urban air of nine 
major cities in the USA were 1.3-6.5 Jlgfm3 (13). In the Netherlands, mean and 
maximum values of 0.9-2.8 and 10.0-25.7 Jlgfm3, respectively, were reported 
(14). 

Water 

The maximum ethylbenzene concentration in the Bes6s river in Spain was 15 
Jlg/litre and in the Llobregat river 1.9 Jlg/litre (15). Levels of 0.03-0.3 rug/litre 
were reported in groundwater contaminated by point emissions (16). 

In a survey of groundwater supplies (17), it was found that approximately 
0.6% of 945 such supplies contained ethylbenzene; the median concentration 
was 0.87 Jlg!litre. In the Netherlands, ethylbenzene was detected in 1 o/o of 304 
samples of groundwater (18); the maximum concentration was 0.4 Jlg!litre. 
Concentrations of up to 0.07 Jlg/litre were found in aquifers in the United King
dom (19). In Canada, in a study of 30 water-treatment plants, concentrations in 
drinking-water were below 1 Jlg/litre (20). 

In Los Angeles, USA, an ethyl benzene concentration of 9 ng/litre was found 
in rainwater (21). 

Food 

Ethylbenzene has been identified in volatiles of roasted hazelnuts. It can migrate 
from polystyrene food packaging into food. Concentrations of 2.5-21 Jlg!litre 
have been reported in milk and soup (5). 

Estimated total exposure and relative contribution of drinking-water 

Although there is little information concerning the intake of ethylbenzene via 
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food and drinking-water, it is expected to be low compared with that via air. In 
the Netherlands, the estimated daily exposure is 40 p.g (14), based on a ventila
tion volume of20 m3/day. 

14.14.4 Kinetics and metabolism in laboratory animals and 
humans 

Ethylbenzene in liquid form is easily absorbed by humans via both the skin and 
the intestinal tract (exact absorption percentages not reported); the vapour is 
readily absorbed when inhaled (reported absorption percentage 64% for humans, 
44% for rats). Both distribution and excretion are rapid. In humans, storage of 
ethylbenzene in fat has been reported, and the compound has been observed to 
cross the placental barrier. Biotransformation in humans is almost completely to 
mandelic acid and phenylglyoxalic acid, both these metabolites being excreted in 
urine. Metabolism in experimental animals differs from that in humans in that 
benzoic acid is the major metabolite together with mandelic acid. Urinary excre
tion of metabolites is almost complete within 24 h (1, 5). 

14.14.5 Effects on laboratory animals and in vitro test systems 

Acute exposure 

Ethylbenzene has a low acute toxicity via the oral route; LD50s in rats range from 
3.5 to 4.7 g/kg of body weight (22). 

Short-term exposure 

In a short-term oral study in rats, effects on liver and kidneys were observed at 
400 mg/kg of body weight and higher dose levels (administered 5 days per week 
for 6 months); there were no such effects at 136 mg/kg of body weight (23). Liv
er effects were also found in a number of inhalation studies; the LOAEL for this 
type of effect was 1305 mgfm3, no effects being seen at 218 or 430 mgfm3 (con
centrations administered for 6 h per day, 5 days per week) (5, 24, 25). 

Reproductive toxicity, embryotoxicity, and teratogenicity 

In all the teratogenicity studies in rats and rabbits, dosing was via the inhalation 
route. No definite conclusions with regard to the observed effects (maternal tox
icity, reduced fertility and, possibly, teratogenicity) can be drawn from the 
reports available (5, 22). 

Mutagenicity and related end-points 

Studies were carried out in bacteria, yeasts, insects, mammalian cells (in vitro), 
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and intact mammals; negative results were obtained in all test systems, showing 
ethylbenzene to be devoid of mutagenic activity (I, 5, 22). 

14.14.6 Effects on humans 

Relevant oral data are lacking. Data for the inhalation route are limited to acute 
studies considered to be insufficient as a basis for a guideline value (I, 5, 22). 

14.14.7 Guideline value 

No carcinogenicity data on ethylbenzene are available. The compound was 
shown to be nonmutagenic in a number of tests. Given these findings, a TDI ap
proach may be applied. 

The TDI is derived using a NOAEL of 136 mg/kg of body weight per day 
based on hepatotoxicity and nephrotoxicity observed in a limited 6-month study 
in rats (administration 5 days per week) (23); this dose level is equivalent to 97.1 
mg/kg of body weight per day for dosing 7 days per week. After application of an 
uncertainty factor of 1000 (1 00 for intra- and interspecies variation and 10 for 
the limited database and short duration of the study), a TDI of 97.1 11g/kg of 
body weight results. This yields a guideline value of 300 11g/litre (rounded fig
ure), allocating 10% of the TDI to drinking-water, which exceeds the lowest re
ported odour threshold in drinking-water (2.4 11g/litre). 
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14.15 Styrene 

14.15.1 General description 

Identity 

CAS no: 100-42-5 
Molecular formula: C8H 8 

The IUPAC name for styrene is phenylethene. It is also known as vinylbenzene, 
ethenylbenzene, and styrol. 

Physicochemical properties (1-3 )1 

Property 
Physical state 
Melting point 
Boiling point 
Vapour pressure 
Density 
Water solubility 
Log octanol-water 
partition coefficient 

Value 
Colourless, viscous liquid 
-30.6 oc 
145 oc 
0.6 kPa at 20 oc 
0.91 g/cm3 at 20 oc 
300 mg!litre at 20 oc 

2.95 

1 Conversion factor in air: 1 pprn = 4.2 rng/m3. 
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Organoleptic properties 

The average taste threshold reported for styrene in water at 40 oc is 0.12 mg/litre 
( 4). Styrene has a sweet odour, and odour thresholds for solutions in water range 
from 0.02 to 2.6 mg/litre (5). An odour threshold for solutions in water at 60 oc 
of0.0036 mg!litre has also been reported (4). The estimated odour threshold for 
styrene in air is 0.1 mgfm3 ( 6). 

Major uses 

Styrene is used for the production of plastics and resins (I, 6). 

Environmental fate 

Styrene in air is very reactive in the presence of hydroxyl radicals and ozone, hav
ing a half-life of about 2 h (7). In air, it is oxidized to aldehydes, ketones, and 
benzoic acid. High relative molecular mass peroxides can also be formed (6). 

14.15.2 Analytical methods 

The styrene content of water is determined by a purge-and-trap gas chromato
graphic procedure with photoionization detection, a method which is applicable 
over a concentration range of0.05-1500 ~g/litre. Confirmation is by mass spec
trometry (detection limit 0.3 ~g/litre) (2, B). 

14.15.3 Environmental levels and human exposure 

Air 

Concentrations of styrene far from a source are negligible because of its high 
reactivity with ozone and hydroxyl radicals. In Munich, styrene was detected 
in the open air in industrial areas at a mean concentration of 0.5-5.9 ~gfm3. 
Near styrene production plants, concentrations were 0.3-3000 ~g/m3. Indoor air 
concentrations of styrene may be significantly higher in homes of smokers 
than nonsmokers (6). Reported median values for personal exposure are 1.3-1.9 
~g/m3 for indoor air and 0.1-0.7 ~gfm3 for outdoor air (9). 

Water 

In 1985, styrene was detected in the Rhine at a maximum concentration of 0.1 
~g/litre. In the Great Lakes, USA, it was detected at concentrations of 0.1-0.5 
~g/litre. It was not detected in the raw water of ground water pumping stations in 
Germany (6), but has been found in finished drinking-water in the USA at con
centrations of less than 1 ~g/litre and in commercial, charcoal-filtered drinking
water in New Orleans, USA (I). 
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Food 

Styrene has been found in food packaged in polystyrene containers, especially 
yoghurt (2.5-34.6 flg/kg). In other milk products and honey, some tens of mi
crograms were found up to 120 days after packaging (I). In east Australia, 146 
food samples packaged in polystyrene, especially milk products, were analysed. 
About 85% of the yoghurt samples contained less than 50 flg/kg (maximum 100 
flg/kg); the lowest concentrations were found in margarine (90% contained less 
than 10 flg/kg) (1 0). In a study on 133 different types of foodstuffs packaged in 
styrene-based materials (100-500 mg/kg), the concentration in the foodstuffs 
ranged from less than 1 to 200 flg/kg. In meat products, styrene was present in 
the outermost layers and was not detected after cooking (1 I). 

Estimated total exposure and relative contribution of drinking-water 

The population exposure level for styrene is estimated to be approximately 40 flg 
per person per day for nonsmokers in nonindustrial areas. This figure is based on 
the levels in the open air (2 flg/day), traffic (mean of 10-50 flg/day), and food (5 
flg derived from the consumption of 500 g of milk products in styrene-based 
packages). The most important exposure is active smoking (500 flg/day). Passive 
smoking accounts for only a few micrograms per day. In industrial areas, the ex
posure via open air is 400 flg/ day. Exposure via drinking-water is negligible ( 6). 

14.15.4 Kinetics and metabolism in laboratory animals and 
humans 

Mter exposure by inhalation or administration by gavage, 60-90% of styrene is 
absorbed. Controlled laboratory studies in animals and humans have shown that 
uptake of styrene is rapid and that it is widely distributed to the whole body with 
a preference for lipids. Elimination from lipid depots is slower (half-life 2-4 days) 
than from other tissues. There is no tendency towards long-term accumulation. 

Styrene is biotransformed mainly to styrene-7,8-oxide via the mixed func
tion oxidase system. This occurs in the liver as well as in a number of other tis
sues and organs. The epoxide is further hydrolysed by the action of epoxide 
hydrolase to styrene glycol which, in turn, can be converted into mandelic acid, 
phenylglyoxylic acid, and hippuric acid, or conjugated to give glucuronic acid. 
Styrene-7,8-oxide can also be conjugated with glutathione to form mercapturic 
acid derivatives. 

A small percentage of the dose absorbed is excreted unchanged in the expired 
air in both laboratory animals and humans after exposure via various routes. 
More than 90% of an oral dose is excreted rapidly as metabolites, mainly via the 
urine. In general, the metabolites in the urine of laboratory animals and humans 
are qualitatively the same, but the amounts are species-dependent. Major 
metabolites in humans are mandelic acid and phenylglyoxylic acid. Elimination 
of styrene and its metabolites can be described by a rwo-compartment kinetic 
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model with an initial rapid phase and a slow terminal phase. At high exposure 
levels, elimination in animals appeared to be monophasic, suggesting a saturable 
metabolic pathway (2, 5, 12, 13). 

14.15.5 Effects on laboratory animals and in vitro test systems 

Acute exposure 

Styrene has a low acute toxicity. For the rat, the oral LD50 is 5-8 g/kg of body 
weight, and the 4-h and 6-h LC50s are 11 and 19 gfm3 of air, respectively (5, 12). 
At lethal oral doses, rats became comatose before death. Autopsy revealed hepatic 
changes and incidental renal changes (5). 

Short-term exposure 

The NOAEL in a 6-month oral toxicity study in the rat was 133 mg/kg of body 
weight ( 14). In rats given dose levels above 200 mg/kg of body weight, enhanced 
activities of drug-metabolizing enzymes and decreased glurathione-5-transferase 
activity in the liver were seen (5). An increased sensitivity of dopamine receptors 
was found at 200 and 400 mg/kg of body weight, suggesting involvement of 
neurotransmitter function in the central nervous system effects caused by styrene 
(15). At dose levels above 400 mg/kg of body weight, decreased body weight 
gain, increased liver and kidney weights, significantly reduced glutathione con
centrations in liver, kidneys, and brain, significantly enhanced liver enzyme activ
ities, and histopathological changes in the liver were observed (5). At doses above 
500 mg/kg of body weight, irritation of the oesophagus and stomach and hyper
keratosis of the forestomach were observed and deaths occurred. No haemato
logical changes were observed in short-term oral studies in the rat (5). In a 
19-month oral study in dogs, a dose-related increased incidence in Heinz bodies 
in erythrocytes was observed down to the lowest dose tested (200 mg/kg of body 
weight) (16). 

Long-term exposure 

In a study in which pregnant BDIV rats received a styrene dose of 1350 mg/kg of 
body weight in olive oil on day 17 of pregnancy and their offspring received 500 
mg/kg of body weight in olive oil weekly from weaning for 120 weeks, conges
tion of lungs and kidneys and necrotic foci in liver parenchyma were seen in rats 
that died before 60 weeks. Rats dying after 80-90 weeks showed lesions of the 
forestomach (atrophy or local desquamation of epithelium, necrotic areas with 
inflammatory reactions of underlying tissues) and kidneys (hyperplasia of pelvis 
epithelium) (17). 

In a study in which F344 rats were given styrene at 500, 1000, or 2000 
mg/kg of body weight in corn oil, significantly increased mortality was seen in 
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males at the highest dose level, probably due to hepatic necrosis. A dose-related 
growth depression in males was seen at all dose levels (1 B). 

In a 2-year oral toxicity study, Charles River COBS CD (SD) rats received 0, 
125, or 250 mg of styrene per litre of drinking-water. At 250 mg!litre, females 
showed a significantly lower terminal body weight than control females. No oth
er treatment-related effects were seen. The parameters studied were clinical signs, 
mortality, growth, food and water intake, haemograms, clinical chemistry, urin
alysis, gross necropsy, and histopathology. The NOAEL in this study was 125 
mg/litre (corresponding to 7.7 mg/kg of body weight for males and 12 mg/kg of 
body weight for females) (19). 

Reproductive toxicity, embryotoxicity, and teratogenicity 

In a three-generation reproductive study, Charles River COBS CD (SD) rats re
ceived 0, 125, or 250 mg of styrene per litre in drinking-water. No effect on re
productive parameters was observed (19). An oral teratogenicity study in rats did 
not reveal maternal toxicity, teratogenic effects, or embryotoxic effects at dose 
levels up to and including 300 mg/kg of body weight (20). In a study in which 
pregnant BDIV rats received styrene at 1350 mg/kg of body weight in olive oil 
on day 17 of pregnancy and their offspring received 500 mglkg of body weight 
in olive oil weekly from weaning for 120 weeks, neonatal mortality in the test 
group was 10% compared with 2.5% in the control group (17). 

Styrene was not teratogenic in studies on mice, rats, hamsters, and rabbits 
exposed by inhalation. Embryo toxic effects were seen at dose levels above 1050 
mgfm3. Styrene-7,8-oxide caused embryotoxic but not teratogenic effects in rats 
and rabbits exposed to concentrations above 73.5 mgfm3 (5). 

Mutagenicity and related end-points 

Styrene is mutagenic in a variety of test systems but only with metabolic activa
tion. It induces gene mutations in both prokaryotic and eukaryotic micro
organisms, Drosophila, and mammalian cells in vitro, as well as chromosomal 
abnormalities in mammalian cells in vitro. In vivo tests for chromosomal abnor
malities gave contradictory results; positive results were observed mainly at high 
doses (3, 5). 

Styrene-7,8-oxide, the main reactive intermediate of styrene biotransforma
tion, is a direct-acting mutagen that induces gene mutations in microorganisms, 
Drosophila, and mammalian cells in vitro as well as chromosomal abnormalities in 
mammalian cells in vitro. In vivo studies of chromosomal aberrations, DNA breaks, 
and sister chromatid exchange gave contradictory results (3, 5). 

Carcinogenicity 

Oral carcinogenicity studies were carried out with two strains of mice already ex-
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posed in utero. In the first study, with 0 20 mice, a significantly increased inci
dence oflung tumours (adenomas and adenocarcinomas) was observed in the test 
group. However, only one extremely high dose level (1350 mg/kg of body weight 
in olive oil) was used in this study, and dosing was terminated at 16 weeks of age 
because of high mortality. The experiment was terminated at 100 weeks when all 
animals had died (17). In the second study, with C57B1 mice, no significantly 
increased tumour incidences were observed in the test group. Only one dose level 
of 300 mg/kg of body weight was tested ( 17). 

In an oral carcinogeniciry study with B6C3F 1 mice, a significantly increased 
incidence of lung tumours (adenomas and carcinomas) was seen in males at the 
highest dose level only (300 mg/kg of body weight in corn oil). However, the 
control group was rather small ( 18). 

In a study on in utero exposure, pregnant BDIV rats received sryrene at 1350 
mg/kg of body weight in olive oil on day 17 of pregnancy. Their offspring re
ceived 500 mg of sryrene per kg of body weight in olive oil weekly from weaning 
for 120 weeks. The incidence of tumours was not significantly increased (17). In 
a study with F344 rats dosed at 500, 1000, or 2000 mg/kg of body weight in 
corn oil, no significantly increased tumour incidences were observed (18). The 
same result was found both in a study, terminated after 140 weeks, in which 
Sprague-Dawley rats received 0, 50, or 250 mg of sryrene per kg of body weight 
in olive oil, 4-5 days per week for 52 weeks (21), and in a study in which Charles 
River COBS CD (SO) rats received 0, 125, or 250 mg of styrene per litre in 
drinking-water (19). 

In rwo long-term gavage studies in rats with sryrene-7,8-oxide, significantly 
increased incidences of papillomas and carcinomas in the forestomach were ob
served. Dose levels were as high as 250 mg/kg of body weight (22, 23). 

14.15.6 Effects on humans 

Short-term controlled studies in volunteers exposed by inhalation showed that 
sryrene at concentrations above 210 mgfm3 in air can cause irritation of the mu
cous membranes of the eyes, nose, and respiratory tract and depression of the 
central nervous system, as indicated by listlessness, drowsiness, incoordination, 
increased simple reaction times, and changes in visual evoked response and EEG 
amplitude (5, 12). 

In clinical studies in humans occupationally exposed for long periods, effects 
were generally observed at concentrations above 200 mgfm3. Irritation of con
junctival and respiratory mucosa and prenarcotic symptoms were reported. Neu
rotoxiciry involving the central as well as the peripheral nervous systems was seen 
in some cases. Effects were reported at dose levels of 100-200 mgfm3. Some 
studies in workers suggested hepatotoxiciry after long-term exposure to sryrene, 
but no clear evidence for this effect could be found (3, 5, 12). In an extensive 
study in workers (24), 84 mgfm3 caused only marginal effects. Because of the 
number of workers examined, the great number of parameters studied, and the 
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absence of effects in other studies at concentrations below 100 mgfm3, 84 mgfm3 
can be considered as the lowest observed marginal effect concentration in air for 
humans (5). 

A few limited studies have reported on styrene-induced reproductive and 
teratogenic effects in occupationally exposed female workers. The results were 
contradictory, so that no definite conclusions could be drawn (3, 5, 12). 

No chromosomal aberrations in peripherallymphocytes could be detected in 
workers occupationally exposed to low concentrations of styrene, but signifi
cantly elevated frequencies of such chromosomal aberrations were observed in 
those occupationally exposed to much higher concentrations (5). 

An association berween the occurrence of leukaemia and lymphoma in hu
mans and occupational exposure to styrene has been suggested. In the reinforced 
plastics industry, retrospective cohort mortality studies did not reveal any signifi
cantly increased mortality due to carcinogenicity. However, all the studies had 
serious defects, such as small or ill-defined cohorts and limited follow-up. In 
addition, mixed exposure to other compounds and/or past exposure to benzene 
had taken place (2, 5, 25). 

14.15.7 Guideline value 

On the basis of the available data, IARC classified styrene in Group 2B (25). It 
has been shown to be mutagenic in in vitro systems but only with metabolic acti
vation. In vivo studies showed positive effects, but only at high doses. As the 
main metabolite, styrene-7,8-oxide, is a direct-acting mutagen, this compound is 
probably responsible for the positive effect of styrene after metabolic activation. 
Although carcinogenicity studies in mice and rats by various routes of adminis
tration did not provide evidence for the carcinogenicity of styrene, styrene-7,8-
oxide was carcinogenic in long-term oral studies in rats. The available data 
therefore suggest that the carcinogenicity of styrene is due to the formation of the 
carcinogenic metabolite styrene-7 ,8-oxide as a consequence of the overloading of 
the detoxification mechanisms (e.g. glutathione conjugation and hydrolysis by 
epoxide hydrolase) after exposure to high styrene levels. 

Based on the data given above, a TDI of7.7 rg/kg of body weight can be de
rived from a NOAEL of 7. 7 mg/kg of body weight per day for reduced body 
weight in the 2-year drinking-water study in rats (19), applying an uncertainty 
factor of 1000 (1 00 for intra- and interspecies variation and 10 for carcinoge
nicity and genotoxicity of the reactive intermediate styrene-7 ,8-oxide). If 1 Oo/o of 
the TDI is allocated to drinking-water, a guideline value of 20 )lg/litre (rounded 
figure) can be calculated. It should be noted that the lowest observed odour 
threshold for styrene in water is also 20 )lgllitre. 
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14.16 Polynuclear aromatic hydrocarbons 

14.16.1 General description 

Polynuclear aromatic hydrocarbons (PAHs) are a large group of substances with a 
molecular structure that includes two or more fused aromatic rings. Most of the 
available literature on PAHs is concerned with benzo[a]pyrene (BaP), on which 
this section will therefore be focused; information on other PAHs is included 
where appropriate. 

Identity ( 1) 

Benzo[a]pyrene (BaP) 
CAS no.: 50-32-8 
Molecular formula: C20H 12 

Physicochemical properties 

Property Value 
179 oc 
495 oc 

Melting point 
Boiling point 
Vapour pressure 
Water solubility 
Log octanol-water 
partition coefficient 

7.47 x 10-7 Pa at 25 oc 
3.8 ~g/litre at 25 oc 

6.1 at 25 oc 

Major uses 

PAHs have no industrial uses but are produced primarily as a result of the incom
plete combustion of organic material (J). The principal natural sources are forest 
fires and volcanic eruptions (2), while anthropogenic sources include the incom
plete combustion of fossil fuels, coke oven emissions, aluminium smelters, and 
vehicle exhausts (3, 4). 

Environmental fate 

PAHs are microbially biodegraded in the surface layers of soil (5). Biodegra
dation is faster in the presence of oxygen (1); the rate also depends on redox con
ditions, nitrate levels, and the presence of organic soil constituents and chemicals 
toxic to the degrading microorganisms (5). Half-lives for microbial degradation 
range from 5 to 240 days (J). 

Direct atmospheric input appears to be the major source of BaP in surface 
waters (6). In water, most PAHs are adsorbed onto sediments and suspended 
solids. Volatilization may be important over periods exceeding 1 month. Most 
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PAHs are susceptible to aqueous photolysis under optimal conditions; they are 
biodegraded in water and taken up by aquatic organisms (1). 

14.16.2 Analytical methods 

Concentrations of BaP and other PAHs in water may be determined by gas 
chromatography in conjunction with mass spectrometry; the practical quanti
fication limit is 0.01 rg!litre (Department of National Health and Welfare 
(Canada), unpublished data, 1988). High-pressure liquid chromatography with 
spectrof1uorimetric detection (detection limit 0.1 ng/litre) can be used for the 
determination of BaP in drinking-water (7). 

14.16.3 Environmental levels and human exposure 

Air 

Mean levels of BaP in air are generally less than 1 ngfm3 (5, 8, 9), although levels 
as high as 37.3 ngfm3 have been measured (10); the levels tend to be higher in 
winter than in summer (8, 9). The mean level of total PAHs in Canadian cities 
sampled from 1984 to 1986 was 100 ngfm3 (8). 

Concentrations ofPAHs in indoor air are likely to vary considerably depend
ing on indoor sources, such as woodstoves and tobacco smoke. Levels of BaP in 
indoor air in New Jersey ranged from 0.1 to 8.1 ngfm3 (7). 

Water 

Water from 17 groundwater and 89 surface water systems was analysed for BaP, 
benzo[b]f1uoranthene, and indeno[1,2,3-c,d]pyrene in 1976-77 in the USA; 
none of the systems sampled contained quantifiable levels of these PAHs (detec
tion limits 0.03-0.1 rgllitre) (1). 

The typical level of BaP in drinking-water in the USA is estimated to be 
0.55 ng!litre (1 I). It was not detected (detection limit 1.0 rgllitre) in water from 
seven water-treatment plants in the area of Niagara Falls (12). The only PAH 
detected in treated drinking-water in Ontario (Canada) in surveys carried out 
in 1987 were benzo[k]f1uoranthene (twice at 1 ng/litre), f1uoranthene (20 and 
30 ng!litre), and pyrene (twice at 40 ng/litre) (13). In 277 samples of municipal 
water supplies in the Atlantic provinces of Canada taken during 1985 and 1986, 
f1uoranthene, benzo[b]f1uoranthene, benzo[k]f1uoranthene, BaP, indeno[1,2,3-
c,d]pyrene, and benzo[g,h,t]perylene were detected in 58, 4, 1, 2, 0.4, and 0.7% 
of samples, respectively (detection limits 0.001-0.006 rg/litre; detected concen
trations 0.001-0.024 rgllitre) (14-17). 

496 



14. ORGANIC CONSTITUENTS 

Food 

BaP may be present in foodstuffs as a result of the absorption and deposition of 
particulates during processing (e.g. of smoked foods and leafY vegetables), the 
pyrolysis of fats, and the incomplete combustion of charcoal (I 8--20). Typical 
concentrations in food products range from nondetectable (<0.01 11g/kg) to 
44 !lg/kg. 

Estimated total exposure and relative contribution of drinking-water 

Estimated daily intakes of total PAH in food range from 1.1 to 22.5 11g (I 1, 18); 
the corresponding figures for BaP range from 0.0014 to 1.6 11g (7, 11, 18,21). 
Ranges for the estimated average daily intake of fluoranthene, benzo[k]fluoran
thene, dibenzo [a, t]pyrene, 9,1 0-dimethylbenzanthracene, benzo[a] anthracene, 
benzo[b]fluoranthene, and dibenzo[a,h]anthracene in food by Canadians 
are 2.5-2.6, 0.026-0.030, 1.0-2.8, 0.046-0.12, 0.15-0.39, 0.082-0.12, and 
0.061-0.10 11g/person, respectively (20, 22). Estimated daily intakes from water, 
food, and air are 20, 90-300, and 110 ng, respectively, for fluoranthene, and 0.4, 
20-60, and 20 ng, respectively, for benzo[g,h,t]perylene (23,24). 

The mean total daily intake of BaP from air has been estimated to range 
from 0.025 11g/day (7) to 2.0 11g/day (I). The contribution of air to the daily in
take is lower in rural areas than in urban areas (23, 24). Tobacco smoking is esti
mated to add a further 0.6 11g of BaP to daily intake (23, 24). 

Daily intake of total PAHs from drinking-water is reported to be 0.027 11g 
(I 1). Daily intake of BaP in drinking-water is estimated to range from 0.1 to 
1 ng (7, 11). 

It would appear that food is the major and most variable source of daily ex
posure both to BaP and to PAHs in general; drinking-water makes only a minor 
contribution, probably no more than 1% of the total (I, 25). 

14.16.4 Kinetics and metabolism in laboratory animals and 
humans 

BaP is absorbed principally through the gastrointestinal tract and the lungs. 
Sprague-Dawley rats given BaP by duodenal infusion at 9.1-15.1 pmol!min 
absorbed approximately 40% of the dose from the duodenum (26). The rate of 
absorption of the different PAHs is influenced by their lipid solubilities (27) and 
by the content of polyunsaturated fatty acids in the diet (28). Absorbed BaP is 
rapidly distributed to the organs and tissues (29) and may be stored in mammary 
and adipose tissues (30). It crosses the placenta and is distributed in the develop
ing fetus (31). 

BaP is metabolized primarily in the liver, although significant metabolism 
can also occur in the tissues of the lung, gastrointestinal tract, placenta, skin, and 
kidney (32). It is metabolized in two steps, the first of which involves oxidation 
or hydroxylation via the cytochrome P-450-mediated mixed-function oxidase 
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system, giving epoxides or phenols; the second step is detoxification of these me
tabolites to produce glucuronides, sulfates, or glutathione conjugates. Some of 
the epoxides may, however, be metabolized to dihydrodiols, which may undergo 
oxidation to diol-epoxides; these are thought to be responsible for carcino
genicity where this has been demonstrated. BaP metabolites are eliminated pri
marily in the faeces; only small amounts are excreted in the urine as water-soluble 
conjugates (25). 

14.16.5 Effects on laboratory animals and in vitro test systems 

The health effect of primary concern is carcinogenicity; doses of at least an order 
of magnitude greater than those that result in neoplastic lesions are required to 
induce other effects. 

Acute exposure 

The oral LD50s for various PAHs are reported to range between 490 and 18 000 
mg/kg of body weight (33). Effects induced in animals following acute exposure 
include inflammation, hyperplasia, hyperkeratosis and ulceration of the skin, 
pneumonitis, damage to the haematopoietic and lymphoid systems, immunosup
pression, adrenal necrosis, ovotoxicity, and antispermatogenic effects (I 1). 

Short-term exposure 

No treatment-related effects were observed in groups of CO-l mice given anthra
cene by gavage at doses of 0, 250, 500, or 1000 mg/kg of body weight per day for 
at least 90 days. Male and female CO-l mice given 0, 125, 250, or 500 mg of 
fluoranthene per kg of body weight per day for 13 weeks by gavage exhibited in
creased alanine aminotransferase levels, kidney and liver changes, and clinical 
and haematological changes at 250 mg/kg of body weight per day. In a study in 
which CD-I mice were exposed to fluorene suspended in corn oil at 0, 125, 250, 
or 500 mg/kg of body weight per day by gavage for 13 weeks, a significant de
crease in red blood cell count and packed cell volume was observed in females 
treated with 250 mg/kg of body weight per day and in males and females treated 
with 500 mg/kg of body weight per day; decreased haemoglobin concentrations 
and increased total serum bilirubin levels were also observed in the group given 
500 mg/kg of body weight per day. Male and female CD-1 mice gavaged with 
pyrene in corn oil at 0, 75, 125, or 250 mg/kg of body weight per day for 13 
weeks exhibited kidney effects (renal tubular pathology, decreased kidney 
weights) at 125 mg/kg of body weight per day (34). 

Other reported effects after short-term exposure to various PAHs include: 
hepatic changes in rats dosed orally with 1 g of naphthalene per kg of body 
weight per day for l 0 days; decreased spleen weight in females and lowered 
hepatic aryl hydrocarbon hydroxylase activity in both sexes at the highest dose in 
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CD-1 mice given 5.3, 53, or 133 mg of naphthalene per kg of body weight per 
day for 90 days; loss of body weight and mild pathological changes in the liver 
and kidney in rats given oral doses of acenaphthene in olive oil at 2 g/kg of body 
weight per day for 32 days; and depression of body weight gain, elevated liver 
weight, and lowered spleen weight at the higher dose levels in rats fed diets con
taining 0.062-1.0% fluorene for 104 days (25). 

Reproductive toxicity, embryotoxicity, and teratogenicity 

In the offspring of pregnant CD-1 mice given oral doses of 0, 10, 40, or 160 mg 
of BaP per kg of body weight per day on days 7-16 of gestation, total sterility was 
noted in 97% of the two highest dose groups, whereas 20% of males and 34% of 
females exposed in utero to 10 mg/kg of body weight per day were infertile; fertil
ity was reduced in the remaining animals in the lowest dose group (35). 

Topical administration of BaP to pregnant mice on days 13-17 of gestation 
resulted in the appearance of a highly mutagenic dihydrodiol epoxide attached to 
the haemoglobin in the newborn (36). Transplacental carcinogenesis has been 
observed following subcutaneous administration of large doses (37). However, 
little BaP was transferred to the fetus following the oral administration to mice of 
a single dose of 12 mg/kg of body weight on days 11-18 of gestation (38). 

Mutagenicity and related end-points 

BaP was mutagenic in Salmonella typhimurium strain TA 1538 after metabolic 
activation by a preparation of microsomal enzymes from a liver homogenate, 
fraction S9, obtained from rats (39); it has also induced mutations in cultured 
human lym phoblastoid cells ( 40). The diol-epoxide metabolites of BaP are con
siderably more mutagenic than the parent compound. Induction of sister chro
matid exchanges in Chinese hamsters following intraperitoneal administration of 
BaP has been reported (41), and a correlation has been observed between sister 
chromatid exchange and the production of BaP metabolites in two variant mouse 
hepatoma cell lines ( 42). 

Carcinogenicity 

Many PAH-containing mixtures have been associated with an increased inci
dence of cancer, but the contribution of each of the individual components to 
the overall carcinogenic potency is difficult to assess (43). The relative carcino
genic potencies of various PAHs, based on bioassays by several routes of adminis
tration and related toxicological data, have been ranked in decreasing order as 
follows: dibenz[a,h]anthracene, BaP, anthanthrene, indeno[l ,2,3-cd]pyrene, 
benzo[a]anthracene, benzo[b]fluoranthene, pyrene, benzo[k]fluoranthene, ben
zo [j] fluoranthene, cyclopentadieno [ c,d] pyrene, benzo [g, h, t] perylene, chrysene, 
and benzo[e]pyrene ( 44). The Environmental Protection Agency in the USA has 
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determined that acenaphthene, anthracene, fluoranthene, fluorene, and pyrene 
are not classifiable as to human carcinogenicity because of the absence of human 
data and the inadequacy of the data from animal bioassays (34). 

BaP is one of the most potent PAH carcinogens; primary tumours have been 
produced, both at the site of administration and in other tissues, in mice, rats, 
hamsters, guinea-pigs, rabbits, ducks, and monkeys following intragastric, sub
cutaneous, dermal, or intratracheal administration. The target sites appear to be 
proliferating tissues such as the intestinal epithelia, bone marrow, lymphoid or
gans, and testes, which interact with the active metabolites of BaP (1 I). There 
appear to be interspecies differences in the formation of DNA adducts, as the 
binding of anti-BaP 7,8-dihydrodiol-9,10-epoxide to endometrial DNA has been 
determined to be greatest in humans, followed by hamsters, mice, and rats ( 45). 

Groups of CFW mice of varying ages (23-73 per dose; number per sex not 
specified) were fed BaP in the diet at concentrations of 0.001, 0.0 1, 0.02, 0.03, 
0.04, 0.045, 0.05, 0.10, or 0.25 mg/g offood for periods of98-197 days. The 
control group consisted of 171 males and 289 females. There was a significant 
dose-related increase in stomach tumours, mostly squamous cell papillomas 
and some carcinomas, in the treated animals as compared with the controls. 
The incidence of gastric tumours was 0 in the controls, and 0, 0, 5, 0, 2.5, 10, 
70, 82, and 90% in the treatment groups in order of increasing dietary concen
tration ( 46). 

In an additional study conducted by the same authors, groups of9-26 CFW 
mice were fed diets containing 0.25 mg of BaP per g for periods ranging from 1 
to 30 days, then observed for up to 105 days. The incidence of gastric tumours in 
these groups was 0, 11, 10, 44, 30, and 100% for periods of administration of 
1, 2, 4, 5, 7, and 30 days, respectively (46). 

A total of 63 male CF 1 mice given BaP by forced drinking (0.003% solution 
in 95% ethanol), 5 days per week for up to 22 months developed 11 oesophageal 
tumours (10 papillomas and one carcinoma) and 15 forestomach tumours (13 
papillomas and two carcinomas), as compared with no oesophageal tumours and 
five forestomach tumours (all papillomas) in the 67 controls ( 47). 

Groups of 160 female albino mice fed diets containing 4 mg of BaP per kg or 
3 mg of 9,1 0-dimethylbenzanthracene per kg for 14 months had an incidence of 
gastric tumours of 8.1 and 28% and an incidence of mesenteric tumours of 0 and 
69%, respectively ( 48). 

14.16.6 Effects on humans 

There have been few studies on the human health effects of PAHs. Human sub
jects skin-painted with BaP developed skin lesions ( 49, 50). Cases of accidental 
poisoning by naphthalene, resulting in death by acute haemolytic anaemia, have 
been reported (51). 
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14.16. 7 Guideline value 

Available toxicological data are sufficient to serve as a basis for the derivation of a 
guideline value only for BaP, one of the most potent carcinogens among the 
PAHs tested to date. IARC has classified BaP in Group 2A (probably carcino
genic to humans) (52). The guideline value is therefore derived on the basis of 
the lifetime cancer risk estimated by extrapolation of the tumour incidence data 
observed in the most appropriate carcinogenicity bioassay in animals. 

The only study by the most appropriate route of administration (i.e. the oral 
route) in which there was an increase of stomach tumours associated with an in
crease in the ingested concentration of BaP was that in which CFW mice were 
fed BaP in the diet at concentrations of 0.001, 0.01, 0.02, 0.03, 0.04, 0.045, 
0.05, 0.10, or 0.25 mg/g offood for periods ranging from 98 to 197 days (46). 
Because of the variable dosing patterns and age of the animals at sacrifice, data on 
tumour incidence from this study cannot be confidently extrapolated by meam 
of the models currently employed in quantitative risk assessment (i.e. model-free 
or linearized multistage extrapolation, which was used in deriving the previous 
BaP guideline), as they assume constant exposure and sacrifice at the median 
point of the life span. However, the tumour incidence data have been extrapo
lated using the two-stage birth-death mutation model, which can incorporate 
the variable exposure and sacrifice patterns (53). With this model, the estimate 
of the upper bound on the low-dose risk was 0.46 (mg/kg of body weight 
per day)-l without correction for differences in body surface area, as BaP is an 
indirect-acting carcinogen, i.e. the carcinogenicity appears to be attributable to a 
metabolite rather than to BaP itself. The resulting estimated concentrations of 
BaP in drinking-water corresponding to excess lifetime cancer risks of 10-4, 10-5, 
and 10-6 for stomach tumours are 7, 0.7, and 0.07 )lg!litre. 

There are insufficient data available to derive drinking-water guidelines for 
other PAHs. However, the following recommendations are made for the PAH 
group: 
• Because of the close association of PAHs with suspended solids, the applica

tion of treatment, when necessary, to achieve the recommended level of tur
bidity will ensure that PAH levels are reduced to a minimum. 

• Contamination of water with PAHs should not occur during water treat
ment or distribution. Therefore, the use of coal-tar-based and similar 
materials for pipe linings and coatings on storage tanks should be discontin
ued. It is recognized that it may be impracticable to remove coal-tar linings 
from existing pipes. Research is needed on methods of minimizing the leach
ing of PAHs from such lining materials. 

• To monitor PAH levels, the use of several specific compounds as indicators 
for the group as a whole is recommended. The choice of indicator com
pounds will vary for each individual situation. PAH levels should be moni
tored regularly in order to determine the background levels against which 
any changes can be assessed so that remedial action can be taken, if necessary. 
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• In situations where drinking-water is known to have been contaminated by 
PAHs, the specific compounds present and the source of the contamination 
should be identified, as the carcinogenic potential of PAH compounds 
vanes. 
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14.17 Monochlorobenzene 

14.17.1 General description 

Identity 

CASno.: 108-90-7 
Molecular formula: C 6H 5Cl 

Physicochemical properties ( 1-3) t 

Property 
Melting point 
Boiling point 
Density 
Water solubility 
Log octanol-water 
partition coefficient 
Vapour pressure 

Value 
-45.6 oc 
132.0 oc 
1.1058 g/cm3 at 20 oc 
500 mg!litre at 20 oc 

2.84 
1.18 kPa at 20 oc 

Organoleptic properties 

Taste and odour thresholds of 10-20 flg!litre (4) and odour thresholds of 50, 
40-120, and 100 [lgflitre (2, 5, 6) have been reported for monochlorobenzene 
(MCB). 

Major uses 

MCB is used mainly as a solvent in pesticide formulations, as a degreasing agent, 
and as an intermediate in the synthesis of other halogenated organic compounds. 

Environmental fate 

The concentration ofMCB released into water and onto land will decrease main
ly because of volatilization into the atmosphere. In water, some biodegradation 
also occurs, proceeding more rapidly in fresh water than in estuarine and marine 
waters. The rate is also more rapid if there has been acclimatization of the 
degrading microorganisms. Some adsorption onto organic sediments occurs (3). 
MCB is relatively mobile in sandy soil and aquifer material and biodegrades 
slowly in these soils; it may therefore leach into groundwater (3). The octa-

1 Converswn factor 111 air: 1 ppm = 4.60 mgfm3. 
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nol-water partmon coefficient suggests that little or no bioconcentration of 
MCB will occur in aquatic species. 

14.17.2 Analytical methods 

A standard method for chlorobenzenes involves extraction with hexane followed 
by capillary column gas-liquid chromatography with electron-capture detection. 
The method is capable of achieving detection limits in tapwater and river water 
of about 0.1 11g/litre (7). 

14.17.3 Environmental levels and human exposure 

Air 

Because MCB is volatile and is used extensively as a solvent, large quantities are 
released to air. However, atmospheric concentrations are usually very low, often 
much less than 4.6 11g/m3 (3, 8). 

Water 

MCB has been detected in wastewaters, surface and groundwaters, and drinking
water. In some Canadian potable water sources, mean concentrations were less 
than 1 11gllitre; the maximum value recorded was 5 11g/litre (9). 

Food 

Chlorobenzene has been found in edible freshwater and marine organisms, al
though levels are not significant. Human milk may be a source of exposure for 
infants; MCB was detected in five out of eight samples of human milk in a study 
in the USA (10). 

Estimated total exposure and relative contribution of drinking-water 

Despite the low levels of MCB in air, inhalation is probably the major route of 
environmental exposure. 

14.17.4 Kinetics and metabolism in laboratory animals and 
humans 

MCB appears to be readily absorbed via the oral and inhalation routes and accu
mulates mainly in fatty tissue ( 11, 12). The major metabolites of MCB in mam
mals are p-chlorophenol mercapturic acid, 4-chlorocatechol, and p-chlorophenol. 
In humans, the main metabolite is 4-chlorocatechol (13). The major route of 
MCB excretion is the urine; little is excreted in the faeces or retained in the body. 
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14.17.5 Effects on laboratory animals and in vitro test systems 

Acute exposure 

MCB is of low acute toxicity to experimental animals via the oral and inhalation 
routes. Oral LD~0s in the grams per kilogram range have been reported for 
rodents. Major target organs of acute exposure are the liver and kidneys. 

Short-term exposure 

In a 13-week study, groups of 10 Fischer 344 rats and 10 B6C3F1 hybrid mice of 
each sex received MCB in corn oil at 0, 60, 125, 250, 500, or 750 mg/kg of body 
weight by gavage, for 5 days per week. Effects were seen mainly in the liver, kid
ney, and haematopoietic system. A NOAEL of 125 mg/kg of body weight was 
identified in the study. The LOAEL was 250 mg/kg of body weight, which 
caused a slight decrease in spleen weight and lymphoid or myeloid depletion of 
the thymus, spleen, or bone marrow (14,15). 

Long-term exposure 

In a 2-year study, groups of 50 Fischer 344 rats and 50 B6C3F 1 mice of each sex 
received MCB in corn oil by gavage, 5 days per week for 103 weeks. The doses 
administered were 0, 60, or 120 mg/kg of body weight for female mice and rats 
of both sexes, and 0, 30, or 60 mg/kg of body weight for male mice. No evidence 
of MCB-related toxicity was reported. Although survival was reduced in male 
rats at 120 mg/kg of body weight and slightly reduced in male mice at 30 and 60 
mg/kg of body weight, this was not thought to be compound-related, as body 
weight gains were unaffected and MCB-induced toxic lesions related to death 
were not observed. A NOAEL of 60 mg/kg of body weight was therefore identi
fied for male mice and one of 120 mg/kg of body weight for female mice and 
male and female rats (14,15). 

Reproductive toxicity, embryotoxicity, and teratogenicity 

Exposure of Fischer 344 rats and New Zealand white rabbits to 0, 75, 210, or 
'590 ppm MCB (0, 345, 966 or 2714 mgfm3) via inhalation for 6 h per day dur
ing the major period of organogenesis did not cause embryotoxicity or terato
genicity in the rats. Fetal effects in rats were limited to slight delays in skeletal 
development, which occurred only at concentrations causing maternal toxicity 
(2714 mgfm3). In rabbits, fetuses exhibited a low incidence of visceral malforma
tions that were not dose-related ( 16). In a two-generation inhalation study, expo
sure levels of 50, 150, and 450 ppm (230, 690, and 2070 mgfm3) did not have 
any adverse effects on reproductive performance or fertility in male and female 
rats (1 7). 
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Mutagenicity and related end-points 

MCB was not mutagenic in Salmonella typhimurium strains TA98, TAlOO, 
TA1535, or TA1537, with or without activation with rat or hamster liver 59 
enzymes (18). In one study, the intraperitoneal injection of MCB in corn oil 
(up to 70% of the LD50) to groups of five mice led to a dose-related increase 
in the formation of micronucleated polychromatic erythrocytes. The authors 
considered that the effects were due to the clastogenic activity of MCB (19). 
However, similar results have not been reported by other workers (20). MCB 
appears to bind covalently to DNA in liver, kidney, and lung of rats and mice 
following intraperitoneal injection (21), but the level of binding was considered 
to be low (20). 

Carcinogenicity 

In the 2-year study in which groups of 50 Fischer 344 rats and 50 B6C3F 1 mice 
of each sex received MCB in corn oil by gavage, 5 days per week for 103 weeks, 
doses of 60 or 120 mg/kg of body weight caused slight (statistically significant at 
120 mg/kg of body weight) increases in the frequency of neoplastic nodules of 
the liver in male rats (14, 15). Increased incidences of hepatocellular carcinoma~ 
were not observed in male or female rats. No increased tumour incidences were 
observed in female rats or in male or female mice. Rare tumours observed in 
three exposed animals were not statistically significant; they included one renal 
tubular-cell adenocarcinoma in a high-dose (120 mg/kg of body weight) female 
rat and transitional cell papillomas of the bladder in two male rats, one in the 
low-dose group (60 mg/kg of body weight) and one in the high-dose group (120 
mg/kg of body weight). The frequency of pituitary tumours was reduced in rats 
receiving MCB; the significance of this finding is not known. The study provid
ed some not altogether convincing evidence of carcinogenicity in male Fischer 
344 rats, but none in female Fischer 344 rats or in male or female B6C3F 1 mice 
(14, 15,20). 

14.17.6 Effects on humans 

MCB is toxic to humans; poisoning and occupational exposure caused central 
nervous system disturbances. In addition, subjects occupationally exposed ro 
MCB for 2 years suffered from headaches, dizziness, and sleepiness (22). 

14.17.7 Guideline value 

Although there was a weak dose-related increase in neoplastic liver nodules 
in male rats, the weight of evidence suggests that MCB is not genotoxic; a TDI 
approach can therefore be adopted. 

Based on the 2-year study with rats and mice in which a NOAEL of 60 
mg/kg of body weight for neoplastic nodules was identified ( 14, 15), a 1 'D I of 
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85.7 p.g/kg of body weight can be calculated by applying an uncertainty factor of 
500 (1 00 for inter- and intraspecies variation and 5 for the limited evidence of 
carcinogenicity) to the NOAEL and allowing for dosing 5 days per week. This 
gives a guideline value of 300 p.g!litre (rounded figure), based on an allocation of 
10% of the TDI to drinking-water. However, this value far exceeds the lowest re
ported taste and odour threshold in water of 1 0 p.g!litre. 
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14.18 Dichlorobenzenes 

14.18.1 General description 

Identity 

Compound 
1,2-Dichlorobenzene ( 1 ,2-DCB) 
1,3-Dichlorobenzene (1,3-DCB) 
1,4-Dichlorobenzene (1,4-DCB) 

CAS no. 
95-50-1 
541-73-1 
106-46-7 
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Physicochemical properties (1-3)1 

Property 
Melting point (°C) 
Boiling point (°C) 
Water solubility at 25 oc (mg/lirre) 
Vapour pressure at 25 oc (kPa) 
Density at 20 oc (g/cm3) 
Log octanol-water partition coefficient 

Organoleptic properties 

1,2-DCB 
-17.0 
180.5 
91 
0.2 
1.305 
3.38 

1,3-DCB 
-24.7 
173.0 
123 
0.31 
1.288 
3.48 

1,4-DCB 
53.1 
174.0 
31 
0.226 
1.247 
3.38 

The organoleptic thresholds for all three isomers are low. Odour thresholds of 
2-10, 20, and 0.3-30 flg/litre have been reported for 1,2-DCB, 1,3-DCB, and 
1,4-DCB, respectively (4, 5). Taste thresholds of 1 and 6 flg!litre have been re
ported for 1,2-DCB and 1,4-DCB, respectively ( 4, 6). 

Major uses 

The DCBs are widely used in industry and in domestic products such as odour
masking agents, dyestuffs, and pesticides. 1,2-DCB and 1,4-DCB are the most 
widely used ( 7). 

Environmental fate 

The DCBs are expected to be adsorbed moderately to tightly onto soils of high 
organic content and are not expected to leach appreciably into groundwater. In 
soils, they are biodegraded slowly under aerobic conditions; volatilization may be 
important in surface soils. In water, the major DCB-removal processes are likely 
to be adsorption onto sediments and bioaccumulation in aquatic organisms. 
Evaporation from surface water may also be important, but not aquatic hydroly
sis, oxidation, or direct photolysis. DCBs may biodegrade in aerobic water after 
microbial adaptation. However, they are not expected to biodegrade under the an
aerobic conditions that may exist in lake sediments or various groundwaters (2). 

14.18.2 Analytical methods 

A standard method for chlorobenzenes involves extraction with hexane followed 
by capillary-column gas-liquid chromatography with electron-capture detection 
(detection limit in tapwater and river water approximately 0.01 flg/litre) (8). 

1 Conversion factor in air: lppm = 6.01 mgfm3. 
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14.18.3 Environmental levels and human exposure 

Air 

The DCBs have been detected in the atmosphere at extremely low levels. In the 
USA, mean 1,2-DCB concentrations of 1.2, 0.3 and 0.01 rglm-' have been 
measured in industrial, urban, and rural locations, respectively; the overall mean 
concentration was 0.54 rgfm3. Similarly, mean 1,3-DCB concentrations of 0.9, 
0.5 and 0.04 rgfm3 have been reported for the same three locations, respectively; 
the overall mean concentration was 0.57 rgfm3. Mean 1,2-DCB and 1,4-DCB 
concentrations of 0.06-0.18 rgfm3 and 0.24-0.42 rgfm3 were detected in the 
ambient air of three New Jersey (USA) cities in 1981 (2). 

Water 

DCBs have been detected in wastewater, raw water, surface water, and drinking
water (2). Although all have been detected in drinking-water, 1,4-DCB is gener
ally present in the greatest concentration. DCBs have been found in potable 
water sources before treatment at levels as high as 10 rgllitre and in drinking
water at 0.01-3 rg/litre (7). In a survey of the water supplies of three Canadian 
cities, total mean DCB concentrations ranged from 1.0 to 13 ngllitre, most of 
which was 1,4-DCB (9). In a study in the USA on the contamination of 685 
groundwaters, 1,2-DCB, 1,3-DCB, and 1,4-DCB were detected in 20, 19, and 
19 samples at maximum concentrations of 6800, 236 and 996 rg/litre, respec
tively (2). 

Food 

DCBs tend to accumulate in biological materials rich in lipids, such as fatty tis
sue and milk. Mean levels of 1,2-DCB, 1,3-DCB, and 1,4-DCB of2.6, 0.14, 
and 5.5 rg/kg, respectively, have been measured in milk (2, 10). Fish have also 
been shown to be a major source of DCBs; mean levels were 1, 0.3-3, and 1-4 
rg/kg for 1,2-DCB, 1,3-DCB, and 1,4-DCB, respectively (2). 

Estimated total exposure and relative contribution of drinking-water 

General population exposure may occur through the inhalation of contaminated 
air, especially in areas where DCBs are manufactured, and from the ingestion of 
contaminated drinking-water and food, particularly contaminated fish. 

14.18.4 Kinetics and metabolism in laboratory animals and 
humans 

DCBs are almost completely absorbed from the gastrointestinal tract. Once ab
sorbed, they are rapidly distributed, primarily to fat or adipose tissue because of 
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their lipophilicity and to kidney, liver, and lungs. They are metabolized mainly 
by oxidation in the liver to the respective dichlorophenols and their glucuronide 
and sulfate conjugates, although other minor metabolites have been detected. 
The metabolites are excreted mainly via the kidneys, and excretion is relatively 
slow. In rats, almost 100% of an oral dose of 1,4-DCB was excreted within 5 
days, mostly in the urine (7). 

14.18.5 Effects on laboratory animals and in vitro test systems 

Acute exposure 

The DCBs are of low acute oral toxicity in experimental animals. Oral LD50s in 
rodents range from 500 to 3863 mg/kg of body weight. The major target organs 
are the liver and kidneys (7). 

Short-term exposure 

F344/N rats and B6C3F1 mice were given 1,2-DCB in corn oil at 0, 30, 60, 125, 
250, or 500 mg/kg of body weight per day by gavage 5 days per week for 13 
weeks. Decreased survival in male and female mice and female rats was seen at 
the highest dose level. Liver necrosis, hepatocellular degeneration, and depletion 
of lymphocytes were seen in the thymus and spleen of both sexes of rats and 
mice. At 250 mg/kg of body weight, necrosis of individual hepatocytes was ob
served in both sexes of rats and in male mice. Minimal hepatocellular necrosis 
was observed in a few rats at 125 mg/kg of body weight, bur no hepatic altera
tions were observed in mice at this dose. A NOAEL of 125 mg/kg of body weight 
per day was identified (7). 

Long-term exposure 

In a 2-year gavage study, B6C3F 1 female and male mice were given 0, GO, or 120 
mg of 1,2-DCB per kg of body weight per day by gavage in corn oil, 5 days per 
week. The only evidence of toxicity was a dose-related trend towards tubular de
generation of the kidney in male mice, the incidence of which increased at the 
highest dose level. Otherwise, there was no evidence of non-neoplastic toxicity. 
NOAELs of 60 and 120 mg/kg of body weight per day were identified for male 
and female mice, respectively (7). 

1,4-DCB was administered by gavage for 2 years, 5 days per week, to male 
and female Fischer 344 rats at dose levels of 0, 150, or 300, and 0, 300, or 600 
mg/kg of body weight per day in corn oil. In males, reduced survival and body 
weight gain were observed at 300 mg/kg of body weight. Increased severity of 
nephropathy and hyperplasia of the parathyroid were observed at 150 mg/kg of 
body weight in males. In females, there was a dose-related increase in nephropa
thy at or above 300 mg/kg of body weight. LOAELs of 150 and 300 mg/kg of 
body weight per day were identified for male and female rats, respectively (7). 
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Reproductive toxicity, embryotoxicity, and teratogenicity 

All three isomers were reported to be non-teratogenic when Sprague-Dawley rats 
were given oral doses of 50, 100, or 200 mg/kg of body weight per day on days 
6-15 of gestation (1 1). In another study, CD rats were given 1,4-DCB by gavage 
at doses of 0, 250, 500, 750, or 1000 mg/kg of body weight per day on days 
6-15 of gestation. Reduction of fetal weight was seen at the highest dose, and an 
increase in skeletal variations was observed at or above 750 mg/kg of body weight 
per day. A dose-related increase in extra ribs was observed at doses at or above 
500 mg/kg of body weight per day. A LOAEL and a NOAEL of 500 and 250 
mg/kg of body weight per day were identified, respectively ( 7). 

Mutagenicity and related end-points 

All three isomers were non-mutagenic in Salmonella typhimurium strains TA98, 
TA100, TA1535, or TA1537, both in the presence and in the absence of meta
bolic activation. A number of other in vitro tests, such as those for the induction 
of chromosomal aberrations in Chinese hamster ovary cells, forward mutations in 
mouse lymphoma cells, and unscheduled DNA synthesis in human lymphocytes, 
have also given negative results for 1 ,4-DCB. In all bur one study, 1,4-DCB has 
not produced chromosome damage in bone marrow of mice when administered 
in vivo. Negative results have also been obtained for this isomer in an assay of 
DNA damage in liver of mice following oral exposure. Low-level covalent binding 
of 1 ,4-DCB to the liver, kidneys, and lungs of mice has been reponed (1). 

Carcinogenicity 

In the 2-year gavage study in which B6C3F 1 female and male mice were given 0, 
60, or 120 mg of 1,2-DCB per kg of body weight in corn oil, 5 days per week, 
there was a dose-related trend in the incidence of malignant histiocytic lympho
mas in both sexes; however, the authors concluded that there was no evidence for 
the carcinogenicity of 1,2-DCB in this study (7). 

In the study in which 1,4-DCB was administered by gavage for 2 years, 5 
days per week, to male and female Fischer 344 rats at dose levels of 0, 150, or 
300, and 0, 300, or 600 mg/kg of body weight in corn oil, respectively, a dose-re
lated increase in the incidence of tubular-cell adenocarcinomas of the kidney 
was observed in males only. A marginal increase in the incidence of mononuclear 
cell leukaemia was also noted in males when compared with the controls. It was 
concluded that the induction of kidney tumours in male rats was a species- and 
sex-specific response, probably a result of hyaline droplet formation. In the same 
study, 1,4-DCB increased the incidences of hepatocellular adenomas and carci
nomas in mice dosed at 600 but not at 300 mg/kg of body weight (1). 
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14.18.6 Effects on humans 

Data on the health effects of exposure to DCBs are restricted to case reports of 
accidental exposure to, or misuse of DCB products. Reported acute effects fol
lowing short-term exposure (all of which are reversible) include acute haemolytic 
anaemia, respiratory irritation, glomerulonephritis, and allergic response of the 
skin. Prolonged exposure to 1,4-DCB has caused granulomatosis, anaemia, dis
turbances of the reticuloendothelial system, central nervous system effects, and 
liver damage. In workers exposed to 1,4-DCB, probably in combination with 
other chemicals, there have been case reports ofhaematological disorders, includ
ing anaemia, splenomegaly, and gastrointestinal and central nervous system ef
fects. Two cases of acute myeloblastic anaemia were reported in females exposed 
mainly to 1,2-DCB over 1 year (7). 

14.18. 7 Guideline values 

1 ,2-Dich/orobenzene 

IARC has placed 1,2-DCB in Group 3 (12). This isomer is of low acute toxicity 
by the oral route of exposure. Oral exposure to high doses affects mainly the liver 
and kidneys. The balance of evidence suggests that 1,2-DCB is not genotoxic, 
and there is no evidence for its carcinogenicity in rodents. Using the NOAEL of 
60 mg/kg of body weight per day for tubular degeneration of the kidney, identi
fied in a 2-year mouse gavage study with administration 5 days per week (7), and 
applying an uncertainty factor of 100 (for inter- and intraspecies variation), a 
TDI of 429 )lglkg of body weight can be calculated. An allocation of 1 Oo/o of the 
TDI to drinking-water gives a guideline value of 1000 )lg!litre (rounded figure). 
This value far exceeds the lowest reported taste threshold in water of 1 )lg/litre. 

1 ,3-Dich/orobenzene 

There are insufficient toxicological data on this compound to permit a guideline 
value to be proposed, but it should be noted that it is rarely found in drinking
water. 

1 ,4-Dich/orobenzene 

1,4-DCB is of low acute toxicity, but there is evidence that it increases the inci
dence of renal tumours in rats and hepatocellular adenomas and carcinomas in 
mice after long-term exposure. IARC has placed it in Group 2B (12). 

1,4-DCB is not considered to be genotoxic, and the relevance for humans of 
the tumours observed in animals is doubtful. It is therefore valid to calculate a 
guideline value using the TDI approach. A TDI of 107 )lg/kg of body weight has 
been calculated by applying an uncertainty factor of 1000 (1 00 for inter- and in
traspecies variation and 10 for the use of a LOAEL instead of a NOAEL and be-
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cause the toxic end-point is carcinogenicity) to a LOAEL of 150 mg/kg of body 
weight per day for kidney effects observed in a 2-year rat gavage study (adminis
tration 5 days per week) ( 7). A guideline value of 300 Jlg!litre (rounded figure) is 
proposed, based on an allocation of 10% of the TDI to drinking-water. This val
ue far exceeds the lowest reported odour threshold in water of 0.3 Jlg!litre. 
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14.19 Trichlorobenzenes 

14.19.1 General description 

Identity 

Compound 
1 ,2,3-Trichlorobenzene ( 1 ,2,3-TCB) 
1 ,2,4-Trichlorobenzene (1 ,2,4-TCB) 
1,3,5-Trichlorobenzene (I ,3,5-TCB) 

Physicochemical properties {1-4) 

Property 
Melting point (QC) 
Boiling point (QC) 
Water solubility (mg/litre) 
Log octanol-water partition coefficient 
Vapour pressure at 2'5 QC (kPa) 

Organoleptic properties 

CAS no. 
76-61-6 
120-82-1 
108-70-3 

1,2,3-TCB 
53-54 
218-219 
12 (22 QC) 
4.04 

Molecular formula 
C6H 3Cl3 
C6H3Cl3 
C6H 3Cl3 

1,2,4-TCB 
17 
213.5 
19 (22 QC) 
4.02 
0.04 

1,3,5-TCB 
63-64 
208 
5.8(20 QC) 
4.49 
0.08 

Odour thresholds of 10, 5-30, and 50 )lgllitre have been reported for 1 ,2,3-
TCB, 1,2,4-TCB, and 1 ,3,5-TCB, respectively (5, 6). A taste and odour thresh
old concentration of 30 )lgllitre has been reported for 1 ,2,4-TCB (7). 

Major uses 

1 ,2,4-TCB i~ economically the most important isomer. Industrial-grade TCB, 
which consists of 93-98% 1,2,4-TCB and the remainder 1,2,3-TCB, is used as 
an intermediate in chemical synthesis, a solvent, a coolant, a lubricant, and a 
heat-transfer medium; it is also used in polyester dyeing, in termite-control 
preparations, and as an insecticide ( 8). 

Environmental fate 

The TCBs are expected to be adsorbed onto soils of high organic content, but 
not to leach appreci;1hly into groundwater. They are not hydrolysed and are un
likely to biodegrade significantly. Some evaporation may occur from soil surfaces. 
In water, TCBs are likely to be adsorbed onto sediments and to bioconcentrate in 
aquatic organisms. Evaporation from water may be a significant removal process 
(3). 

518 



14 ORGANIC CONSTITUENTS 

14.19.2 Analytical methods 

A standard method for chlorobenzenes involves extraction with hexane followed 
by capillary column gas-liquid chromatography with electron-capture detection. 
Detection limits in tapwater and river water are about 0.1 flg/litre for TCBs (9). 

14.19.3 Environmental levels and human exposure 

Air 

Levels are likely to be significant only in areas where TCBs are produced. Mean 
levels of 22-51 ngfm3 have been reported for three sites in California (10). An 
average of 181 ng/ m3 was reported in areas where they are produced in the USA 
(3). 

Water 

TCBs have been detected in wastewater, surface and groundwater, and drinking
water (3). In a Canadian river, levels of 2, 7, and 2 flg/litre were reported for 
1,2,3-TCB, 1,2,4-TCB, and 1,3,5-TCB, respectively (11). Tapwater concentra
tions were reported in the same study, the highest being for 1,2.4-TCB, for 
which the mean reported level was 2 ng!litre. The maximum value for all isomers 
found in a groundwater survey in the Netherlands was 1.2 ~tg!litre (12). 

Food 

TCBs tend to accumulate in biological materials rich in lipids, such as fatty tissue 
and milk; residues at levels of 0.1-4 mg/kg on a fat basis were found in the liver 
of cod from areas polluted by industrial effluents (I 3). Mean levels reported in 
human milk were 1, 1, and 5 flg/kg for 1 ,3,5-TCB, I ,2,4-TCB, and 1 ,2,3-TCB, 
respectively ( 14). 

Estimated total exposure and relative contribution of drinking-water 

General population exposure will occur mainly through the inhalation of con
taminated air in areas where TCBs are manufactured and from the ingestion of 
contaminated food, especially fish. 

14.19.4 Kinetics and metabolism in laboratory animals and 
humans 

All three TCB isomers were readily absorbed following oral administration in 
rats. High concentrations of the parent compound were found in fat, skin, and 
liver, whereas high levels of metabolites were found in kidney and muscle (15). 
The major metabolic products are trichlorophenols (16). Species differences ap-
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pear to exist in the metabolism of TCBs. Rats and rhesus monkeys given 1 ,2,4-
TCB orally and intravenously excreted different urinary metabolites. Excretion 
was more rapid in rats than in monkeys; after 24 h, rats had excreted 84% of the 
oral dose in the urine and 11% in the faeces, as compared with 40% and < 1%, 
respectively, in monkeys (I 7). There is also evidence that the TCBs are broad in
ducers of metabolizing enzymes (16). 

14.19.5 Effects on laboratory animals and in vitro test systems 

Acute exposure 

TCBs are of low to moderate acute toxicity. Oral LD50s in rodents range from 
300 to 800 mg/kg of body weight. Major target organs of acute exposure are the 
liver and kidneys ( 16). 

Short-term exposure 

In a 13-week study, weanling Sprague-Dawley rats were fed diets contammg 
TCB isomers at 1, 10, 100, or 1000 mg/kg. All three isomers at 1000 mg/kg 
caused increased relative liver and kidney weights and histological changes in the 
liver and thyroid of male rats. Males fed 1000 mg of 1 ,2,3-TCB per kg showed 
reduced weight gain; no other clinical signs of toxicity were observed. Only 
1 ,2,4-TCB at 1000 mg/kg caused increases in hepatic aminopyrine methyl 
transferase and aniline hydroxylase activities in males and aminopyrine methyl 
transferase in females. The serum biochemical and haematological parameters 
measured were not affected. Only 1,3,5-TCB elicited moderate renal changes in 
male rats at 1000 mg/kg. Microscopic changes in females were milder than those 
in males. NOAELs were 100 mg/kg for all three isomers, equal to 7.8 mg/kg of 
body weight per day (1,2,4-TCB), 7.7 mg/kg of body weight per day (1,2,3-
TCB), or 7.6 mg/kg of body weight per day (1,3,5-TCB) (18). 

Long-term exposure 

Relevant chronic studies via the oral route have not been carried out. In a 2-year 
dermal study, S1c:ddy mice given 0.03 ml of a 30% or 60% solution of 1,2,4-
TCB twice a week showed signs of clinical toxicity, decreased survival, and kera
tinization of the epidermis (19). The main causes of death were respiratory 
infection, amyloidosis, and tumours. 

Reproductive toxicity, embryotoxicity, and teratogenicity 

No evidence of teratogenic effects was reported when Sprague-Dawley rats were 
given oral doses of75, 150, or 300 mg/kg of body weight per day of 1,2,4-TCB 
or 150, 300, or 600 mg/kg of body weight per day of 1,2,3-TCB and 1,3,5-TCB 
on days 6-15 of gestation (20). Rats exposed to 0, 25, 100, or 400 mg/litre of 
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1,2,4-TCB in their drinking-water from the birth of the F0 generation to the 
weaning of the F 2 generation did not show any effects on fertility (2 J). 

Mutagenicity and related end-points 

None of the isomers of TCB was mutagenic in Salmonella typhimurium strains 
TA98, TA100, TA1535, and TA1537, with or without metabolic activation 
(22, 23). All three caused dose-related increases in the formation of micronucle
ated polychromatic erythrocytes in mice injected with TCBs in corn oil at doses 
up to 70% of the LD50 (24). It was considered that the effects were due to the 
clastogenic activity of the TCBs; however, these results have not been confirmed 
by other workers (16). 

Carcinogenicity 

Relevant carcinogenicity studies via the oral route have not been carried out. In 
the 2-year dermal study in which S1c:ddy mice were given 0.03 ml of a 30% or 
60% solution of 1,2,4-TCB twice a week (19), tumours occurred in both experi
mental and control groups, suggesting that they were spontaneous in origin and 
not due to the carcinogenic effects of this compound. 

14.19.6 Effects on humans 

TCBs are moderately toxic when ingested or inhaled. They produce irritation of 
the skin, eyes, and respiratory tract (8). There has been one report of aplastic 
anaemia in a woman chronically exposed to 1,2,4-TCB from washing work 
clothes (25). 

14.19.7 Guideline value 

The TCBs are of moderate acute toxicity. Mter short-term oral exposure, all three 
isomers show similar toxic effects, predominantly on the liver. Long-term toxici
ty and carcinogenicity studies via the oral route have not been carried out, but 
the data available suggest that all three isomers are non-genotoxic. 

A TDI of7.7 flg/kg of body weight was calculated by applying an uncertain
ty factor of 1000 (1 00 for inter- and intraspecies variation and 10 for the short 
duration of the study) to the NOAEL of 7.7 mg/kg of body weight per day for 
liver toxicity identified in a 13-week rat study ( 18). The guideline value would be 
20 flg/litre (rounded figure) for each isomer based on an allocation of 1 Oo/o of the 
TDI to drinking-water; however, because of the similarity in the toxicity of the 
TCB isomers, the guideline value of 20 flg!litre is proposed for total TCBs. This 
value exceeds the lowest reported odour threshold in water of 5 flg/litre. 
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14.20 Di(2-ethylhexyl)adipate 

14.20.1 General description 

Identity 

CAS no.: 103-23-1 

523 



GUIDELINES FOR DRINKING-WATER QUALITY 

This compound is also known as DEHA, bis(2-ethylhexyl)adipate (BEHA), and 
dioctyladipate (DOA). 

Physicochemical properties (1-3) 

Property 
Physical state 
Melting point 
Boiling point 
Density 
Vapour pressure 
Water solubiliry 
Log octanol-water 
partition coefficient 

Major uses 

Value 
Light-coloured oily liquid 
-67.8 oc 
417 oc at 101.3 kPa 
0.922 g/cm3 at 25 oc 
< 0.00133 kPa at 20 oc 
Insoluble (0.78 ± 0.16 mg!litre) 

6.3 

DEHA is used mainly as a plasticizer for synthetic resins such as polyvinyl chlo
ride (PVC), but significant amounts are also used as a lubricant and for hydraulic 
fluids (I). 

Environmental fate 

Model experiments with activated sewage sludge systems have demonstrated the 
essentially complete biodegradation, measured as carbon dioxide evolution, of 
relatively high concentrations of DEHA in 35 days (3, 4). Because of its low 
water solubility, DEHA released into the environment would be expected to 
partition to solids (biota, sediment, soil). Under ideal equilibrium conditions, it 
would partition mainly to the atmosphere and to terrestrial soil, and less than 1 o/o 
of environmental DEHA would be found in the aquatic environment (3). 

14.20.2 Analytical methods 

DEHA in tapwater and surface water has been determined by gas chroma
tography with flame ionization detection or identification by mass spectrometry. 
In surface water, the detection limit is stated to be 0.2 rgllitre (3), although low
er levels have been reported for both surface water (5) and drinking-water ( 6). 

14.20.3 Environmental levels and human exposure 

Water 

DEHA was been found at microgram per litre levels in two out of five samples of 
finished water from a waste-treatment plant in the USA ( 6). A survey of 23 ma
jor rivers and lakes in the USA showed that 7% of the samples contained DEHA 
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at levels ranging from 0.25 to 1.0 Jlg!litre (3). Water samples from the Great 
Lakes contained a maximum level of7.0 Jlg!litre (5). In Europe, DEHA has been 
identified as a trace-level contaminant of the Rhine (7). Finished drinking-water 
in five cities in the USA had levels of about 0.001-0.1 Jlg/litre (6, 8,9). 

Food 

Food is the major source of exposure of the general population to DEHA because 
of its migration, particularly to fatty foods such as cheese and meat, from PVC 
films used for food packaging that have been plasticized with it. The estimated 
daily intake of DEHA through the diet in the United Kingdom is 16 mg (10); 
in the USA, it has been estimated to be as high as 20 mg (US Food and Drug 
Administration, personal communication, 1981). 

Estimated total exposure and relative contribution of drinking-water 

Air and drinking-water are insignificant sources of human exposure to DEHA 
compared with the intake via food. 

14.20.4 Kinetics and metabolism in laboratory animals and 
humans 

DEHA appears to be readily absorbed when given orally to rats and mice. It is 
widely distributed in the body; the highest levels have been reported in adipose 
tissue, liver, and kidney (I 1, 12). Transplacental transport of DEHA has been 
noted (12). 

DEHA is initially hydrolysed to mono(2-ethylhexyl)adipate (MEHA), adipic 
acid, and 2-ethylhexanol, which are excreted as such or further oxidized to sever
al different compounds before being eliminated in the expired air, urine, and 
faeces of experimental animals. Major metabolites of DEHA are MEHA and its 
glucuronide (monkey), the glucuronide of2-ethylhexanoic acid (mouse, rat), and 
adipic acid (mouse, rat). Single oral doses of DEHA seem to be completely ex
creted by rats, mice, and monkeys in 48 h (I 1, 13). 

14.20.5 Effects on laboratory animals and in vitro test systems 

Acute exposure 

The acute oral toxicity of DEHA is low. The oral LD50 has been estimated to be 
45 g/kg of body weight in male rats, 25 g/kg of body weight in female rats, 15 
g/kg of body weight in male mice, and 25 g/kg of body weight in female mice 
(14). 
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Short-term exposure 

Short-term (3-4 weeks) mouse and rat toxicity studies have demonstrated that 
high dietary levels of DEHA (;;;. 6000 mg/kg) induce liver toxicity, including in
creased liver weights, histopathological liver changes, and proliferation of liver 
peroxisomes, accompanied by increased activities of catalase and of enzymes in
volved in the oxidation of fatty acids as well as hypolipidaemia. DEHA-induced 
peroxisomal proliferation with accompanying biochemical events was found to 
be a dose-dependent phenomenon. A NOAEL of 100 mg/kg of body weight per 
day can be identified from these studies { /5--17). 

A 13-week toxicity study was conducted in F344 rats and B6C3F 1 mice at 
dietary concentrations of up to 2'5 000 mg of DEHA per kg. At 25 000 mg/kg, 
decreased weight gain was observed in both species and sexes. At 12 500 mg/kg, 
male and female rats as well as male mice showed slightly reduced body weight 
gain. At 6300 mg/kg, body weight gain was decreased in female mice and male 
rats. No compound-related increased mortality, histopathological changes, or re
duction in feed consumption were observed ( 14). 

Long-term exposure 

In a 103-week study in which DEHA was administered to F344 rats and B6C3F 1 
mice at dietary levels of 12 000 or 25 000 mg/kg, no dose-related effect on lon
gevity was seen. A dose-related depression of growth rate was observed in mice. 
Except in the liver, where tumours developed, no histopathological changes 
were observed in the mouse. Growth rare was depressed in rats fed 25 000 mg of 
DEHA per kg. No DEHA-related histopathological changes were seen in rats 
(14). 

Reproductive toxicity, embryotoxicity, and teratogenicity 

A fertility study was performed in which male and female Wistar rats were 
fed DEHA in the diet from 10 weeks before mating up to 36 days postpartum at 
levels of 300, 1800, or 12 000 mg/kg. At 12 000 mg/kg of diet, body weight gain 
was marginally reduced in females, and liver weights of both male and female 
parental animals were significantly increased. There were no effects on male or 
female fertility or on gestation length. At the highest dose level, total litter 
weights, body weight gain of pups, and mean litter size were reduced. No effect 
on pup survival was found at any treatment level. No treatment-related macro
scopic abnormalities were found in the pups (18). 

In a teratogenicity study, pregnant Wistar rats were fed DEHA in the diet at 
levels of 300, 1800, or 12 000 mg/kg, corresponding to daily doses of 28, 170, or 
1 080 mg/kg of body weight, on days 1-22 of gestation. Administration of 
12 000 mg/kg resulted in slight maternal toxicity, expressed as a small reduction 
in body weight gain. There were no effects at any dietary level on fetal weight, lit
ter weight, or number of intrauterine deaths. At the highest dose level, a small in-
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crease in pre-implantation loss as well as a minimal increase in post-implantation 
loss were noted. Incidences of major or minor external or visceral effects were low 
and were not increased by treatment with DEHA. However, two visceral variants 
(dilated and kinked ureter) were observed in increasing incidences in a dose
related manner at the two highest dose levels. Minor skeletal defects, indicating 
slightly poorer ossification, were also increased in a dose-related manner at the 
two highest dietary DEHA levels. No fetal effects were noted at 300 mg of 
DEHA per kg of diet. A NOAEL of 28 mg/kg of body weight can be identified 
from this study ( 19). 

Mutagenicity and related end-points 

A large number of short-term tests have failed to demonstrate any mutagenic 
activity of DEHA (20-23). One in vitro test with Chinese hamster ovary cells 
demonstrated some capacity to induce chromosomal aberrations in the absence 
of activation by a rat liver homogenate (59 fraction). Studies of sister chromatid 
exchange in the same in vitro system were negative without activation and 
equivocal with it (24). Orally administered DEHA does not bind covalently to 

mouse liver DNA (25). 

Carcinogenicity 

In a 103-week carcinogenicity study, DEHA was administered to F344 rats and 
B6C3F1 mice in the diet at levels of 12 000 or 25 000 mg/kg, equivalent to a 
daily intake of 600 or 1250 mg/kg of body weight in rats and 1715 or 3570 
mg/kg of body weight in mice. No increased tumour incidences were noted in 
rats. An increased number of hepatocellular carcinomas was found in female 
mice at both doses. Hepatocellular adenomas and carcinomas combined occurred 
in high-dose mice of both sexes and in low-dose female mice at incidences that 
were dose-related and significantly higher than those in control mice. The asso
ciation of liver tumours in male mice with the administration of DEHA was not 
considered to be conclusive because the increased number of liver tumours in 
males reflected only an increase in adenomas in the high-dose group and because 
the time to observation of tumours was not significantly different in dosed and 
control males (14). 

As DEHA fails to elicit mutagenic or genotoxic responses in available test 
systems and does not form adducts with DNA, it may be an epigenetic carcino
gen for which a dose threshold exists, probably related to its ability to induce per
oxisomal proliferation. Liver tumours are likely to occur only at doses causing 
proliferation of peroxisomes and, as there is a dose threshold for such prolifera
tion, there is probably also a dose threshold for tumour development. The avail
able information suggests that primates are less sensitive than rodents to 

chemically induced peroxisomal proliferation (26). 
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14.20.6 Guideline value 

IARC has concluded that there is limited evidence that DEHA is carcinogenic in 
mice (1). It is not classifiable as to its carcinogenicity in humans (27). 

Although DEHA is carcinogenic in mice, its toxicity profile and lack of 
mutagenicity support the use of a TDI approach to setting a guideline value for 
DEHA in drinking-water. A TDI of 280 jlg!kg of body weight can be calculated 
by applying an uncertainty factor of 100 (for inter- and intraspecies variation) to 

the lowest observed NOAEL for DEHA of 28 mg/kg of body weight in a fetotox
icity study in rats (19). This gives a guideline value of 80 jlg!litre (rounded fig
ure), based on an allocation of 1 o/o of the TDI to drinking-water. 
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14.21 Di(2-ethylhexyl)phthalate 

14.21.1 General description 

Identity 

CAS no.: 117-81-7 

Di(2-ethylhexyl)phthalate (DEHP) is also known as 1,2-benzenedicarboxylic 
acid bis(2-ethylhexyl)ester, bis(2-ethylhexyl) phthalate, and dioctyl phthalate 
(DOP). 
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Physicochemical properties (1, 2 )1 

Value Property 
Physical state 
Melting point 
Boiling point 
Density 

Light-coloured, viscous liquid 
-46 ac (pour-point) 

Vapour pressure 
Water solubility 
Log octanol-water 
partition coefficient 

370 oc at 101.3 kPa 
0.98 g/cm3 at 20 ac 
0.056 X w-7 kPa at 20 oc 
23-340 Jlg!litre at 25 ac 

4.88 

Organoleptic properties 

DEHP is odourless. 

Major uses 

DEHP is used primarily as a plasticizer in many flexible polyvinyl chloride prod
ucts and in vinyl chloride co-polymer resins. It is also used as a replacement for 
polychlorinated biphenyls in dielectric fluids for small (low-voltage) electrical 
capacitors (I, 2). 

Environmental fate 

DEHP is insoluble in water (23-340 Jlgflitre) (2, 3). Because of the readiness 
with which it forms colloidal solutions, its "true" solubility in water is believed to 
be 25-50 Jlg!litre. DEHP has a very low volatilization rate. Photolysis in water is 
thought to be a very slow process (2). Hydrolysis half-lives of over 100 years at 
pH 8 and 30 ac have been found. DEHP biodegrades rapidly in water and 
sludges, especially under aerobic conditions; degradation of 40-90% in 10-35 
days has been found. Biodegradation in sediment and water under anaerobic 
conditions is assumed to be very slow; however, the available information is con
tradictory (3). 

14.21.2 Analytical methods 

DEHP can be determined by gas chromatography with electron-capture detec
tion; the method has a detection limit of 0.1 ng ( 4). The detection limit with 
flame ionization detection is 1 Jlg/litre. The identity of the compound can be 
confirmed by mass spectrometry with "single-ion" monitoring, especially when 
electron-capture detection is used (3, 5). 

1 Conversion factor in air: 1 ppm = 1.59 mgfm3. 
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14.21.3 Environmental levels and human exposure 

It should be noted that some reported occurrences of DEHP in certain matrices 
have been found to result from contamination of the latter by plasticizer extract
ed from plastic tubing or other equipment (1, 2). 

Air 

DEHP has been detected in ocean air at levels ranging from 0.4 ngfm3 over the 
Gulf of Mexico to 2.9 ngfm3 over the North Atlantic (1, 2). Ambient air above 
the Great Lakes contains an average of2 ngfm3 (range 0.5-5 ngfm3) (6). In the 
North Pacific, the average concentration in air was 1.4 ngfm3 (range 0.3-2.7 
ngfm3) (3). 

In city air, concentrations of phthalates in atmospheric particulate matter 
range from 5 to 132 ngfm3 (7, 8), but a concentration of 300 ngfm3 has been re
ported in the vicinity of a municipal incinerator (9). Where DEHP is used inside 
houses, the concentration increases with temperature but decreases with humidi
ty; after 4 months, the concentration will be about 0.05 mgfm3 (5). 

Water 

In Japan, DEHP was detected in 71 out of 111 samples of rainwater; average 
concentrations were in the range 0.6-3.2 flg!litre, the highest average value being 
found in an industrial town (5). In the North Pacific, the average concentration 
in rainwater was 55 ng!litre (range 5.3-213 ngflitre) (3). 

DEHP has been detected in water from several rivers at levels of up to 5 
flg/litre (1,2,5). In the Netherlands, sediments of the Rhine and the Meuse 
contained 1-70 and 1-17 mg/kg, respectively (1). The average concentration 
in water from the Rhine in 1986 was 0.3 flg!litre (range 0.1-0.7 flg/litre) and in 
suspended particulate matter 20 mg/kg (range 10-36 mg/kg) (10). In surface 
water near industrial areas, levels of up to 300 flg/litre were found (I, 2). 

In contaminated groundwater in the Netherlands, 20-45 flg of DEHP per 
litre was reported (I 1). A groundwater sample from New York State contained 
170 fig/litre (12). 

DEHP was detected in tapwater in two cities in the USA at an average level 
of 1 flg/litre and in Japan at levels in the range 1.2-1.8 flg!litre. In "finished" 
drinking-water in two cities in the USA, average concentrations were 0.05-11 
flg!litre; in several major eastern cities in the USA, average levels were below 
1 flg/litre. The highest concentrations in drinking-water (up to 30 flg/litre) were 
reported in older surveys (1975) (I, 2). 

Food 

Levels of DEHP below 1 mg/kg were detected in fish in different parts of the 
USA; most fish contained less than 0.2 mg/kg. In a sampling of a wide variety of 
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foods, the highest levels were found in milk (31.4 mg!litre, fat basis) and cheese 
(35 mg/kg, fat basis). In a study of the migration of DEHP from plastic packag
ing films, it was found in tempura (frying) powder (0.11-68 mg/kg), instant 
cream soup (0.04-3.1 mg/kg), fried potato cake (0.05-9.1 mg/kg), and orange 
juice (0.05 mg/kg) (1, 2). 

Analysis of bottled beverages with polyvinyl chloride seals plasticized with 
DEHP demonstrated that very little migration occurs; all the concentrations 
reported were less than 0.1 mg/kg, the vast majority being below 0.02 mg/kg. 
Draught beer samples contained similar levels of DEHP (<0.01-0.04 mg/kg) 
(13). 

Estimated total exposure and relative contribution of drinking-water 

Exposure among individuals may vary considerably because of the wide variety of 
products into which DEHP is incorporated. The estimated average daily adult 
dose from the consumption of commodities highly likely to be contaminated 
(such as milk, cheese, margarine) is about 200 ~g (14). Levels in community 
drinking-water are generally thought to be negligible, although there may be in
dividual instances of high levels of contamination. Exposure from air is negligible 
compared with that associated with food (e.g. when the concentration in city air 
is 50 ngfm3, the daily exposure will be less than 1 ~g). 

Patients undergoing kidney dialysis may be exposed to high levels of DEHP; 
it is estimated that each patient will receive up to 90 mg per treatment (15). Ex
posure also occurs during the transfusion of stored whole blood. Concentrations 
will be low in frozen plasma. The Netherlands standard for the migration of 
DEHP from blood containers is 10 mg ofDEHP per 100 ml of ethanol (16). 

14.21.4 Kinetics and metabolism in laboratory animals and 
humans 

In rats, DEHP is readily absorbed from the gastrointestinal tract after oral ad
ministration. It is hydrolysed to a large extent to mono(2-ethylhexyl)phthalate 
(MEHP) with release of 2-ethylhexanol (EH) before intestinal absorption (1 1). 
Absorption is lower in primates (including humans). In rats, over 90% was ex
creted in urine after dietary administration, whereas only 0.9% was excreted in 
urine by marmosets (2,18). In humans, 11-25% of an ingested dose was found 
in urine (2, 19). 

DEHP undergoes further modification after hydrolysis to the monoester. 
Several species (primates, including humans, and some rodents) form glucuro
nide conjugates with the monoester, but rats appear unable to do so. In rats, the 
residual 2-ethylhexyl moiety is oxidized extensively (17). In mice and rats, uri
nary metabolites consist primarily of terminal oxidation products (diacids, keto
acids); in primates (monkeys, humans), they consist primarily of unoxidized or 
minimally oxidized products (MEHP, hydroxyacid) (18). 
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DEHP and its metabolites are extensively distributed throughout the body 
in rodents, the highest levels being found in the liver and adipose tissue. Little or 
no accumulation occurs in rats. Estimated half-lives for DEHP and its metabo
lites in rats are 3-5 days for fat and 1-2 days for other tissues (20). 

14.21.5 Effects on laboratory animals and in vitro test systems 

Acute exposure 

DEHP has a low acute oral toxicity in animals; the oral LD50 for mice and rats is 
over 20 g/kg of body weight (I). 

Short-term exposure 

Liver and testes appear to be the main target organs for DEHP toxicity. DEHP 
can cause functional hepatic damage, as reflected by morphological changes, al
terations in energy-linked enzyme activity, and changes in lipid and carbohydrate 
metabolism. The most striking effect is the proliferation of hepatic peroxisomes 
(21). 

In short-term oral studies in rats with dosing periods ranging from 3 days to 
9 months and dose levels ranging from 50 to 25 000 mg/kg of diet (2.5-2500 
mg/kg of body weight per day), doses greater than 50 mg/kg of body weight per 
day caused a significant dose-related increase in liver weight, a decrease in serum 
triglyceride and cholesterol levels, and microscopic changes in the liver, namely 
periportal accumulation of fat and mild centrilobular loss of glycogen. An initial 
burst of DNA synthesis in the liver (indicative of liver hyperplasia) followed by a 
decrease in liver DNA content (indicative of liver hypertrophy) was observed. 
Changes in peroxisomes, mitochondria, and endoplasmic reticulum in the liver 
were seen. Significant increases in hepatic peroxisomal enzyme activities and 
in the number of peroxisomes in the liver were found (22-26). NOAELs for 
changes in liver weight were 25 mg/kg of body weight per day by gavage (23) 
and 500 mg/kg of diet (25 mg/kg of body weight per day) (22). Morton (22) 
found significantly decreased serum triglyceride levels at 50, 100, and 500 mg/kg 
of diet, whereas Barber et al. (25) did not find this effect at 1000 and 100 mg/kg 
of diet. 

NOAELs for peroxisomal proliferation (based on changes in peroxisome
related enzyme activities or ultramicroscopic changes) were 25 mg/kg of body 
weight per day (LOAEL 100 mg/kg of body weight per day) in a 14-day gavage 
study in Sprague-Dawley rats (23), 50 mg/kg of diet (2.5 mg/kg of body weight 
per day) in a 7-day study in Sprague-Dawley rats (22) (LOAEL 100 mg/kg of 
diet or 5 mg/kg of body weight per day), and 100 mg/kg of diet (10 mg/kg of 
body weight per day) in a 3-week study in F344 rats (LOAEL 1000 mg/kg of diet 
or 100 mg/kg of body weight) (25). Marked species differences in the occurrence 
of peroxisomal proliferation exist, the available information suggesting that pri
mates, including humans, are less sensitive to this effect than rodents (26). 
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Changes in the kidneys and thyroid in Wistar rats have also been observed. 
The effects on the thyroid (increased activity accompanied by a decrease of plas
ma T 4) were observed at doses of 10 000 mg/kg of diet (1000 mg/kg of body 
weight per day) and higher (24). 

Long-term exposure 

In 2-year oral toxicity studies in rats, doses of 100-200 mg/kg of body weight per 
day and higher caused growth depression, liver and kidney enlargement, micro
scopic changes in the liver, and testicular atrophy. The NOAEL was 50-65 
mg/kg of body weight (2, 27, 28). Increased activities of peroxisome-associated 
enzymes were found in another study even at the lowest dose level of 200 mg/kg 
of diet (1 0 mg/kg of body weight per day) (26). 

Reproductive toxicity, embryotoxicity, and teratogenicity 

Testicular effects, namely atrophy, tubular degeneration, and inhibition or cessa
tion of spermatogenesis, were seen in mice, rats, guinea-pigs, and ferrets (29), 
supposedly caused by MEHP (2, 30). In rats, testicular changes were seen at oral 
doses above 100 mg/kg of body weight per day (3 I). 

In a reproduction study in mice, complete suppression of fertility in both 
sexes was seen at 0.3% DEHP in the diet (430 mg/kg of body weight per day). At 
0.1 o/o in the diet (140 mg/kg of body weight), significantly reduced fertility indi
ces, again in both sexes, were observed, but no effects on fertility were seen at 
0.01 o/o in the diet (15 mg/kg of body weight) (26). 

In mice, fetal mortality, fetal resorption, decreased fetal weight, neural tube 
effects, and skeletal disorders (exencephaly, spina bifida, open eyelid, exophthal
mia, major vessel malformations, dub-foot, and delayed ossification) were seen 
in teratogenicity studies. The NOAEL for these effects was 0.025% in the diet 
(35 mg/kg of body weight per day) (32). The LOAELs were 0.05 mg/kg of body 
weight per day (33) and 0.05% in diet (70 mg/kg of body weight per day) (32). 
MEHP was more active than DEHP, which may, therefore, act as a result of con
version into MEHP. However, it was also hypothesized that 2-ethylhexanoic acid, 
the oxidation product of 2-ethylhexanol, was the proximate teratogen, as indi
cated in studies with rats (26). 

Rats were less susceptible than mice to DEHP-related adverse effects on fetal 
development. At oral doses above 200 mg/kg of body weight per day, decreased 
fetal weights and an increased number of resorptions were observed (34, 35). 
Teratogenic effects were not observed in F344 rats at dose levels of 0.5-2.0% in 
the diet (250-1000 mg/kg of body weight per day). Embryofetal toxicity was 
seen at levels of 1.0% in the diet and higher (;;. 500 mg/kg of body weight per 
day) (32). 
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Mutagenicity and related end-points 

DEHP showed negative results in most short-term mutagenicity studies in vitro 
and in vivo (i.e. it did not induce gene mutations in bacterial systems, eukaryotic 
systems, or mammalian systems in vitro, or chromosomal aberrations or sister 
chromatid exchange in mammalian cells in vitro, or chromosomal aberrations in 
somatic or germ cells in vivo). No evidence was found for a covalent interaction 
ofDEHP with DNA, the induction of single-strand breaks in DNA, or unsched
uled DNA repair. However, DEHP induced aneuploidy in eukaryotic cells in 
vitro and cell transformation in mammalian cells in vivo and in vitro (20, 36). 

In general, MEHP and EH did not induce gene mutations in bacteria or 
mammalian cells in vitro. Contradictory results were reported for MEHP with 
respect to the induction of chromosomal aberrations and sister chromatid ex
change in mammalian cells in vitro, but EH showed negative results in these test 
systems. In mammalian cells in vivo, MEHP and EH did not induce chromo
somal aberrations (36). 

Carcinogenicity 

In a 2-year oral study in mice, increased incidences of hepatocellular carcinomas 
were seen in males and females at 3000 and 6000 mg/kg of diet. Rats given 6000 
or 12 000 mg of DEHP per kg of diet for 2 years showed increased incidences of 
hepatocellular carcinomas and hepatic neoplastic nodules (2, 37). 

It has been suggested that the increased incidences of liver tumours in mice 
and rats in chronic bioassays are caused by the prolonged proliferation of hepato
cellular peroxisomes and the enhanced production of the peroxisomal metabolic 
by-product, hydrogen peroxide. Primates, including humans, are far less sensitive 
to peroxisomal proliferation than mice and rats (38). 

In in vivo studies with B6C3F 1 mice, DEHP had no tumour-initiating ac
tivity in the liver but, in the same strain, showed promoting activity, also in the 
liver, as indicated by an increase in focal hepatocellular proliferative lesions, in
cluding hyperplastic foci and neoplasms. In rats, in vivo studies showed neither 
tumour-initiating or promoting activity, nor sequential syncarcinogenic activity 
in the liver (26). 

14.21.6 Effects on humans 

Two male volunteers dosed with 10 g of DEHP experienced mild gastric distur
bances and moderate catharsis; a 5-g dose had no effect (1, 2). 

Dialysis patients receiving approximately 150 mg of DEHP intravenously 
per week were examined for liver changes. At 1 month, no morphological chang
es were observed by liver biopsy but, at 1 year, peroxisomes were reported to be 
"significantly higher in number" (20). 
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A high incidence of polyneuropathy was reported in studies on industrial 
workers exposed to different phthalic acid esters, including OEHP (39), but this 
was not confirmed in another study ( 40). In a small cohort study, eight deaths 
were observed among 221 workers exposed to OEHP for periods ranging from 3 
months to 24 years. One carcinoma of the pancreas and one bladder papilloma 
were reported. The study was considered to be inadequate to provide proof of a 
causal association (1, 2). 

Occupational exposure to 0.01-0.016 mg ofOEHP per m3 over 10-34 years 
did not cause an increase in the frequency of chromosomal aberrations in blood 
leukocytes (1, 2). 

14.21.7 Guideline value 

IARC has concluded that OEHP is possibly carcinogenic to humans (Group 2B) 
( 41). Induction of liver tumours in rodents by 0 EHP was observed at high 
dietary dose levels. A relationship between the occurrence of hepatocellular car
cinoma and prolonged induction of peroxisomal proliferation in the liver was 
suggested, although the mechanism of action is still unknown. On the basis of 
toxicity data in experimental animals, the induction of peroxisomal proliferation 
in the liver seems to be the most sensitive effect of 0 EHP, and the rat appears to 
be the most sensitive species. The available literature suggests that humans are 
less sensitive to chemically induced peroxisomal proliferation than rodents. 

In 1988, JECFA evaluated OEHP and recommended that human exposure 
to this compound in food be reduced to the lowest level attainable. The Com
mittee considered that this might be achieved by using alternative plasticizers or 
alternatives to plastic material containing OEHP (26). 

In view of the absence of evidence for genotoxicity and the suggested rela
tionship between the occurrence of hepatocellular carcinomas and prolonged 
proliferation of liver peroxisomes, a TOI was derived using the lowest observed 
NOAEL of 2.5 mg/kg of body weight per day based on peroxisomal proliferation 
in the liver in rats (22). Although the mechanism for hepatocellular tumour 
induction is not fully resolved, using a NOAEL derived from the species by far 
the most sensitive with respect to the particularly sensitive end-point of peroxi
somal proliferation justifies the use of an uncertainty factor of 100 (for inter- and 
intraspecies variation). Consequently, the TOI is 25 11g/kg of body weight. This 
yields a guideline value of 8 11g/litre (rounded figure), allocating 1 o/o of the TOI 
to drinking-water. 
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14.22 Acrylamide 

14.22.1 General description 

Identity 

CAS no.: 79-06-1 
Molecular formula: C3H 5NO 

Physicochemical properties ( 1) 

Property 
Physical state 
Melting point 
Boiling point 
Densiry 
Water solubility 
Vapour pressure 

Major uses 

Value 
White crystalline solid 
84-85 oc 
125 ac at 3.33 kPa 
1.122 g/cm3 at 30 ac 
2150 g/1 at 30 ac 
0.009 kPa at 25 ac 

14 ORGANIC CONSTITUENTS 

Most of the acrylamide produced is used as a chemical intermediate or as a 
monomer in the production of polyacrylamide. Both acrylamide and polyacry
lamide are used mainly in the production of flocculants for the clarification of 
potable water and in the treatment of municipal and industrial effluents. They 
are also used as grouting agents in the construction of drinking-water reservoirs 
and wells (1). 

Environmental fate 

Acrylamide is highly mobile in aqueous environments and readily leachable in 
soil. As it has a higher mobility and lower rate of degradation in sandy soils than 
in clay soils (2), it may contaminate groundwater. However, its behaviour in sub
surface soil, where most grouting takes place, has not been studied. 

Acrylamide is susceptible to biodegradation in both soil and surface water. Its 
concentration decreased from 20 to 1 11g/litre in 24 h in the effluent from a 
sludge dewatering process (3). One of the most important mechanisms for the 
removal of acrylamide from soils is enzyme-catalysed hydrolysis; nonbiological 
hydrolysis may be important in natural water. Volatilization is not an important 
removal process. As acrylamide is both highly soluble in water and degraded by 
microorganisms, it is not likely to bioconcentrate significantly ( 4). 

14.22.2 Analytical methods 

The methods used for measuring acrylamide include polarography, electron
capture gas chromatography, and high-performance liquid chromatography. 
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A high-performance liquid chromatography/ultraviolet absorption detection 
procedure for the determination of acrylamide in water has a detection range of 
0.2-100 Jlg/litre (5). 

14.22.3 Environmental levels and human exposure 

Air 

Because of its low vapour pressure and high water solubility, acrylamide is not 
expected to be a common contaminant in air. Available monitoring data are 
insufficient to confirm this. 

Water 

The most important source of drinking-water contamination by acrylamide is 
the use of polyacrylamide flocculants containing residual levels of acrylamide 
monomer. Generally, the maximum authorized dose of polymer is 1 mg/litre. At 
a monomer content of 0.05%, this corresponds to a maximum theoretical con
centration of0.5 flg!litre monomer in water (6). In practice, concentrations may 
be lower by a factor of 2-3. This applies to both the anionic and nonionic poly
acrylamides, but residual levels from cationic polyacrylamides may be higher. 

Acrylamide was detected at levels of less than 5 Jlg!litre in both river water 
and tapwater in an area where polyacrylamides were used in the treatment of 
potable water. Samples from public drinking-water supply wells in West Virginia 
(USA) contained 0.024-0.041 Jlg of acrylamide per litre. In one study in the 
United Kingdom tapwater levels in the low microgram per litre range were re
ported (5). 

Food 

No studies on the occurrence of acrylamide in foods were identified. However, 
polyacrylamide is used in the refining of sugar, and small amounts of acrylamide 
may remain in the final product. 

14.22.4 Kinetics and metabolism in laboratory animals and 
humans 

Acrylamide is readily absorbed by ingestion and inhalation, and through the skin 
(I), and is then widely distributed in body fluids. It can cross the placental bar
rier. The tissue distribution following intravenous injection of l-[14C]acrylamide 
(lOO mg/kg ofbodyweight) into male Porton strain rats was highest (up to 1360 
1-lmol per g of tissue) in blood; progressively lower amounts were present in kid
ney, liver, brain, spinal cord, sciatic nerve, and plasma (7). 

In rats, biotransformation of acrylamide occurs through glutathione conju
gation and decarboxylation. At least four urinary metabolites have been found in 
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rat urine; N-acetyl-5-(3-amino-3-oxypropyl)cysteine accounted for 48% of the 
oral dose, and unmetabolized acrylamide (2%) and three non-sulfur-containing 
metabolites (total 14%) were also present. Acrylamide and its metabolites are ac
cumulated (protein-bound) in both nervous system tissues and in blood, where it 
is bound to haemoglobin. Accumulation in the liver and kidney as well as in the 
male reproductive system has also been demonstrated ( 8). 

The results of animal studies indicate that acrylamide is largely excreted as 
metabolites in urine and bile. Because of the enterohepatic circulation of biliary 
metabolites, faecal excretion is minimal. Two-thirds of the absorbed dose is ex
creted with a half-life of a few hours. However, protein-bound acrylamide or 
acrylamide metabolites in the blood, and possibly in the central nervous system, 
have a half-life of about 10 days. Acrylamide has been identified in rat milk dur
ing lactation (8). 

There are no data indicating any major differences in acrylamide metabolism 
between humans and other mammals (1). 

14.22.5 Effects on laboratory animals and in vitro test systems 

Acute exposure 

Oral LD50s for acrylamide were reported to range from 100 to 270 mg/kg of 
body weight in various strains of mice and rats. The dermal LD50 in rats was re
ported to be 400 mg/kg of body weight (9-12). 

Short-term exposure 

Studies have shown convincingly that acrylamide is a cumulative neurotoxin. 
Rats, cats, and dogs receiving 5-30 mg/kg of body weight per day in the diet ex
hibited weakness and ataxia in hind limbs for 14-21 days, which progressed to 
paralysis with continued exposure (13, 14). Other characteristic symptoms were 
testicular atrophy and degeneration of germinal epithelium (15). 

Long-term exposure 

Signs of acrylamide toxicity in animals exposed for longer periods of time (several 
months to 1 year) are generally the same as those in animals exposed for short 
times, but average daily doses as low as 1 mg/kg of body weight per day sometimes 
produce effects. When male and female F344 rats were exposed to 0, 0.05, 0.2, 
1.5, or 20 mg/kg of body weight per day in drinking-water for 90 days, definite 
peripheral nerve and spinal cord lesions and testicular atrophy were observed in 
the group receiving 20 mg/kg of body weight per day; although 1.5 mg/kg of 
body weight per day caused no external signs of toxicity, histological evidence of 
neuropathy was noted. The NOAEL was 0.2 mg/kg of body weight per day (16). 
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Reproductive toxicity, embryotoxicity, and teratogenicity 

Male Long-Evans rats exposed to acrylamide doses of up to 5.8 mg/kg of body 
weight per day for 10 weeks in their drinking-water experienced increased pre
implantation and post-implantation loss after mating (17). Another series of ex
periments carried out by the same authors suggested that acrylamide affected the 
spermatid-spermatozoa stages ( 18). 

Acrylamide was administered to pregnant Porton rats either as a single intra
venous dose (1 00 mg/kg of body weight) on day 9 of gestation or in the diet as a 
cumulative dose of either 200 or 400 mg/kg of body weight between days 0 and 
20 of gestation. Apart from a slight decrease in the weight of individual fetuses 
from rats dosed with 400 mg/kg of body weight, no fetal abnormalities were 
seen, even at doses that induced neuropathy in the dams ( 19). 

When fertilized chicken eggs were injected with 0.03-0.6 mg of acrylamide 
on days 5, 6, or 7 of incubation, embryonic mortality increased and leg deformi
ties were observed in hatched chicks (20). 

Mutagenicity and related end-points 

Acrylamide does not cause mutations in bacterial test systems but does cause 
chromosome damage to mammalian cells both in vitro and in vivo (1, 21, 22). 

Carcinogenicity 

Recent results indicate that acrylamide may be a carcinogen. Male and female 
Fischer 344 rats were given 0, 0.01, 0.02, 0.5, or 2 mg/kg of body weight per day 
in drinking-water for 2 years. In male rats receiving doses of 0.5 and 2 mg/kg of 
body weight per day, there was an increase in the frequency of scrotal, thyroid, 
and adrenal tumours. In female rats receiving 2 mg/kg of body weight per day, 
there was an increased incidence of malignant tumours of the mammary gland, 
central nervous system, thyroid, and uterus (23). 

Eight-week-old AI] male and female mice given oral doses of 6.3, 12.5, or 
25.0 mg/kg of body weight three times per week for 3 weeks or intraperitoneal 
doses of 1, 3, 10, 30, or 60 mg/kg of body weight three times per week for 8 
weeks showed a dose-dependent increased incidence of lung adenomas at 9 and 8 
months of age, respectively (22). 

14.22.6 Effects on humans 

Subacute toxic effects were experienced by a family of five exposed through the 
ingestion and external use of well-water contaminated with 400 mg of acryla
mide per litre as the result of a grouting operation (24). Symptoms of toxicity de
veloped about a month later and included confusion, disorientation, memory 
disturbances, hallucinations, and truncal ataxia. The family recovered fully with
in 4 months. 
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Many other cases of human exposure to acrylamide have been reported, 
generally the result of the dermal or inhalation exposure of workers in grouting 
operations or factories manufacturing acrylamide-based flocculants (25-28). 
Typical clinical symptoms were skin irritation, generalized fatigue, foot weakness, 
and sensory changes, which reflect dysfunction of either the central or peripheral 
nervous system. 

14.22.7 Guideline value 

In mutagenicity assays, acrylamide does not cause mutations in bacterial test sys
tems but does cause chromosome damage to mammalian cells in vitro and in 
vivo. In a long-term carcinogenicity study in rats exposed via drinking-water, it 
induced tumours at various sites (23). IARC has placed acrylamide in Group 2B 
(29). 

On the basis of the available information, it was concluded that acrylamide 
is a genotoxic carcinogen. Therefore, the risk evaluation was carried out using 
a non-threshold approach. On the basis of combined mammary, thyroid, and 
uterine tumours observed in female rats in a drinking-water study (23) and using 
the linearized multistage model, guideline values associated with excess lifetime 
cancer risks of w-4, w-s, and w-6 are estimated to be 5, 0.5, and 0.05 rgllitre, 
respectively. 

The most important source of drinking-water contamination by acrylamide 
is the use of polyacrylamide flocculants that contain residual acrylamide mono
mer. Although the practical quantification level for acrylamide is generally of the 
order of 1 rg/litre, concentrations in drinking-water can be controlled by prod
uct and dose specification. 
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14.23 Epichlorohydrin 

14.23.1 General description 

Identity 

CAS no.: 106-89-8 

Molecular formula: C3H 5Cl0 

Synonyms of epichlorohydrin (ECH) include 1-chloro-2,3-epoxypropane, 3-
chloro-1 ,2-epoxypropane, 1-chloropropeneoxide, and 3-chloropropeneoxide. 
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Physicochemical properties (1, 2 )1 

Property 
Physical state 
Melting point 
Boiling point 
Vapour pressure 
Density 
Water solubility 
Log octanol-water 
partition coefficient 

Major uses 

Value 
Colourless liquid 
-25.6 oc 
116.2 oc 
1.60 kPa at 20 oc 
1.18 g/cm3 at 20 oc 
66 g/litre at 20 oc 

0.26 

ECH is used mainly for the manufacture of glycerol and unmodified epoxy 
resins, and to a lesser extent in the manufacture of elastomers, water-treatment 
resins, surfactants, ion exchange resins, plasticizers, dyestuffs, pharmaceutical 
products, oil emulsifiers, lubricants, and adhesives (3). 

Environmental fate 

ECH is released to the environment as a result of its manufacture, use, storage, 
transport, and disposal. Its half-lives in neutral, acidic, and alkaline solutions are 
148, 79, and 62 hat room temperature, respectively. The rate of hydrolysis in
creases sevenfold when the temperature is raised to 40 oc ( 4). 

14.23.2 Analytical methods 

ECH in water can be determined by a purge-and-trap gas chromatographic/mass 
spectrometric procedure (GC-MS) (2), and by gas chromatography with flame
ionization (5) (detection limit 0.01 mg/litre), or electron-capture detection (6) 
(detection limit 0.05 11g/litre). A GC-MS method can also be used for the deter
mination of ECH in ambient water and sediment (7) (detection limit 0.003 
11gllitre). 

14.23.3 Environmental levels and human exposure 

Air 

Data on ambient air levels of ECH are extremely limited and relate mainly to 
occupational exposure. At 100-200 m from a factory discharging ECH into 
the atmosphere in the former USSR, the airborne ECH concentration ranged 

1 Conversion factor in air: 1 ppm = 3.78 mg/cm3. 
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from 0.5 to 1.2 mgfm3. At 400 m, 5 out of 29 samples had levels exceeding 
0.2 mgfm3, whereas no ECH was detected at 600 m (3, 8). 

Water 

ECH can enter drinking-water supplies through the use of flocculating agents 
containing it and through leaching from epoxy resin coatings on pipes. No ECH 
residue was found in water kept in containers coated with epoxy resins (detection 
limit 3 Jlg/litre) (9). 

Food 

Migration into food and drinking-water of ECH used as a cross-linking agent in 
packing materials and epoxy resins is possible but is expected to be low (3). No 
studies on its occurrence in food were identified. The compound has little poten
tial for bioaccumulation in the food-chain ( 1 0). 

14.23.4 Kinetics and metabolism in laboratory animals and 
humans 

The pharmacokinetics ofECH have been reviewed by WHO (3) and the US En
vironmental Protection Agency (2). It is rapidly and extensively absorbed follow
ing oral administration and may be absorbed following both inhalation and 
dermal exposures (11). 

Following oral administration of [14C]-ECH to rats, peak tissue levels were 
reached after 2 h in males and 2-8 h in females, depending on the tissue. The tis
sues containing the highest levels of radioactivity were the kidneys, liver, pan
creas, spleen, and adrenal glands. ECH is rapidly removed from blood and is 
therefore not likely to accumulate during chronic exposures. Metabolites of 
ECH, however, are much more persistent and may therefore accumulate to a 
small extent during chronic exposures (11). 

ECH has two electrophilic centres, Cl and C3, and may thus bind to cellular 
nucleophiles such as glutathione. This binding is catalysed by glutathione-5-
epoxide transferase, resulting in a considerable increase in reaction rate. The 
major metabolites in urine were identified as N-acetyl-S-(3-chloro-2-hydroxy
propyl)-L-cysteine, formed by conjugation with glutathione, and a-chloro
hydrin, accounting for about 36% and 4% of the administered dose, respectively 
(11, 12). 

Following oral administration and inhalation, ECH metabolites are rapidly 
excreted in the urine and expired air. Urinary excretion is approximately twice 
that in expired air. Only minor amounts (4%) are excreted in the faeces. Un
metabolized ECH has not been detected in any excreta (11). 
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14.23.5 Effects on laboratory animals and in vitro test systems 

Acute exposure 

ECH is a strong irritant and acutely toxic following oral, percutaneous, subcuta
neous, or respiratory exposure. Death is due to effects on the central nervous sys
tem and the respiratory centre (13). Oral LD50s were reported to range from 90 
to 260 mg/kg of body weight in rats (2). 

Long-term exposure 

There was a gradual increase in mortality following the oral administration of 
ECH in water by gavage to weanling Wistar rats of both sexes for 5 days per week 
for 2 years; clinical symptoms included dyspnoea, weight loss, a decrease in 
leukocytes, and hyperplasia in the forestomach at 2 and 10 mg/kg of body weight 
per day (14). 

Lifetime inhalation of ECH by non-inbred male SD rats for 6 h per day, 5 
days per week, caused weight loss, high mortality, severe inflammatory changes 
in the nasal cavity, lung congestion and pneumonia, tubular dilation, and dose
dependent tubular degeneration in the kidney at 38 and 114 mgfm3 (15). 

Reproductive toxicity, embryotoxicity, and teratogenicity 

The sperm of rats that had received an oral dose of25 or 50 mg ofECH per kg of 
body weight showed an increased percentage of abnormal sperm heads at the 
higher dose and a reduced number of sperm heads at the lower dose; no micro
scopic changes in the testes or changes in their weight were observed (16). When 
male rabbits and male and female rats were exposed for 6 h per day, 5 days per 
week, to ECH vapour at concentrations ofO, 19.7, 93.4, or 189.0 mgfm3 for 10 
weeks, a dose-related transient infertility was induced at the two highest levels in 
male rats but not in female rats or male rabbits. Microscopic examination did not 
reveal any abnormalities in the reproductive organs. The sperm of the rabbits was 
investigated, but no adverse effects were found (17). 

Female rats received oral doses of 0, 40, 80, or 160 mg of ECH per kg of 
body weight per day and female mice received 0, 80, 120, or 160 mg ofECH per 
kg of body weight per day in cottonseed oil between days 6 and 15 of pregnancy. 
Although the highest dose levels were toxic to the dams, no embryotoxic, few
toxic, or teratogenic effects were observed (I 8). Similar negative results were ob
tained when female rats and rabbits inhaled vapours of ECH at concentrations of 
0, 9.4, or 94.5 mgfm3 for 7 h per day between days 6 and 15 or 18 of pregnancy 
(19). 
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Mutagenicity and related end-points 

ECH induced base-change-type mutations in Salmonella typhimurium and Esche
richia coli in the absence of metabolic activation (20). It has been shown to cause 
chromosomal aberrations in mammalian cells in vitro (3) but was negative in the 
mouse micronucleus assay (21) and in the mouse dominant lethal assay (22). 

Carcinogenicity 

Male Wistar rats that received 18, 39, or 89 mg of ECH per kg of body weight 
per day in drinking-water for 81 weeks developed forestomach tumours charac
terized as squamous cell papillomas and carcinomas at the two highest doses and 
hyperplasia at all three doses (23). Similar findings were reported in a 1 04-week 
study in which Wistar rats were given 0, 2, or 10 mg of ECH per kg of body 
weight by gavage in distilled water (24). Male SD rats exposed for 30 days to 
ECH at 378 mg/m3 of air, 6 h per day, 5 days per week, developed squamous cell 
carcinomas in the nasal cavities during subsequent lifetime observation (15). In 
100 rats, lifetime exposure to 113 mgfm3 yielded only one malignant squamous 
cell carcinoma of the nasal cavity and one nasal papilloma. Subcutaneous injec
tion of EHC in ICR/Ha Swiss mice induced local sarcomas and adenocarcin
omas (25). 

14.23.6 Effects on humans 

Acute toxic responses following dermal exposure are characterized by an initial 
redness and itching or burning sensation. With time, the redness intensifies and 
the tissue becomes swollen and blistered. The initial symptoms following inhala
tion are local irritation, burning of the eyes and throat, swelling of the face, 
nausea, vomiting, and severe headache (26). 

In a case study, long-term effects due primarily to damage to the liver and 
kidneys were still present 2 years after exposure (26). In workers occupationally 
exposed to ECH, increased incidences of chromatid and chromosomal breaks in 
peripherallymphocytes and decreases in blood cell counts were observed (27). 

An epidemiological study was undertaken on 863 workers with probable ex
posure to ECH at two chemical plants (28). All deaths due to cancer and leu
kaemia, and deaths from most other causes, were related to estimated levels of ex
posure to ECH. The most consistent relationship was between exposure level and 
heart disease. 

The fertility status of 64 glycerol workers in the USA exposed to ECH, allyl 
chloride, and 1 ,3-dichloropropane was compared with that of a control group of 
63 workers who had not handled chlorinated hydrocarbons for more than 5 
years. No association was found between levels, duration, or intensity of exposure 
and sperm characteristics or hormone levels (29). A similar negative result for 
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sperm count and hormone levels was obtained for a group of 128 workers from 
two plants compared with other chemical plant workers who had not been ex
posed to any chemical known to be toxic to the testes. In one of these plants, 
most of the employees were exposed to ECH concentrations below 3.8 mgfm3. 
The number of non-participating employees was high in both plants, namely 
172 in total (30). 

14.23.7 Provisional guideline value 

The major toxic effects of ECH are local irritation and damage to the central ner
vous system. In rats, by the inhalation and oral routes, it induces squamous cell 
carcinomas in the nasal cavity and forestomach tumours, respectively. It has been 
shown to be genotoxic in vitro and in vivo. IARC has placed ECH in Group 2A 
(probably carcinogenic to humans) (31). 

Although ECH is a genotoxic carcinogen, the use of the linearized multistage 
model for estimating cancer risk was considered inappropriate because tumours 
are seen only at the site of administration, where ECHis highly irritating. A TDI 
of 0.14 rglkg of body weight was therefore calculated by applying an uncertainty 
factor of 10 000 (10 for the use of a LOAEL instead of a NOAEL, 100 for 
inter- and intraspecies variation, and 10 reflecting carcinogenicity) to a LOAEL 
of 2 mg/kg of body weight per day for forestomach hyperplasia in a 2-year study 
in rats by gavage (administration 5 days per week) (14). This gives a provisional 
guideline value of 0.4 rgllitre (rounded figure) based on an allocation of 1 Oo/o of 
the TDI to drinking-water. A practical quantification level for ECH is of the 
order of 30 rgllitre, but concentrations in drinking-water can be controlled by 
specifying the ECH content of products coming into contact with water. 
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14.24 Hexachlorobutadiene 

14.24.1 General description 

Identity 

CAS no.: 87-68-3 
Molecular formula: C4Cl6 

14 ORGANIC CONSTITUENTS 

Synonyms of hexachlorobutadiene (HCBD) include perchlorobutadiene, 1,3-
hexachlorobutadiene, and 1,1 ,2,3,4,4-hexachloro-1 ,3-butadiene. 

Physicochemical properties (1) 

Property 
Physical state 
Melting point 
Boiling point 
Density 
Vapour pressure 
Log octanol-water 
partition coefficient 
Water solubility 

Value 
Clear, colourless liquid 
-19 to -22 oc 
210-220 oc 
1.55 g/cm3 at 20 oc 
0.02 kPa at 20 oc 

3.67 
2.6 mg/litre 

Organoleptic properties 

The odour threshold for HCBD in air is 12 mg/m3 (2). 

Major uses 

HCBD is used as a solvent in chlorine gas production, an intermediate in the 
manufacture of rubber compounds, a lubricant, a gyroscopic fluid, a pesticide, 
and a fumigant in vineyards (I). 

Environmental fate 

HCBD may not volatilize rapidly from water because of its low vapour pressure. 
Adsorption onto soil particles in water is important. 

14.24.2 Analytical methods 

HCBD can be determined by means of gas chromatography; the minimum de
tection limit is 0.34 rgllitre. The purge-and-trap gas chromatography/mass spec
trometry (GC-MS) technique has a minimum detection limit of 0.4 rg/litre. 
Closed-loop stripping analysis with GC-MS can detect HCBD at nanogram per 
litre levels (3). 
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14.24.3 Environmental levels and human exposure 

Air 

In a study of nine chemical plants, the highest levels ofHCBD in air were found 
near those producing tetrachloroethene and trichloroethene (maximum 463 
rgfm3) (I). 

Water 

In Europe, HCBD was detected in ambient water at 0.05-5 rgllitre, and in the 
USA at 0.9-1.9 rg/litre in Mississippi River water. It was also found in mud and 
soil at concentrations of up to 800 rglkg in Louisiana (I). In the Rhine HCBD 
was found at concentrations of 0.1-5 rgllitre (I). HCBD was not detected in 
ambient water and mud in Japan (minimum detection limits: water 0.02 rgllitre; 
mud 2-200 rg/g) (4). It has been detected at 6.4 rg/litre in the effluent from a 
European chemical plant and at 0.27 rg/litre in European drinking-water (I). 

Food 

HCBD residues have been found at levels of 4 rg/kg in evaporated milk, 42 
rg/kg in egg yolk, and 33 rg/kg in margarine. They were found in the United 
Kingdom at levels of 0.08 rg/kg in fresh milk, 2 rg/kg in butter, 0.2 rg/kg in 
cooking oil, 0.2 rg/kg in light ale, 0.8 rg/kg in tomatoes, and 3.7 rglkg in black 
grapes (I). 

14.24.4 Kinetics and metabolism in laboratory animals and 
humans 

In rats, about 95% of the ingested dose of HCBD is absorbed (5); it was found 
in the blood, liver, and brain 3 h after a single injection and in the kidney, spleen, 
and mesentery after 6 h (6). When a mixture of chlorinated hydrocarbons, in
cluding HCBD, was administered orally to rats at doses of2 or 4 mg/kg of body 
weight per day for up to 12 weeks, less than 7 mg of HCBD per kg of body 
weight accumulated in adipose tissue (7). 

HCBD is metabolized in rats and mice via conjugation with glutathione 
(GSH), followed by biliary excretion of S-(1,2,3,4,4-pentachloro-1 ,3-buta
dienyl)-GSH (PCBD-GSH) (5, 8, 9). The GSH conjugate of HCBD is further 
metabolized in the gastrointestinal tract and kidney to a number of water-soluble 
metabolites that are excreted mainly in the urine (5, 9). Experimental evidence 
suggests that the metabolism of PCBD-GSH involves, in part, degradation to 
PCBD-cysteine (PCBD-Cys), which is nephrotoxic via activation of the renal en
zyme Cys conjugate P-lyase (5, 9, 10). PCBD-Cys is Nacetylated, presumably in 
a detoxification reaction, to give the mercapturic acid, Nacetyl-PCBD-Cys (I 1). 
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After a single oral administration of [14C]-HCBD to rats, the principal route 
of excretion was in the bile; 17-20% of the initial dose was excreted on each of 
the first 2 days. Extensive enterohepatic circulation must have occurred, because 
faecal elimination amounted to only 5% of the total dose of radioactivity per day 
(5). In another study, 42-67% and 11-31 o/o of the radioactivity was excreted in 
the faeces and urine by 72 h, respectively (9). Similar results were obtained in 
mice (67.5-76.7% in faeces, 6.6-7.6% in urine) (12). 

14.24.5 Effects on laboratory animals and in vitro test systems 

Acute exposure 

Oral LD50s were reported to be 200-400 and 504-667 mg/kg of body weight, in 
adult female and male rats, respectively (13). 

Short-term exposure 

Weanling Wistar rats given HCBD by gavage for 13 weeks at dose levels of 0, 
0.4, 1, 2.5, 6.3, or 15.6 mg/kg of body weight per day exhibited an increase in 
relative kidney weight at the two highest doses and degeneration of the proximal 
renal tubules at and above 2.5 mg/kg of body weight per day (females) or 6.3 
mg/kg of body weight per day (males). Increased cytoplasmic basophilia of he
patocytes associated with an increase in liver weight occurred in males at the two 
highest doses (1 4). 

Long-term exposure 

The kidney was the primary target organ in a study in which Sprague-Dawley 
rats were given HCBD by feed for 2 years at dose levels of 0, 0.2, 2, or 20 mg/kg 
of body weight per day. Effects included a treatment-related increase in relative 
and absolute kidney weights in males at 20 mg/kg of body weight per day, an in
creased incidence of multifocal or disseminated renal tubular epithelial hyper
plasia in rats at 20 and possibly at 2 mg/kg of body weight per day, and focal 
adenomatous proliferation of renal tubular epithelial cells in some males at 20 
mg/kg of body weight per day and some females at 20 and 2 mg/kg of body 
weight per day. No discernible ill effects attributable to treatment were found at 
0.2 mg/kg of body weight per day, which was the NOAEL in this study (15). 

Reproductive toxicity, embryotoxicity, and teratogenicity 

In a 148-day study in which groups of 10-17 male and 20-34 female adult rats 
per group were fed diets containing HCBD at doses of 0, 0.2, 2.0, or 20 mg/kg 
of body weight per day for 90 days prior to mating, 15 days during mating, and 
subsequently throughout gestation (22 days) and lactation (21 days), there were 
no treatment-related effects on pregnancy or neonatal survival. The body weights 
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of 21-day-old weanlings in the highest dose group were slightly but significantly 
lower than those of controls. No toxic effects were observed in neonates at doses 
of0.2 or 2.0 mg/kg of body weight per day (13). 

When oral doses of 8.1 mg of HCBD per kg of body weight per day were 
given to pregnant rats throughout gestation, ultrastructural changes in neuro
cytes and higher levels of free radicals in the brain and spinal cord were seen in 
the offspring, which also had lower body weights and shorter crown-rump 
lengths than controls ( 16). 

Pups of rats injected intraperitoneally with 10 mg of HCBD per kg of body 
weight per day on days 1-15 of gestation experienced three times as many soft 
tissue anomalies as controls, although no particular type of anomaly was predom
inant (17). 

Mutagenicity and related end-points 

Negative results have been reported in most (18, 19) but not all (20) tests for 
the mutagenicity of HCBD in Ames test Salmonella strains. Metabolites and 
derivatives of HCBD were mutagenic to Salmonella typhimurium with metabolic 
activation (11, 21), and some putative metabolites were mutagenic in this organ
ism without such activation ( 8). 

Carcinogenicity 

Administration of HCBD in the diet at doses of 20 mg/kg of body weight per 
day for 2 years caused renal tubular adenomas and adenocarcinomas in SO rats. 
No renal tubular neoplasms were observed in rats ingesting 2.0 or 0.2 mg/kg of 
body weight per day. The authors concluded that HCBD-induced renal neo
plasms developed only at doses higher than those causing discernible renal injury 
( 15). Induction of lung adenomas was not observed in male strain A mice follow
ing intraperitoneal administration ofHCBD (4 or 8 mg/kg of body weight) three 
times per week until a total of 52 or 96 mg had been administered (22). It did 
not act as an initiator in an initiation/promotion experiment in mouse skin, nor 
did it cause tumours in the skin or distant organs after repeated application to the 
skin (23). 

14.24.6 Effects on humans 

Farm workers exposed intermittently for 4 years to HCBD exhibited higher inci
dences of hypotension, myocardial dystrophy, nervous disorder, liver function 
disorders, and respiratory tract lesions (24). 
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14.24.7 Guideline value 

Kidney tumours were observed in a long-term oral study in rats. HCBD has not 
been shown to be carcinogenic by other routes of exposure. IARC has placed 
HCBD in Group 3 (25). Both positive and negative results for HCBD have been 
obtained in bacterial assays for point mutation; however, several metabolites have 
given positive results. 

On the basis of the available metabolic and toxicological information, it was 
considered that a TDI approach was most appropriate for derivation of a guide
line value. A TDI of 0.2 Jlg!kg of body weight was therefore calculated by apply
ing an uncertainty factor of 1000 (1 00 for inter- and intraspecies variation and 
10 for limited evidence of carcinogenicity and the genotoxicity of some metabo
lites) to the NOAEL of 0.2 mg/kg of body weight per day for renal toxicity in a 
2-year feeding study in rats (15). This gives a guideline value of 0.6 Jlg/litre, 
based on an allocation of 10% of the TDI to drinking-water. A practical quanti
fication level for HCBD is of the order of 2 Jlg!litre, but concentrations in drink
ing-water can be controlled by specifying the HCBD content of products coming 
into contact with water. 
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14.25 Edetic acid 

14.25.1 General description 

Identity 

CAS no.: 60-00-4 

Edetic acid (ethylenediaminetetraacetic acid) and its salts are commonly referred 
to as EDTA. The IUPAC name for EDTA is (1,2-ethanediyldinitrilo)tetraacetic
acid. 

Physicochemical properties ( 1) 

Property 

Physical state 
Melting point 
Water solubility 

Value 
White crystalline solid 
Decomposes at 240 ac 
0.5 g!litre at 25 ac 

Organoleptic properties 

EDTA has a slight salty taste (1). 

Major uses 

EDTA is widely used in many industrial processes, in agriculture, in domestic 
products, including food additives, and in drugs for chelation therapy; calcium 
EDTA is the drug of choice in the treatment of lead poisoning in humans and 
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domestic animals. EDTA is also used in laundry detergents, cosmetics, photo
chemicals, pharmaceuticals, galvanizing, water softening, electroplating, polym
erization, textile treatments, and paper production. 

Environmental fate 

EDTA is only poorly degraded in the aquatic environment (2). It is present in 
the environment in the form of metal complexes (3). Although the mobilization 
of heavy metals by EDTA in water is a matter of some concern, it has been calcu
lated that 40 11g ofEDTA per litre-the maximum concentration observed in the 
Rhine and Meuse-would complex at most 4-15 p.g of metals per litre. This 
would be likely to pose problems for drinking-water with regard to cadmium, 
but the effect on cadmium leaching would be limited because EDTA is primarily 
bound to other metals at these concentrations (2). 

14.25.2 Analytical methods 

EDTA can be determined by potentiometric stripping analysis, which has been 
used to measure EDTA in a wide variety of wastewater and natural water sam
ples; it has a detection limit of 1 11gllitre ( 4). 

14.25.3 Environmental levels and human exposure 

Water 

EDTA is released to the aquatic environment in industrial emissions. It has been 
estimated that concentrations of 50-500 11g/litre are present in wastewaters (2). 

Measured concentrations in natural waters have been reported to range from 
10 to 70 11g/litre; the median value is 23 11g/litre (5). Annual average concentra
tions of EDTA in European surface waters ranged from 1 p.g/litre to over 60 p.g/ 
litre; a concentration of 900 11g/litre was found in the Zerka river in Jordan (2). 

Food 

EDTA is used as a food additive in a range of products, including canned 
shrimps and prawns, canned mushrooms, and frozen chips. Maximum levels of 
EDTA in these products have been limited by the Codex Alimentarius Commis
sion to 250, 200, and 100 mg/kg, respectively (6). 

14.25.4 Kinetics and metabolism in laboratory animals and 
humans 

Calcium disodium edetate is poorly absorbed from the gut; it is metabolically in
ert, and does not accumulate in the body (7, 8). 
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14.25.5 Effects on laboratory animals and in vitro test systems 

Long-term exposure 

The long-term toxicity of EDTA is complicated by its ability to chelate essential 
and toxic metals, both in water and in animals. Toxicity data are therefore 
equivocal and difficult to interpret. 

In long-term feeding studies in rats and dogs, no evidence was found of in
terference with mineral metabolism in either species. Adverse effects on mineral 
metabolism and nephrotoxicity were seen only after parenteral administration of 
high doses (7, 8). 

Reproductive toxicity, embryotoxicity, and teratogenicity 

The overall results of various studies indicate that EDTA and its salts have little 
or no propensity to teratogenicity in rats, when given orally ( 8-1 0). 

Carcinogenicity 

High doses ofEDTA tested on animals in the USA were not carcinogenic (7, 8). 

14.25.6 Effects on humans 

The vast clinical experience of the use ofEDTA in the treatment of metal poison
ing has demonstrated its safety in humans. 

Calcium disodium edetate as a food additive was evaluated toxicologically in 
1973 by JECFA (7). An ADI of 0-2.5 mg/kg of body weight was allocated to 
this compound (equivalent to 0-1.9 mg/kg as the free acid). However, JECFA 
recommended that no sodium edetate should remain in foods. There have been 
few new toxicological studies subsequent to this evaluation, and those that are 
available indicate that the apparent toxicological effects of EDTA have in fact 
been due to zinc deficiency as a consequence of complexation (9 -11). 

The view that the major problem for human health of oral exposure to 
EDTA is zinc complexation was reaffirmed by workers in the Netherlands in a 
recent review of EDTA toxicology (B); its possible effects on the metabolism of 
metal ions were not addressed in detail in the 1973 JECFA evaluation. It has also 
been suggested that EDTA may enter kidney cells and, by interfering with zinc 
metabolism, exacerbate the toxicity of cadmium (12). However, the very low 
absorption of EDTA from the gastrointestinal tract after oral intake would sug
gest that it will be the major site of any zinc complexation. 

It has been concluded that the present levels of EDTA found in drinking
water do not present a significant risk to human health (2). 
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14.25.7 Provisional guideline value 

JECFA proposed an ADI for calcium disodium edetate as a food additive of 
2.5 mg/kg of body weight (equivalent to 1.9 mg/kg of body weight as the free 
acid) (7). However, JECFA recommended that no sodium edetate should re
main in foods. 

An extra uncertainty factor of 10 was introduced to reflect the fact that the 
JECFA ADI has not been considered since 1973 and concern over zinc complex
ation, giving a TDI of 190 flg/kg of body weight. In view of the possibility of 
zinc complexation a provisional guideline value was derived by assuming that a 
1 0-kg child consumes 1 litre of water per day. The provisional guideline value is 
thus 200 fig/litre (rounded figure), allocating 10% of the TDI to drinking-water. 
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14.26 Nitrilotriacetic acid 

14.26.1 General description 

Identity 

CAS no: 139-13-9 

Physicochemical properties ( 1) 

Value Property 
Physical state Needles or prismatic crystals in the undissociated 

acid form 
Melting point 
Water solubility 
pH of saturated solution 

Major uses 

241.5 oc 
1.28 g/1 at 22.5 oc 
2-3 

The trisodium salt of nitrilotriacetic acid (NTA) is used in laundry detergents as 
a "builder" to replace phosphates because of its ability to chelate calcium and 
magnesium ions (1). NTA is used extensively in the treatment of boiler water to 

prevent the accumulation of mineral scale and, to a lesser extent, in photography, 
textile manufacture, paper and cellulose production, and metal plating and clean
ing operations. Its use as a therapeutic chelating agent for the treatment of man
ganese poisoning (2) and iron overloading has been suggested (3). 

Environmental fate 

NTA is degraded principally by microorganisms by carbon-nitrogen cleavage 
with the formation of such intermediates as iminodiacetate, glyoxylate, glycerate, 
glycine, and ammonia ( 4-6); the metabolic end-products are carbon dioxide, 
water, ammonia, and nitrate (7 ). NTA mobilizes heavy metals from aquatic 
sediments (B) and is present in water mainly in the form of metal complexes 
(9), most of which degrade rapidly. Under certain conditions, it is broken down 
by photochemical and chemical reactions (7). 
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The half-life for biodegradation of NTA in ground water at 1-100 Jlgllitre is 
approximately 31 h (1 0). Concentrations of 5-50 mg!litre completely disap
peared from river water containing acclimatized microorganisms in 2-6 days; 
concentrations below 5 mg/lirre are expected to degrade within 1 day (11, 12). 
Acclimatization of microorganisms in two lake waters resulted in the reduction of 
the disappearance time of up to 10 mg ofNTA per litre from 6 and 11 days to 4 
and 3 days, respectively (13). Sand-associated bacteria adapt more quickly to 

NTA and degrade it more actively than do plankton and algae (14). 

14.26.2 Analytical methods 

NTA concentrations in water may be determined by gas chromatography with a 
nitrogen-specific detector. This method is suitable for the detection of levels as 
low as 0.2 Jlg!litre (15). 

14.26.3 Environmental levels and human exposure 

Water 

NTA has been detected in both raw and treated water. In a national survey of 70 
Canadian municipalities, the mean concentrations of NTA in drinking-water 
and raw water samples were 2.8 Jlg/litre (range< 0.2-30.4 Jlg!litre) and 3.9 Jlg/li
tre (range< 0.2-33.5 Jlg/litre), respectively. Concentrations exceeded 10 Jlg!litre 
in only 14% of the locations (15). In a survey of tapwater in eight cities in New 
York State, 68% of the samples contained no detectable levels ofNTA (detection 
limit 1 Jlg/litre); the remaining samples contained an average of 2.1 Jlg/litre (16). 
Mean concentrations in surface water ranged from 0.3 to 4. 7 Jlg!litre in Germany 
(17) and from 1.0 to 12.0 Jlg/litre in Switzerland (18). 

Other routes of exposure 

No information on NTA concentrations in food or ambient air has been found. 
For a very small proportion of the population in households in which dishes are 
washed with detergents containing NTA, residues present on unrinsed dishes left 
to drip dry may be a source of exposure. Intake from this source may approxi
mate 0.0025 mg/kg of body weight per day (0.15 mg for a 60-kg adult) (19). 

Estimated total exposure and relative contribution of drinking-water 

The daily intake ofNTA in drinking-water can be calculated to be 5.6 Jlg, using 
the mean concentration in drinking-water reported in the Canadian national sur
vey (2.8 Jlg/litre) (15) and assuming an average daily water consumption of 2 
litres. 
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14.26.4 Kinetics and metabolism in laboratory animals and 
humans 

Absorption ofNTA from the gastrointestinal tract is rapid; however, there is con
siderable variation among species in the proportion of NTA eliminated in the 
urine. It does not appear to be metabolized by mammals: this conclusion is based 
on studies in mice, rats, dogs, and humans in which unchanged NTA is excreted 
in the urine (20-23). 

NTA accumulates in bone because it forms complexes with divalent cations 
such as calcium; its turnover time in bone is similar to that of calcium (7). Depo
sition of NTA in the kidney has also been reported, although this may be an 
artefact associated with the retention of urine in the kidney rather than uptake by 
renal tissue ( 7). 

14.26.5 Effects on laboratory animals and in vitro test systems 

Acute exposure 

NTA does not appear to be highly acutely toxic to mammals. Oral LD50s in rats 
and mice of 1470 mg/kg of body weight and 3160 mg/kg of body weight, respec
tively, have been reported (24). The oral LD50 of Na3NTA- H 20 in rodents is 
about 2000 mg/kg of body weight (7). The oral LD50s in rats for the metal com
plexes of NTA commonly found in drinking-water range from 810 rug/kg of 
body weight for CuNaNTA to over 22 500 mg/kg of body weight for NiNaNTA 
(7). 

Short-term exposure 

Results of short-term studies in which NTA was administered orally indicate that 
the kidney is the target organ and that damage is dose-dependent and rapidly in
duced. In two studies in which male Sprague-Dawley rats and Charles River CD 
rats consumed drinking-water containing between 0.01 and 0.1% Na3NTA for 
10 weeks, elevated blood glucose levels were observed at all dose levels. Six of the 
nine Sprague-Dawley rats in the high-dose group died by the fourth week; ani
mals in this group showed marked vacuolization of renal tubules, and glycosuria 
was present in five rats (25). In a bioassay in which groups of weanling rats were 
fed diets containing 0, 2000, 7500, 10 000, or 20 000 mg of the trisodium salt 
per kg of diet for 90 days, hydronephrosis was observed in 63% of the animals in 
the group given 20 000 mg/kg; hydropic degeneration of the kidney tubular 
cells, tubular atrophy, and dilatation were reported in the groups given 7500 and 
10 000 mg/kg; no adverse effects were observed at 2000 mg/kg (26). In a limited 
investigation in which two skeletally mature dogs were given 2. 5 mg of trisodium 
salt per kg of body weight per day in their drinking-water for 7 months, radial 
closure rates and the percentage of osteoid seams taking a fluorescent label were 
decreased, suggesting interference with the mineralization process (27). 

567 



GUIDELINES FOR DRINKING-WATER QUALITY 

Long-term exposure 

Weanling Charles River CD rats (50 per sex per dose) were fed diets containing 
0.03, 0.15, or 0.5% of the trisodium salt or 0.5% of the calcium chelate of NTA 
for 2 years. A dose-dependent increase in urinary zinc was reported in the groups 
receiving 0.15 and 0.5% Na3NTA, accompanied by a dose-dependent increase in 
renal tubular cell toxicity. Mild nephrosis consisting of hydropic degeneration of 
tubular cells and the minor tubule was observed at 6 months at 0.15 and 0.5% 
Na3NTA; its incidence and severity became more pronounced as the study con
tinued. Renal effects at 0.5o/o for the trisodium salt and 0.5% for the calcium 
chelate were severe. The NOAEL for nephrosis or nephritis in rats was consid
ered to be 0.03% for the trisodium salt, equivalent to 30 mg/kg of body weight 
per day in young rats and 15 mg/kg of body weight per day as they grew older (or 
10 and 20 mg ofNTA per kg of body weight per day, respectively) (19). 

Reproductive toxicity, embryotoxicity, and teratogenicity 

NTA may be beneficial in neonatal development because it increases the bioavail
ability of essential elements (28). 

NTA was not teratogenic or embryotoxic in studies with mice (0.2% NTA) 
(29), rats (0.1 or 0.5% trisodium salt), or rabbits (250 mg of trisodium salt per 
kg of body weight) (30). 

Mutagenicity and related end-points 

The mutagenic and clastogenic potential of NTA has been investigated both in 
vivo and in vitro, but the results of the assays conducted to date have been largely 
negative (J, 7, 31, 32). It enhances the induction of sister chromatid exchange in 
Chinese hamster cells by insoluble salts of some heavy metals (33, 34), and some 
insoluble salts of chromium(VI) are mutagenic in the Salmonella microsome 
assay in the presence ofNTA (35). 

Carcinogenicity 

There was no evidence of carcinogenicity in studies in which weanling Charles 
River CD rats were fed diets containing 0.03, 0.15, or 0.5% of the trisodium salt 
or 0.5% of the calcium chelate ofNTA for 2 years (19), groups of 80 Swiss mice 
were given drinking-water containing 5 g ofNTA per litre or 5 g ofNTA plus 1 g 
of sodium nitrite per litre for 26 weeks (36), or groups of 15 male and 15 female 
MRC rats were exposed to the same levels for 84 weeks (37). 

In an experiment in which groups of 24 male and 24 female Fischer 344 rats 
were fed diets containing 200, 2000, or 20 000 mg of Na3NTA-H 20 per kg of 
diet for 2 years, a significant increase in primary neoplasms of the urinary tract 
was reported in both males and females in the highest dose group; in addition, 
five males and five females in this group developed metastatic transitional cell 
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carcinomas, which appeared most frequently in the lung and often in the lymph 
nodes, pancreas, adrenal gland, and seminal vesicle (38). 

In an 18-month study, Fischer 344 rats were fed diets containing 7500 or 
15 000 mg ofNTA per kg of diet or 7500 or 15 000 mg ofNa3NTAH20 per kg 
of diet, and B6C3F 1 mice were fed diets containing 7500 or 15 000 mg of NTA 
per kg of diet or 2500 or 5000 mg of Na3NTA H 20 per kg of diet. Several car
cinogenic effects were observed in both rats and mice. In rats, these included a 
significant increase in the incidence of a variety of neoplastic lesions of the uri
nary tract in those exposed to 15 000 mg ofNTA per kg of diet, a slight increase 
in the incidence of neoplasms of the urinary system in those exposed to 7500 and 
15 000 mg/kg of the trisodium salt, a positive dose-response relationship for the 
incidence of tumours of the endocrine system, and a dose-related increase in the 
incidence of neoplastic nodules of the liver in female rats consuming NTA. In 
mice, effects included a statistically significant increase in tumours of the kidney, 
especially tubular-cell adenocarcinomas, in males ingesting 15 000 mg of NTA 
per kg and a dose-related increase in the incidence of tumours of the haemato
poietic system in males consuming Na3NTAH20 (38). 

In a study in which male Sprague-Dawley albino rats were exposed to 
drinking-water containing 1000 mg of trisodium salt per litre for 2 years, the 
incidence of renal tumours, including renal adenomas and adenocarcinomas, was 
significantly increased in the exposed animals (39). 

The induction of tumours is considered to be due to cytotoxicity resulting 
from the chelation of divalent cations such as zinc and calcium in the urinary 
tract, leading to the development of hyperplasia and neoplasia. It has been ob
served, for example, that only NTA doses that increase urinary calcium are asso
ciated with transitional epithelial-cell tumours, leading to the hypothesis that 
uncomplexed NTA in urine extracts extracellular calcium from the transitional 
epithelial cells of the urinary tract faster than it can be replenished (7). 

14.26.6 Effects on humans 

There is little information on the toxicity of NTA in humans. On the basis of 
physical examination, blood chemistry analysis, and urinalysis, no adverse health 
effects were reported in a metabolism study in which volunteers ingested a single 
dose of 10 mg ofNTA (23). 

14.26.7 Guideline value 

NTA is poorly absorbed in humans as compared with experimental animals and 
does not appear to be metabolized in mammals. It has not been shown to be 
teratogenic or genotoxic in the studies conducted to date but has induced urinary 
tract tumours in rats and mice at high doses (38, 39). IARC has placed NTA in 
Group 2B (40). 
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The reported induction of tumours in rodents is considered to be due to 
cytotoxicity resulting from the chelation of divalent cations such as zinc and 
calcium in the urinary tract, leading to the development of hyperplasia and sub
sequently neoplasia. In general, neoplasms have occurred only following long
term ingestion of NTA at concentrations greater than 100 mg/kg of body weight 
per day, whereas nephrotoxicity occurs at a lower level, between 10 and 60 mg/kg 
of body weight per day ( 7). 

Because NTA is nongenotoxic and induces tumours only after prolonged ex
posure to doses higher than those that produce nephrotoxicity, the guideline val
ue is derived on the basis of a NOAEL for nephrotoxic effects but incorporating a 
larger uncertainty factor to account for the evidence of urinary tumour induction 
at high doses. A TDI of 10 ~g/kg of body weight was calculated by applying an 
uncertainty factor of 1 000 (1 00 for inter- and intraspecies variation and 10 for 
carcinogenic potential at high doses) to the NOAEL of 10 mg/kg of body weight 
per day for nephritis and nephrosis in a 2-year study in rats (19). In view of the 
higher absorption of NTA in rats than in humans, it should be noted that this 
TDI is probably conservative. Because there is no substantial exposure from 
other sources, 50% of the TDI was allocated to drinking-water, resulting in a 
guideline value of200 ~tg/litre (rounded figure). 
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14.27 Organotins 

14.27.1 General description 

Identity 

The organotins are a large class of compounds which differ in their properties 
and applications. They can be divided into four groups of general formula R4Sn, 
R3SnX, R2SnX2, and RSnX3, where R is usually an organic group and X an an
ion, e.g. chloride, fluoride, oxide, or hydroxide. 

Major uses 

Of the various organotins, the disubstituted and trisubstituted compounds are 
the most widely used, the former being employed as stabilizers in plastics, includ
ing polyvinyl chloride (PVC) water pipes, and the latter in the preservation of 
materials (wood, stone, textiles), as fungicides, miticides, and disinfectants, as 
bactericides in cooling water, and in antifouling paints. 

14.27.2 Analytical methods 

Mono-, di-, and tributyltins can be determined by extraction followed by derivat
ization to form hexylbutyltins, which are measured by gas chromatography/mass 
spectrometry or gas chromatography with flame-photometric detection (GC
FPD). A detection limit of2 ng/litre is reported (I). Similar detection limits are 
obtained when organotins are measured by preconcentration using a tropolene
loaded silica column, followed by ethylation, separation, and detection by capil
lary GC-FPD (2). 
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14.27.3 Environmental levels and human exposure 

Air 

Unknown quantities of organotins may be released into air from factories that 
produce polyurethane or PVC resins in which they are used as stabilizers. 

Water 

Tributylrins have been detected in raw water and sediment as a result of their use 
as antifouling agents (3, 4); levels of up ro 2.6, 0.3, and 0.08 )lgflitre have been 
found in marinas, estuaries, and the open sea, respectively. There is evidence that 
organotin stabilizers leach into water from plastic pipes; a dibutylrin sulfide con
centration of 100 )lg/litre was reported after a plastic pipe had been in contact 
with static water (5). 

Food 

Tributyltin is thought ro accumulate in aquatic food-chains incorporating crabs, 
mussels, or oysters (6, 7). In addition, the use of organotin compounds as miti
cides in agriculture and as PVC stabilizers may result in their presence in food. 
Triphenyltin residues in various foodstuffs, such as potatoes, carrots, and sugar
beet, rarely exceed 0.1 mg/kg and can be considerably reduced by washing (8). 

14.27.4 Kinetics and metabolism in laboratory animals and 
humans 

The available data suggest that organotins are poorly absorbed (9); for example, 
it was reported that only 20% of dioctyltin dichloride was absorbed in rats (10). 
Organotins tend to be primarily distributed in the liver and kidney following oral 
administration in rodents (I 1,12). Low levels of dioctyltin dichloride have been 
found in the adrenal, pituitary, and thyroid glands (10). 

It appears that alkylrins are metabolized by dealkylation (13). In vitro, tri
butyltin was metabolized to dibutyltin, hydroxybutyltins, butanol, and butene 
(14), whereas di-, tri-, and tetraethyltin appeared to form ethene and ethane (15). 
Carbon dioxide and butene were detected as metabolites of both dibutyltin di
ethanoate and tributyltin ethanoate in mice in vivo (14). 

After oral administration, it appears that the principal route of excretion of 
organotins is in the faeces (11). Bile is also a significant route for some com
pounds, such as tetraalkyltins (13). For others, significant amounts are expired as 
carbon dioxide (14). 

574 



14 ORGANIC CONSTITUENTS 

14.27.5 Effects on laboratory animals and in vitro test systems 

Dialkyltins 

Acute exposure 
Acute oral LD50s of dioctyltins in rodents range from 880 to 8500 mg/kg of 
body weight (16, 17). The acute oral LD50 of dibutyltin dichloride in rats has 
been reported to be 100 mg/kg of body weight ( 18). 

Short-term exposure 
Rats were fed diets containing dioctyltin dichloride at 0, 50, or 150 mg/kg 
(equivalent to 0, 2.5, and 7.5 mg/kg of body weight) for 6 weeks. The principal 
effect was a reduction in thymus weight at both dose levels. Lymphocyte deple
tion was observed in the thymus and the thymus-dependent areas of the spleen 
and lymph nodes (19). A weekly oral dose of 500 mg/kg of body weight for 8 
weeks reduced thymus weight and induced immunodeficiency in mice, whereas a 
dose of 100 mg/kg of body weight did not cause such effects (20). 

Dibutyltin dichloride was fed to rats at 0, 10, 20, 40, or 80 mg/kg of diet 
(equivalent to 0, 0.5, 1, 2, or 4 mg/kg of body weight) for 90 days. Reduction in 
food intake, depressed growth, and mild anaemia were noted at the highest dose 
level, but no treatment-related effects were observed at lower doses (21). A re
duction in thymus weight and immunocompetence was observed in rats fed diets 
containing dioctyltin dichloride at 75 mg/kg (about 3.8 mg/kg of body weight 
per day) for 8 or 12 weeks (22). 

Mutagenicity and related end-points 
Dioctyltin dichloride gave negative results in the Ames test and in tests for the in
duction of unscheduled DNA synthesis in primary cultures of rat hepatocytes 
(23). No evidence of mutagenicity was found for dibutyltin diethanoate in the 
Ames test (24). Dibutyltin dichloride and dioctyltin dichloride have been report
ed to give positive results in mammalian cell mutation assays in vitro in the 
absence of metabolic activation (23, 25), and dibutyltin sulfide increased the in
cidence of chromosomal aberrations in rat bone marrow cells in vivo (5). 

Carcinogenicity 
F344 rats and B6C3F 1 mice were fed diets containing dibutyltin diethanoate at 
66.5 or 133 mg/kg (rats) and 76 or 152 mg/kg (mice) for 78 weeks. Nonsignifi
cant increased incidences of hepatocellular adenomas in female mice and both 
hepatocellular adenomas and carcinomas in male mice were noted (26). 

Rats were fed a mixture of octyltin trichloride and dioctyltin dichloride in the 
diet at doses equivalent to approximately 0.3, 0.7, 2.3, and 6.0 mg/kg of body 
weight for 2 years. A highly significant increased frequency of primary tumours of 
the thymus, especially thymic lymphomas, was noted in females in the highest 
dose group. The females also showed an increased incidence of generalized malig
nant lymphomas, as did the males in the two higher dose groups, although there 
seemed to be an unusually low incidence of such tumours in the control groups. 
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In animals treated at the lower dose levels, no increase in the incidence of primary 
thymic tumours or generalized malignant lymphomas was observed (27). 

Trimethyltins 

Acute exposure 
An acute oral LD50 of 12.6 mg/kg of body weight for trimethyltin chloride in 
rats has been reported (28). 

Short-term exposure 
Trimethyltin is a potent neurotoxicant in rodents (28, 29). In a group of rats fed 
diets containing 15 mg oftrimethyltin per kg (equivalent to 0.8 mg/kg of body 
weight per day) for 2 weeks, there were some deaths, relative thymus and spleen 
weights were decreased, and relative kidney, testes, and adrenal weights increased. 
Pathological changes indicative of severe neurotoxicity were observed in the 
brain. At 5 mg/kg, there was growth retardation but no effects on organ weights 
or brain (30). 

Mutagen·lcity and related end-points 
Trimethyltin may have spindle-inhibiting properties. Human lymphocyte cul
tures treated with rrimethyltin in vitro exhibited a reduction in average chromo
some length (31). 

Triethyltins 

Short-term exposure 
Triethyltin, like trimethyltin, is a potent neurotoxicant. Its effects tend to be 
more persistent than those of trimethyltin but can be reversible. The effects of 
triethyltin toxicity in rats are hind-limb weakness and cerebral oedema (32). 

Rats fed diets containing 15 mg of triethyltin per kg (equivalent to 0.8 
mg/kg of body weight per day) for 2 weeks exhibited growth retardation, a reduc
tion in the relative weights of the thymus and spleen, and an increase in relative 
adrenal weight. At 50 mg/kg, 30% of animals died, and survivors exhibited brain 
oedema (30). 

Groups of rats were fed diets containing triethyltin hydroxide at 0, 5, 10, or 
20 mg/kg (equivalent to 0, 0.3, 0.5, and 1 mg/kg of body weight) for 90 days. All 
the rats given 20 mg/kg died during the experiment, as did 7 of 20 given 10 
mg/kg. Brain weights were significantly increased in rats at 10 mg/kg, and the 
growth of animals was affected at 5 mg/kg. Interstitial oedema in the central ner
vous system was found in rats at all doses (33). 

576 



Tributyltins 

Acute exposure 

14 ORGANIC CONSTITUENTS 

Acute oral LD~0s of 46-114, 117-122, 85-197, and 10-234 mg/kg of body 
weight have been reported in rodents for tributyltin ethanoate, chloride, fluoride, 
and oxide, respectively (34). 

Short-term exposure 
Reductions in food consumption, weight gain, and absolute thymus weight were 
reported in rats fed tributyltin oxide (TBTO) at 100 mg/kg in the diet (about 
5 mg/kg of body weight per day) for 4 weeks. No effects were observed at 4 or 
20 mg/kg (0.2 or 1 mg/kg of body weight per day) (35). 

Wistar rats fed diets containing 0, 5, 20, 80, or 320 mg ofTBTO per kg (0, 
0.3, 1, 4, and 16 mg/kg of body weight per day) for 4 weeks exhibited decreased 
mean relative weight of the thymus at 20 (males only), 80, and 320 mg/kg of 
diet. The only effect noted at 5 mg/kg of diet was some histopathological change 
in the spleen, which became more severe with increasing dose. Histopathological 
changes in the thymus, mesenteric lymph nodes and liver, and haematological 
and clinical chemistry effects were also evident in the higher dose groups (36). 
Using the same dose levels, V os et al. (37) found effects on a number of immuno
logical parameters at both 20 and 80 mg/kg of diet. 

TBTO was fed to rats in their diet for 13-14 weeks. At 20 mg/kg (about 1 
mg/kg of body weight per day), there was a slight increase in blood coagulation 
time in males and a slight decrease in food consumption without growth retarda
tion in females. At 100 mg/kg, there were reductions in the weight of the thy
mus, lymph nodes, and thyroid, but an increase in adrenal weight. The NOAEL 
in this study was reported to be 4 mg/kg (about 0.2 mg/kg of body weight per 
day) (35). 

Long-term exposure 
TBTO was fed to male and female Wistar rats at 0, 0.5, 5, or 50 mg/kg in their 
diet for 106 weeks. At 50 mg/kg of diet, the ovaries, adrenals, spleen (females), 
heart (males), pituitary, liver, and kidneys were all increased in weight, but thy
roid weight was decreased in females. Non-neoplastic alterations included a de
crease in the cell weight of the thyroid follicles in all dose groups. In addition, 
vacuolation and pigmentation of the proximal tubular epithelium and nephrosis 
were enhanced at 50 mg/kg. On the basis of marginal effects at 5 mg/kg, a 
NOAEL of 0.5 mg of TBTO per kg can be established, equivalent to 0.025 
mg/kg of body weight per day (38). 

In a study in which weanling Wistar rats were fed diets containing 0, 0.5, 5, or 
50 mg of TBTO per kg for up to 17 months, TBTO was found to alter both ac
quired and natural host resistance, particularly at the highest dose (39). In a simi
lar experiment, Wistar rats given the same diets for 30 months exhibited changes, 
mostly at the highest dose level, that included a decrease in IgG and an increase 
in lgM in females, a decrease in lymphocyte numbers, elevated adrenal weight, 
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reductions in liver glycogen and spleen iron, and bile duct hyperplasia (40). 
Adverse effects on thymus-dependent immunity and nonspecific resistance 

in rats were reported following exposure to TBTO for 17 months. A dose-related 
suppression of resistance to the nematode Trichinella spiralis was reported at 5 
and 50 mg/kg of diet. A NOAEL of 0.5 mg/kg of diet (equivalent to 0.025 
mg/kg of body weight) was identified ( 4 I). 

Reproductive toxicity, embryotoxicity, and teratogenicity 
Pregnant NMRI mice were given oral doses ofO, 1.2, 3.5, 5.8, 11.7, 23.4, or 35 
mg of TBTO per kg of body weight per day on days 6-15 of gestation. At the 
highest dose, there was a significant increase in numbers of resorptions. A slight 
reduction in average fetal weight was noted at 23.4 mg/kg of body weight but 
was more pronounced at the highest dose. The frequency of cleft palate increased 
in a dose-dependent fashion, being statistically significant at 11.7 mg/kg of body 
weight. However, there was also evidence of maternal toxicity at this and higher 
dose levels ( 42). 

Groups of pregnant Long-Evans rats were given oral doses of 0, 2.5, 5, 10, 
12, or 16 mg ofTBTO per kg of body weight per day on days 6-20 of gestation. 
Retarded fetal growth, a reduction in numbers of live births, and effects on post
natal growth and behaviour were observed at doses of 10 mg/kg of body weight 
per day and above. Maternal toxicity was also evident at these dose levels. At 12 
mg/kg of body weight per day, two pups born dead exhibited cleft palate ( 43). 

Mutagenicity and related end-points 
TBTO gave negative results in bacterial and yeast mutagenicity tests. In mam
malian cells in vitro, it gave negative results for induction of point mutations and 
sister chromatid exchange, but chromosomal aberrations were induced in Chi
nese hamster ovary cells in the presence of the 59 fraction of a ratliver homogen
ate. Mice given oral doses failed to show an increased incidence of micronuclei in 
bone marrow polychromatic erythrocytes (34, 35, 42). 

Carcinogenicity 
In a 1 06-week TBTO feeding study in rats, the incidence of benign tumours of 
the pituitary was significantly elevated at 0.5 and 50 mg/kg. At 50 mg/kg of diet 
(about 2.5 mg/kg of body weight per day), increases in phaeochromocytomas in 
the adrenal medulla and parathyroid adenomas were noted. There was also a low 
incidence of rare pancreatic adenocarcinomas. The incidence of tumours was not 
dose-related (34, 38). 

Tricyclohexy/tins 

Acute exposure 
Acute oral LD50s for tricyclohexyltin hydroxide in rodents range from 235 to 
1070 mg/kg of body weight ( 44). 
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Long-term exposure 
Groups of rats were fed diets containing tricyclohexyltin hydroxide at 0, 0.8, 3. 
6, or 12 mg/kg of body weight per day for 2 years. At 12 mg/kg of body weight 
per day, there was reduced body weight gain and increased relative spleen and 
liver weights in females. Similar, but milder, effects were noted at 6 mg/kg 
of body weight per day, whereas no adverse effects were observed at 3 mg/kg of 
body weight per day. A NOAEL of0.8 mg/kg of body weight per day was report
ed for dogs given the same doses for 2 years (8). 

Reproductive toxicity, embryotoxicity, and teratogenic1ty 
In a multigeneration study on rats, it was found that tricyclohexyltin hydroxide 
had no effects on reproduction at a dose of 4-6 mg/kg of body weight per day. 
Similarly, no evidence for teratogenicity was observed in rabbits receiving up to 
3 mg/kg of body weight per day on days 8-16 of gestation ( 8). 

Carcinogenicity 
No evidence of carcinogenicity was found in a study of rats receiving tricyclo
hexyltin hydroxide at concentrations of up to 12 mg/kg of body weight per day 
for 2 years (8). 

Triphenyltins 

Acute exposure 
Acute oral LD50s of81-491, 80-135, 1170, and 108-500 mg/kg of body weight 
have been reported in rodents for triphenyltin ethanoate, chloride, fluoride, and 
hydroxide, respectively ( 44). 

Short-term exposure 
Weanling rats fed a diet containing 25 mg of triphenyltin hydroxide per kg for 3 
or 4 weeks exhibited suppression of cell-mediated immunity but not humoral 
immunity ( 45). A reduction in relative thymus weight was observed in rats fed 
triphenyltin chloride at 15 mg/kg in the diet for 2 weeks. Relative spleen weight 
was reduced at a dietary concentration of 50 mg/kg (30). 

Rats were fed diets containing up to 50 mg/kg (abour 2.5 mg/kg of body 
weight per day) of either triphenyltin ethanoate or triphenyltin hydroxide for 90 
days. Guinea-pigs received similar diets but only three times per week. Growth in 
rats and guinea-pigs was affected at 25 and 5 mg/kg for triphenyltin ethanoate 
and 50 and 20 mg/kg for triphenyltin hydroxide, respectively. Guinea-pigs given 
5-20 mg of triphenyltin ethanoate per kg exhibited lymphocytopenia and histo
logical changes in the lymphopoietic system and spleen (33). 

Long-term exposure 
In 2-year studies, the dietary NOAEL for triphenyltin hydroxide in rats was 
approximately 2 mg/kg (0.1 mg/kg of body weight); for triphenyltin ethanoate in 
guinea-pigs, it was 5 mg/kg (0.3 mg/kg of body weight) (8). 
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Reproductive toxicity, embryotoxicity, and teratogenicity 
Groups of pregnant rats were given oral doses of triphenyltin ethanoate of 0, 5, 
10, or 15 mg/kg of body weight on days 6-15 of gestation. A reduction in the 
body weight gain of dams and an increase in post-implantation loss were appar
ent at the highest dose. A reduction in fetal skeletal ossification was observed in 
all treated groups, but there was no evidence of teratogenicity ( 46). 

Mutagenicity and related end-points 
Triphenyltin hydroxide gave negative results for mutagenicity in bacteria but was 
positive for the induction of point mutations in mammalian cells in vitro ( 46) 
and in an early mouse dominant lethal assay ( 48). 

Carcinogenicity 
Groups of Fischer 344 rats and B6C3F1 mice (50 per sex per dose) were fed tri
phenyltin hydroxide in their diet at 37.5 or 75 mg/kg for 78 weeks; they were 
then kept under observation for a further 26 weeks. There appeared to be no in
crease in tumour incidence as compared with controls ( 49). 

14.27.6 Effects on humans 

There is evidence that trimethyltin is neurotoxic in humans. Mental confusion 
and generalized epileptic seizures were noted in two chemists who had been 
exposed to trimethyltin in a pilot plant manufacturing dimethyltin dichloride. 
Both subjects recovered and regained apparently normal health (50). Severe neu
rological damage was reported in some workers exposed over 3 days to a mixture 
of trimethyltin and dimethyltin dichloride (51). 

A drug containing triethyltin as an impurity produced neurological symp
toms in 209 patients, 110 of whom died. Most symptoms were indicative of 
raised intracranial pressure as a consequence of cerebral oedema, but some pa
tients developed paraplegia. For those patients that survived, the paraplegia was 
largely irreversible, but other neurotoxic effects were not (52). 

14.27.7 Guideline values 

Diatkyltins 

The disubstituted compounds that may leach from PVC water pipes for a short 
time after installation are primarily immunotoxins, although they appear to be of 
low general toxicity. The data available are insufficient to permit the proposal of 
guideline values for individual dialkyltins. 

Tributyltin oxide 

TBTO is not genotoxic. Although one carcinogenicity study was reported in 
which neoplastic changes were observed in endocrine organs, the significance of 
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these changes is considered questionable. The most sensitive end-point appears 
to be immunotoxicity, with a lowest NOAEL of0.025 mg/kg of body weight per 
day in a 17 -month feeding study in rats related to the suppression of resistance to 
the nematode Trichinella spiralis ( 41). The significance to humans of this finding 
is not completely clear, but this NOAEL is consistent, within an order of magni
tude, with other NOAELs for long-term toxicity. 

A TDI of 0.25 rg/kg of body weight was calculated by applying an uncer
tainty factor of 100 (for inter- and intraspecies variation) to the NOAEL of 
0.025 mg/kg of body weight per day. The guideline value for TBTO is 2 rg/litre 
(rounded figure) based on an allocation of 20% of the TDI to drinking-water. 

The database on the toxicity of the other trisubstituted organotin com
pounds is either limited or rather old. It was therefore not considered appropriate 
to propose guideline values for these compounds. 
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15. 
Pesticides 

15.1 Introduction 

The evaluation of the health effects of pesticides was based on reviews of all avail
able relevant information, including unpublished proprietary data developed by 
manufacturers of pesticides. The fact that pesticide manufacturers made available 
to the review groups their proprietary toxicological information on the products 
under discussion is gratefully acknowledged. 

For the sake of completeness, these unpublished studies are included in the 
reference lists of the monographs as appropriate. Copies of the reports may be re
quested directly from the manufacturers; they are not available from WHO. 

It should be noted that the recommended guideline values for pesticides in 
drinking-water are set at a level to protect human health; they may not be suit
able for the protection of the environment or aquatic life. 

It is recognized that the environmental degradation products of pesticides 
may be a problem in drinking-water. In most cases, however, the toxicities of 
these degradation products have not been taken into consideration in these 
guidelines, as data on their identity, presence, and biological activity are inade
quate. 

15.2 Alachlor 

15.2.1 General description 

Identity 

CAS no.: 
Molecular formula: 

15972-60-8 
C 14H 20ClN02 

Alachlor is the common name for 2-chloro-N-(2,6-diethylphenyl)-N-(methoxy
methyl)acetamide. 

Physicochemical properties (1, 2) 

Property 
Physical state 
Water solubility 
Vapour pressure 
Log octanol-water partition coefficient 
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Value 
White crystalline solid at 23 ac 
242 mg!Iitre at 25 ac 
2.9 x I0-3 Pa at 25 ac 
2.6-3.1 
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Organoleptic properties 

Taste and odour thresholds in water of 33 and 110 mg/litre, respectively, have 
been reported (1). 

Major uses 

Alachlor is used pre- or early post-emergence to control annual grasses and many 
broad-leaved weeds mainly in maize, but also in cotton, brassicas, oilseed rape, 
peanuts, radish, soy beans, and sugar-cane (2). 

Environmental fate 

Alachlor dissipates from soil mainly through volatilization, photodegradation, 
and biodegradation (3-5 ). Many metabolites have been identified; diethyl
aniline, detected in some soil studies, interacts rapidly with humic substances in 
the soil (3). A half-life in soil of7-38 days has been reported (6). Under certain 
conditions, alachlor can leach beyond the root zone and migrate to groundwater 
(1, 3). 

15.2.2 Analytical methods 

Water samples are extracted with chloroform, and alachlor determined in the ex
tracts by gas-liquid chromatography with electrolytic conductivity detection in 
the nitrogen mode or by capillary column gas chromatography with a nitrogen
phosphorus detector (7). The detection limit is about 0.1 flg/litre. 

15.2.3 Environmental levels and human exposure 

Water 

Alachlor was detected in the surface water and groundwater of 10 states of the 
USA between 1979 and 1987 (3). In two recent surveys in the USA, alachlor was 
detected in one of750 and in 38 of 1430 private wells sampled (A.J. Klein, Mon
santo Agricultural Company, personal communication). A review of monitoring 
data showed that alachlor was present in groundwaters in the USA at levels ran
ging from less than 0.1 to 16.6 flg/litre (8). In Italy, in a survey carried out in 
1987-88, alachlor was detected in three out of 322 drinking-water supplies at a 
maximum level of 1.6 flg/litre (9). 

Food 

Food does not appear to be a major route of exposure for the general population 
since residues of alachlor in food are usually below the detection limit. It is rapid
ly metabolized by crops after application and does not bioaccumulate ( 1). In tol
erant plants, it is detoxified by rapid conjugation with glutathione (10). 
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15.2.4 Kinetics and metabolism in laboratory animals and humans 

Alachlor is absorbed through the gastrointestinal tract of rats and distributed to 
the blood, spleen, liver, kidney, heart, and, to a lesser extent, eyes, brain, stom
ach, and ovaries ( 11). Rats, mice, and monkeys differ in the ways in which they 
metabolize, distribute and excrete it (12-14). 4-Amino-3,5-diethylphenol, which 
is suspected to be a key metabolite from the point of view of the carcinogenicity 
of alachlor has been found in much larger quantities in the urine of rats than in 
that of mice and monkeys. Alachlor and its metabolites in urine and faeces are ex
creted much more slowly in rats than in mice and monkeys. Mice excrete alachlor 
metabolites mainly via the faeces, rats in equal proportions in the urine and 
faeces, and monkeys mainly via urine (I 5, 16). 

15.2.5 Effects on laboratory animals and in vitro test systems 

Acute exposure 

Acute oral LD50s of 930-1350 and 1100 mg/kg of body weight for rats and 
mice, respectively, have been reported (2). 

Short-term exposure 

In a 6-month feeding study, dogs were given alachlor at 0, 5, 25, 50, or 75 mg/kg 
of body weight per day; dose-related hepatotoxicity was seen at all dose levels 
(17). In a subsequent 1-year feeding study in which dogs were given alachlor at 
1, 3, or 10 mg/kg of body weight per day, the NOAEL was 1 mg/kg of body 
weight per day (18). 

Long-term exposure 

A 2-year feeding study in Long-Evans rats showed alachlor to be toxic at all doses 
tested (14, 42, or 126 mg/kg of body weight per day). Effects observed included 
dose-related hepatotoxicity at all dose levels and highly significant levels of ocular 
lesions, identified as the uveal degeneration syndrome, in the mid- and high-dose 
groups (19). In another 2-year feeding study in which the same strain of rats was 
given alachlor at 0, 0.5, 2.5, or 15 mg/kg of body weight per day, 2.5 mg/kg of 
body weight per day was considered to be the NOAEL for uveal degeneration 
syndrome (20). 

Reproductive toxicity, embryotoxicity, and teratogenicity 

In a three-generation study, 10 male and 20 female CD rats were fed a diet con
taining 0, 3, 10, or 30 mg of alachlor per kg. No effects were observed on the re
productive cycle or on postnatal development (21 ). After female CD rats were 
treated by gastric intubation with 0, 50, 150, or 400 mg of technical alachlor per 

588 



15 PESTICIDES 

kg of body weight per day on days 6 to 19 of gestation, no signs of embryotox
icity were observed at any of the doses tested (22). 

Female Dutch Belted rabbits were exposed to alachlor by gavage on days 
7-19 of gestation at 0, 10, 30, or 60 mg/kg of body weight per day. No signs of 
maternal toxicity or embryotoxicity were observed at these doses (23). 

Mutagenicity and related end-points 

Alachlor does not induce gene mutations in bacteria or in mammalian cells in 
vitro (24), but does induce chromosomal aberrations in mammalian cells 
in vitro (25) and is weakly active in a gene conversion test in yeast (26) and in an 
in vitro/in vivo test of DNA repair in rat hepatocytes (27). Samples of varying 
purity gave contrasting results for chromosomal aberrations in in vivo tests in the 
rat (26, 28). A broad spectrum of genetic damage was observed in plant systems 
(29, 30). There are positive mutagenicity data for 2,6-diethylaniline, which is a 
known metabolite of alachlor in animals. 

Carcinogenicity 

Doses of 0, 14, 42, or 126 mg/kg were administered in the diet to Long-Evans 
rats (50 of each sex) for 2 years. This study provided clear evidence of carcino
genicity based on a statistically significant increase in the incidence of adenomas 
of the nasal turbinate, malignant stomach tumours, and thyroid follicular tu
mours in high-dose males. This conclusion is also based on the incidence of 
adenocarcinomas of the nasal turbinate in mid-dose males and females and the 
observation of submucosal hyperplasia in nasal tissues, and was supported by a 
repeated study of the highest dose only (126 mg/kg), in which adenomas and 
adenocarcinomas of the nasal cavity and malignant stomach tumours were found 
(31). 

A second study on the same rat strain at doses of 0, 0.5, 2.5, and 15 mg/kg 
for 2 years also provided clear evidence of carcinogenicity. A statistically signifi
cant increase in the incidence of adenomas of the nasal turbinate was observed at 
the highest dose. Submucosal gland hyperplasia of the nasal turbinate was also 
noted. The presence of stabilizers in the technical material is unlikely to have in
fluenced the carcinogenic response observed in the rat (20). 

CD-1 mice were fed technical-grade alachlor in the diet for 18 months at 
doses of 0, 26, 78, or 260 mg/kg of body weight per day. Statistically significant 
increases in lung bronchiolar tumours at the highest dose tested were seen in 
female mice (32). The increase of lung tumours in male mice was not significant 
at any dose. In the United States, the Environmental Protection Agency has con
cluded that this study provides inadequate evidence of carcinogenicity (A.J. 
Klein, Monsanto Agricultural Company, personal communication). 
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15.2.6 Effects on humans 

The probable oral lethal dose in humans is 0.5-5 g/kg of body weight.! 

15.2. 7 Guideline value 

IARC has not evaluated alachlor. On the basis of available experimental data, 
evidence for the genotoxicity of alachlor is considered to be equivocal. However, 
a metabolite of alachlor has been shown to be mutagenic. Available data from 
two studies in rats clearly indicate that this compound is carcinogenic, causing 
benign and malignant tumours of the nasal turbinate, malignant stomach tu
mours, and benign thyroid tumours. 

In view of the data on carcinogenicity, guideline values were calculated by 
applying the linearized multistage model to data on the incidence of nasal tu

mours in rats (20). Concentrations of 200, 20, and 2 rg/litre in drinking-water 
are associated with excess lifetime cancer risks of 1 o-4, 1 0-5, and I0-6, respective
ly. 
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15.3 Aldicarb 

15.3.1 General description 

Identity 

CAS no.: 
Molecular formula: 

116-06-3 
C7H 14N20 2S 

15 PESTICIDES 

Aldicarb is the common name for 2-methyl-2(methylthio)propionaldehyde 0-
methylcarbamoyloxime. 

Physicochemical properties (1-3) 

Property 
Vapour pressure 
Water solubility 
Log octanol-water partition coefficient 

Major uses 

Value 
13Paat25oC 
6 g!litre at 20 oc 
1.359 

Aldicarb is a systemic carbamate insecticide used to control nematodes in soil 
and insects and mites on a wide variety of crops, including citrus fruits, grain, 
peanuts, potatoes, soy beans, sugar-beet, and tobacco. 

Environmental fate 

Aldicarb is oxidized by microorganisms in soil to the sulfoxide and sulfone ( 4); 
its degradation half-life ranges from a few days to more than 2 months (5, 6). 
Aldicarb and its degradation products are generally mobile in soil (5, 6); leaching 
is most extensive in soils with a low content of organic matter (5). 

Aldicarb is very persistent in groundwaters, particularly those that are acidic; 
the half-life for degradation to nontoxic products ranges from a few weeks to as 
long as several years (7). The primary mode of degradation is chemical hydroly
sis, although there may also be some microbial decay in shallow groundwater (8). 

15.3.2 Analytical methods 

Aldicarb and its degradation products in water may be determined by high
performance liquid chromatography (3 ). When followed by post-column deri
vatization to form fluorescent compounds, this method has detection limits of 
about 1.3, 0.8, and 0.5 j.lg!litre for aldicarb, the sulfoxide, and the sulfone, 
respectively (9 ). Aldicarb and its oxidation products can also be determined 
as their nitrile derivatives by capillary gas chromatography with a nitrogen
phosphorus detector (10). 
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15.3.3 Environmental levels and human exposure 

Water 

Aldicarb was detected in Ill of 1017 samples in surveys of private and municipal 
drinking-water supplies in Canada (detection limits 0.01-3.0 rgflitre); the maxi
mum concentration was 28 rg/litre (11 ). It has been detected in well-water in 
the USA at concentrations ranging from less than 10 to 500 rgflitre (7). Neither 
aldicarb nor its metabolites were detected in over 700 community groundwater 
drinking supplies in Florida (detection limit 2-5 rgflitre for each compound) 
(12). Concentrations in groundwater near potato fields to which it had been ap
plied were detectable C~ 1 rg/litre) in 31.3% of samples taken in Long Island, 
NY; 0.9% of samples contained aldicarb at concentrations above 100 rgflitre 
(13). Aldicarb sulfoxide and aldicarb sulfone residues are found in an approxi
mately 1: 1 ratio in groundwater (5, 6). 

Food 

Aldicarb was detected in 94% of potatoes analysed in the USA in 1980 at con
centrations ranging from 50 to 520 rglkg (14). Aldicarb sulfoxide was found in 
1981-1986 in seven of 6391 samples of domestic agricultural commodities at 
levels at or below 1.0 mg/kg (15). 

Estimated total exposure and relative contribution of drinking-water 

Based on maximum residue limits for aldicarb established by the Codex Alimen
tarius Commission (16), the theoretical maximum daily intake of aldicarb from 
food is about 0.09 mg/day for a 60-kg adult (1.5 rglkg of body weight per day). 
The average daily intake for a male aged 25-30 years has been estimated to be 
0.2 rglkg of body weight per day, based on residues in foods in the USA ( 17). 

Based on a concentration of aldicarb in drinking-water of 5 rg/litre and con
sumption of 2 litres of drinking-water per day by a 60-kg adult, the daily intake 
by this route can be estimated to be 10 rg (0.2 rglkg of body weight), which is 
about the same as that from food. 

15.3.4 Kinetics and metabolism in laboratory animals and humans 

Aldicarb is rapidly absorbed from the gastrointestinal tract, the respiratory tract, 
and the skin. It is rapidly oxidized to aldicarb sulfoxide, which is metabolized 
more slowly by oxidation and hydrolysis to aldicarb sulfone. Both metabolites 
and the parent compound are degraded to the corresponding oximes and nitriles, 
which are then broken down into aldehydes, acids, and alcohols (1, 18). 

Elimination of aldicarb is rapid; in rats, 80o/o of an orally administered dose 
was eliminated in the urine within 24 h (19). It does not accumulate in tissues 
(19), but appears to cross the placental barrier (20). 
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Aldicarb forms a complex with acetylcholinesterase, thus inhibiting the en
zyme's action. The complex can dissociate to form aldicarb and the enzyme or 
break down into the oxime plus a carbamylated enzyme, which is then hydro
lysed into the free enzyme and methyl carbamic acid, thus detoxifYing the insec
ticide (18, 21). 

15.3.5 Effects on laboratory animals and in vitro test systems 

Acute exposure 

Aldicarb is highly acutely toxic in animals; the oral LD50 in rats ranges from 650 
to 930 flg/kg of body weight (22), depending on the vehicle (21). The oral LD50 
in rats for aldicarb sulfoxide is similar to that of the parent compound, whereas 
the LD50 for the sulfone is approximately 25 times higher (18). 

Short-term exposure 

A 1:1 mixture of aldicarb sulfoxide and aldicarb sulfone was administered in 
drinking-water to Wistar rats (1 0 per sex per dose) at nominal concentrations of 
0, 0.075, 0.3, 1.2, 4.8, or 19.2 mg/litre for 29 days. Mean plasma and erythro
cyte cholinesterase activities were reduced by 54-77% in both males and females 
at 19.2 mg/litre at 8, 15, and 29 days. Although male rats exposed to 4.8 mg!litre 
experienced a 28% reduction in plasma cholinesterase activity at day 8 and a 
25% reduction in erythrocyte cholinesterase activity at day 29, the authors con
sidered these effects to be of questionable biological significance and determined 
the "no-ill-effect level" to be 4.8 mg/litre, equivalent to 0.5 mg/kg of body 
weight per day. Because the actual concentration in drinking-water was on aver
age approximately 80% of the nominal concentration (1, 23), the NOAEL can 
be considered to be 0.4 mg/kg of body weight per day. 

Long-term exposure 

Groups of rats (15 per sex per dose, strain unspecified) were fed diets containing 
concentrations of aldicarb sulfoxide equivalent to doses of 0, 0.125, 0.25, 0.5, or 
1.0 mg/kg of body weight per day for 6 months. Plasma and erythrocyte choli
nesterase activities were depressed in males consuming 0.25 mg/kg of body 
weight per day and above and in females consuming 0.5 mg/kg of body weight 
per day and above. No cholinesterase inhibition was observed in rats allowed to 

recover for 1 day before sacrifice. The NOAEL for cholinesterase inhibition was 
considered to be 0.125 mg/kg ofbodyweight per day (1, 24). 

In a 2-year study, groups of rats (20 per sex per dose) were fed diets contain
ing aldicarb (0.3 mg/kg of body weight per day), aldicarb sulfoxide (0.3 or 0.6 
mg/kg of body weight per day), aldicarb sulfone (0.6 or 2.4 mg/kg of body 
weight per day), or a 1:1 mixture of aldicarb sulfoxide and aldicarb sulfone (0.6 
or 1.2 mg/kg of body weight per day). Plasma cholinesterase activity and body 
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weight gain were depressed in males consuming 1.2 mg/kg of body weight per 
day of the aldicarb sulfoxide/ sulfone mixture. Mortality was increased in male 
and female rats consuming 0.6 mg of aldicarb sulfoxide per kg of body weight 
per day. The authors considered the NOAELs to be 0.3 mg/kg of body weight 
per day for aldicarb and aldicarb sulfoxide, 2.4 mg/kg of body weight per day for 
aldicarb sulfone, and 0.6 mg/kg of body weight per day for the 1:1 mixture of 
aldicarb sulfoxide and sulfone (25). 

No adverse effects were observed in two 2-year studies in which rats (26) and 
beagle dogs (27) were fed aldicarb in the diet at concentrations ranging from 0 to 
0.1 mg/kg of body weight per day. 

Reproductive toxicity, embryotoxicity, and teratogenicity 

No significant effects on fertility, gestation, viability of offspring, lactation, mean 
weights, or histological features in litters were observed in a three-generation re
production study in CFE rats in which aldicarb was administered in the diet at 
doses of 0.05 or 0.1 mg/kg of body weight per day (28). In a three-generation 
study in Harlan-Wistar albino rats, there was a significant difference in the body 
weight of second-generation pups at 0.7 mg/kg of body weight per day (29), al
though no adverse effects on reproduction were observed when aldicarb sulfone 
was administered in the diet at doses of up to 9.6 mg/kg of body weight per day 
(30). 

Single doses of 0.001, 0.01, or 0.1 mg of aldicarb per kg of body weight per 
day administered by gastric intubation to pregnant Sprague-Dawley rats on day 
18 of gestation caused a significant inhibition of brain acetylcholinesterase activ
ity, which was greater in fetal than in maternal tissues (20, 31). 

No significant differences in fetal malformations or developmental variations 
were observed in the offspring of pregnant Dutch Belted rabbits given daily aldi
carb doses of 0, 0.1, 0.25, or 0.50 mg/kg of body weight per day via gavage on 
days 7-27 of gestation (32). Similarly, teratogenic effects were not observed in a 
study in which pregnant CD rats were given up to 0.5 mg/kg of body weight per 
day orally for 10 days during gestation (1, 33). 

Mutagenicity and related end-points 

Most in vivo and in vitro assays of aldicarb for mutagenicity have been negative 
(34, 35), although increases in both chromosomal aberrations in bone marrow 
cells (36) and sister chromatid exchange in cultured human lymphocytes (1, 37) 
have been observed. 
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Carcinogenicity 

No significant increases in the incidence of tumours of any type were reported in 
studies in rats (0-0.3 mg/kg of body weight per day) and mice (0-0.7 mg/kg of 
body weight per day) fed aldicarb in the diet for periods ranging from 18 months 
to 2 years (25, 26, 38, 39). 

15.3.6 Effects on humans 

Clinical symptoms of aldicarb intoxication include dizziness, weakness, diar
rhoea, nausea, vomiting, abdominal pain, excessive perspiration, blurred vision, 
headache, muscular convulsions, temporary paralysis of the extremities, and 
dyspnoea. Recovery is rapid, usually within 6 h (21). 

Aldicarb is one of the most acutely toxic pesticides. Poisoning has resulted 
from the ingestion of contaminated cucumbers at a dose ranging from 0.006 to 
0.25 mg/kg of body weight ( 40) and contaminated melons at a dose as low as 
0.0021 mg/kg of body weight ( 41). 

Groups of four adult male volunteers ingested single doses of aqueous aldi
carb of 0.025, 0.05, or 0.1 mg/kg of body weight. Cholinergic symptoms were 
observed at 0.1 mg/kg of body weight. A dose-related depression of acetylcholin
esterase activity (47-73%), predominantly in the first 2 h following exposure, 
was observed in all subjects. It should be noted, however, that acetylcholin
esterase levels in individuals varied considerably between 18 h and 1 h before 
dosing ( 42). In a study in which two volunteers ingested doses of aqueous aldi
carb of 0.05 or 0.26 mg/kg of body weight, clinical signs of intoxication were ob
served only in the subject receiving 0.26 mg/kg of body weight ( 43). 

The effects of chronic ingestion of aldicarb on human immune function 
were investigated in two limited cross-sectional epidemiological studies of women 
(1, 44, 45). In the first study, an association was found between the consumption 
of aldicarb in drinking-water (1-61 rgllitre) and abnormalities in various subsets 
of T-cell populations in women with otherwise intact immune systems ( 44). 
However, the study had several limitations, including the limited size of the ex
posed group, the failure to calculate aldicarb dose on a body weight basis, and the 
failure to match exposed and control groups with respect to water supply. In a 
follow-up study (45), which suffered from many of the same limitations as the 
first, the authors concluded that changes in the cellular distribution of immune 
system parameters occurred in women exposed to aldicarb in their drinking
water. The findings of these studies suggest that further research on the effects of 
aldicarb on the immune system is warranted. 

A significant association between the age-adjusted rates for all neurological 
syndromes and increasing aldicarb concentration was found in a study on the 
relationship between levels of aldicarb in drinking-water and delayed neuropathy 
( 46 ) . Information on somewhat subjective symptoms was obtained from 
individuals by self-administered questionnaire; no clinical examinations were 
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conducted. It was not reported whether the subjects were classified blindly on the 
basis of the results of the questionnaire or whether the respondents were aware of 
their exposure status. 

No relationship between aldicarb concentrations in drinking-water and food 
consumption or other reported symptoms or diagnosed illnesses was found in a 
survey of 1035 residents of 462 households in Long Island, NY ( 47). 

15.3. 7 Guideline value 

IARC has concluded that aldicarb is not classifiable as to its carcinogemctty 
(Group 3) ( 48). The only consistently observed toxic effect with both long-term 
and single-dose administration of aldicarb in studies conducted to date is the rap
idly reversible inhibition of acetylcholinesterase activity. The toxic effects of aldi
carb appear to be dependent both on the method (i.e. single or repeated dosing) 
and the means of administration (e.g. by gavage, in the diet or in drinking
water), possibly because of reduced bioavailability of the compound or the bolus 
effect of certain forms of administration. The studies considered most appropri
ate for the derivation of the guideline, therefore, are those in which aldicarb was 
administered in the diet or drinking-water. 

In 1992, the Joint FAO/WHO Meeting on Pesticide Residues (JMPR) rec
ommended an ADI of 0.003 mg/kg of body weight, based on a single oral dose 
study in human volunteers with a NOAEL of 0.025 mg/kg of body weight per 
day and an uncertainty factor of 10 ( 49). 

For the purposes of deriving a guideline value for drinking-water, the TDI is 
derived from a NOAEL of 0.4 mg/kg of body weight per day for acetylcholin
esterase inhibition found in a 29-day study in rats given drinking-water contain
ing a 1: 1 mixture of aldicarb sulfoxide and aldicarb sulfone (1, 23). This study is 
considered to be the most relevant to the derivation of a drinking-water guideline 
because the rats were given water containing the two aldicarb metabolites in a 
ratio similar to that normally found in drinking-water. Based on an uncertainty 
factor of 100 (for inter- and intraspecies variation), the TDI is 4 ~g/kg of body 
weight. No allowance was made for the short duration of the study in view of the 
extremely sensitive and rapidly reversible biological end-point used. The guide
line value is 10 ~g/litre (rounded figure), assuming an allocation of 1 Oo/o of the 
TDI to drinking-water. 
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15.4 Aldrin and dieldrin 

15.4.1 General description 

Identity 

Compound 
Aldrin 
Dieldrin 

CAS no. 
309-00-2 
60-57-1 

Molecular formula 
C12H8Cl6 
C12H8Cl60 
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The IUPAC name for aldrin is (IR,4S,4aS,5S,8R,8aR)-1,2,3,4,10,10-hexachlo
ro-1 ,4,4a,5,8,8a-hexahydro-1,4:5,8-dimethanonaphthalene (HHDN). Aldrin is 
most commonly used to mean HHDN with a purity greater than 95%, except in 
Denmark and the countries of the former Soviet Union, where it is the name 
given to pure HHDN. Impurities include octachlorocyclopentene, hexachloro
butadiene, toluene, and polymerization products (1). 

The IUPAC name for dieldrin is (lR,4S,4aS,5R,6R,7S,8S,8aR)-1,2,3,4,10,10-
hexachloro-1 ,4,4a,5,6, 7 ,8,8a-octahydro-6, 7 -epoxy-1 ,4:5 ,8-dimethanonaphtha
lene (HEOD). Dieldrin is most commonly used to mean HEOD with a purity 
greater than 85%, except in Denmark and the countries of the former Soviet 
Union, where it is the name given to pure HEOD. Impurities include other poly
chloroepoxyoctahydrodimethanonaphthalenes and endrin (I). 

Physicochemical properties (1, 2) 

Property 

Melting point (0 C) 
Density at 20 oc (g/cm3) 
Water solubility at 20 oc ()lg/litre) 
Log octanol-water partition coefficient 
Vapour pressure at 20 oc (Pa) 

Organoleptic properties 

Technical aldrin 
(95% pure) 
49-60 
1.54 
27 
3.0 
8.6x10-3 

Technical dieldrin 

175-176 
1.62 
186 
4.6 
0.4x10-3 

Odour threshold values of 17 and 41 )lgflitre have been reported for aldrin and 
dieldrin, respectively, in water (3, 4). 

Major uses 

Aldrin and dieldrin are highly effective insecticides for soil-dwelling pests and for 
the protection of wooden structures against termites and wood borers. Dieldrin 
has also been used against insects of public health importance (1 ). Although the 
use of aldrin and dieldrin has been severely restricted or banned in many parts of 
the world since the early 1970s, they are still used in termite control in some 
countries (5). 

Environmental fate 

In soil, aldrin is removed by oxidation to dieldrin and evaporation. In temperate 
climates, only 75% is oxidized within a year after application. The further 
disappearance of dieldrin is very slow under these conditions; the half-life is 
approximately 5 years. Under tropical conditions, both oxidation and further 
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disappearance of dieldrin are rapid, 90% disappearing within 1 month, primarily 
by volatilization (I). 

15.4.2 Analytical methods 

Aldrin and dieldrin are determined by extraction with pentane followed by gas 
chromatography with electron-capture detection. The detection limits in tap
water and river water are about 0.001 rgllitre for aldrin and 0.002 rgllitre for 
dieldrin. 

15.4.3 Environmental levels and human exposure 

Air 

Dieldrin has been detected at very low concentrations in ambient air, on dust 
particles, and in rainwater. In nonagricultural areas, concentrations of 0.06-1.6 
ngfm3 have been reported; in agricultural areas, mean levels are in the range 1-2 
ngfm3, with a maximum of about 40 ngfm3 (I). 

Concentrations found in the air of houses treated for termites are much 
higher (40-7000 ngfm3). The presence of aldrin/dieldrin-treated wood in houses 
results in indoor air concentrations of 10-500 ngfm3 (1). 

Water 

The concentrations of aldrin and dieldrin in aquatic environments and drinking
water are normally less than 10 ng!Iitre. Higher levels are attributed to contami
nation from industrial effluents and soil erosion during agricultural use. River 
sediments may contain higher amounts (up to 1 mg/kg). These pesticides are 
rarely present in groundwater, as little leaching from soils occurs (I). 

Food 

Dieldrin is stored in the adipose tissue, liver, brain, and muscle of mammals, fish, 
birds, and other parts of the food-chain. The reduction in use since the 1970s has 
decreased the residues in food in many countries to well below the levels that may 
result in an intake of 0.1 jlg/kg of body weight per day (the ADI established by 
the Joint FAO/WHO Meeting on Pesticide Residues) (6). The intake in 1980-82 
was estimated to be 0-0.2 jlg/kg ofbodyweight per day in several countries (I). 

Dieldrin has been detected in breast milk at a mean concentration of 0.5-11 
Jlg!kg of milk in Europe and the USA. Breast-fed babies receive doses of approxi
mately 1 rglkg of body weight per day when mothers' milk contains 6 Jlg of di
eldrin per litre (I). Although concentrations in breast milk decreased from an av
erage of 1.33 ]lg/kg of milk in 1982 to 0.85 rglkg of milk in 1986 (7), higher 
concentrations (mean 13 Jlg!litre) have been found in breast milk from women 
whose houses were treated annually with aldrin (8). 

604 



15 PESTICIDES 

15.4.4 Kinetics and metabolism in laboratory animals and humans 

Aldrin and dieldrin are absorbed by the oral, inhalation, and dermal routes. They 
tend to accumulate in adipose tissue. A steady state between intake, storage, and 
excretion is reached following repeated dosing. Aldrin and dieldrin can be mobi
lized from the adipose tissue compartment, causing an increase in blood level 
that results in toxic manifestations. Dieldrin is metabolized in the liver and is ex
creted, with its metabolites, primarily in the faeces via the bile in humans and in 
most animals tested (mouse, rat, monkey). The major metabolite is 9-hydroxy 
dieldrin. Small amounts of trans-6,7-hydroxy dieldrin, dicarboxylic acids, and 
bridged pentachloroketone are excreted, but only in laboratory animals. The 
ratios between the amounts of the various metabolites produced differ for differ
ent animals (I). 

15.4.5 Effects on laboratory animals and in vitro test systems 

Acute exposure 

Acute oral LD50s of 33-65 mg/kg of body weight have been reported for aldrin 
and dieldrin for mice, rats, dogs, pigs, and rabbits. The reported value for di
eldrin in monkeys is 3 mg/kg of body weight ( 1). 

Short-term exposure 

Short-term studies on rodents have shown that the liver is the major target organ 
of aldrin and dieldrin exposure. The liver-to-body-weight ratio increases, and 
histopathological changes are observed, which have become known as "chlori
nated hydrocarbon insecticide rodent liver". In rats, the changes were minimal at 
a dose of 0.025 mg/kg of body weight per day, and this value was selected as the 
LOAEL (1). 

Long-term exposure 

Dogs seem more sensitive to aldrin and dieldrin than rats. In a 2-year study with 
beagle dogs receiving dieldrin in olive oil at doses of0.005 or 0.05 mg/kg ofbody 
weight per day, female dogs given 0.05 mg/kg of body weight per day had an 
increased liver-to-body-weight ratio. The NOAEL was estimated to be 0.005 
mg/kg of body weight per day (I). 

Reproductive toxicity, embryotoxicity, and teratogenicity 

The results of a number of reproductive studies suggest that dieldrin at levels of 
2 mg/kg in the rat diet and 3 mg/kg in the mouse diet has no effects on reproduc
tion. At these levels, however, there may be biochemical and histopathological 
effects. 
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In a limited study with dogs fed aldrin or dieldrin, pup survival was general
ly lower. No effects were observed in dogs receiving 0.2 mg of dieldrin per kg in 
the diet (1). 

Mutagenicity and related end-points 

The majority of studies on aldrin and dieldrin have not shown them to be muta
genic. In one study in which dieldrin was mutagenic in two out of three strains of 
Salmonella typhimurium, a dose-response relationship was not demonstrated (1). 

Carcinogenicity 

A number of long-term studies have shown aldrin and dieldrin to produce 
benign and malignant tumours of the liver in various strains of mice but not in 
other species. This indicates rhat the effect of aldrin/dieldrin on the mouse liver 
is species-specific. Aldrin and dieldrin have also been tested for carcinogenicity 
by the oral route in hamsters, dogs, and monkeys (J). After assessing much of the 
available data, IARC concluded that the evidence for the carcinogenicity to ani
mals of both aldrin and dieldrin is limited, and classified both chemicals in 
Group 3 (9). 

15.4.6 Effects on humans 

Both aldrin and dieldrin are highly toxic to humans, the target organs being the 
central nervous system and the liver. Severe cases of both accidental and occupa
tional poisoning and a number of fatalities have been reported. The lethal dose of 
dieldrin is estimated to be approximately 10 mg/kg of body weight per day. The 
majority of those poisoned by aldrin or dieldrin recover, and irreversible effects 
have not been reported. 

Male volunteers exposed to dieldrin doses of 0-3 )lg/kg of body weight per 
day for 18 months showed no effects on health. The concentration of dieldrin in 
blood and adipose tissue was found to be proportional to the daily intake (1). 

Effects on occupationally exposed workers have been studied in two epi
demiological mortality studies. In one study (232 subjects), no indication of spe
cific carcinogenic activity was found. In another study (1040 subjects), the 
mortality due to malignant neoplasms was lower than expected. There was a 
slight excess of cancers of the oesophagus, rectum, and liver, based on very small 
numbers. The only disease showing higher mortality rates than expected was 
nonmalignant respiratory system disease, specifically pneumonia ( 1). 

Chromosome studies have been carried out on human peripheral lympho
cytes from agricultural workers and workers engaged in the control of Chagas 
disease with at least 10 years of exposure to dieldrin. There were no differences 
between the control and exposure groups in structural chromosomal aberrations 
and sister chromatid exchange (1). 
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15.4. 7 Guideline value 

As already mentioned, IARC has classified aldrin and dieldrin in Group 3 (9). 
All the available information on aldrin and dieldrin taken together, including 
studies on humans, supports the view that these chemicals make very little con
tribution, if any, to the incidence of cancer in humans. Therefore, a TDI ap
proach can be used to calculate a guideline value. 

In 1977 JMPR recommended an ADI of 0.1 11g/kg of body weight (com
bined total for aldrin and dieldrin). This was based on NOAELs of 1 mg/kg of 
diet in the dog and 0.5 mg/kg of diet in the rat, which are equivalent to 0.025 
mg/kg of body weight per day in both species. JMPR applied an uncertainty fac
tor of 250 based on concern about carcinogenicity observed in mice ( 6). 

This ADI is reaffirmed. Although levels of aldrin and dieldrin in food have 
been decreasing, dieldrin is highly persistent and bioaccumulates. There is also 
the potential for exposure in the atmosphere of houses where it is being used for 
termite control. The guideline value is therefore based on an allocation of 1 o/o of 
the ADI to drinking-water, giving a value of 0.03 rg/litre. 
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15.5 Atrazine 

15.5.1 General description 

Identity 

CAS no.: 
Molecular formula: 

1912-24-9 
C8H 14ClN5 

The IUPAC name for atrazine is 6-chloro-Nethyl-N'-isopropyl-1,3,5-triazine-
2,4-diamine or 2-chloro-4-ethylamino-6-isopropylamino-1,3,5-triazine (I). Most 
commercial atrazine products are about 95% pure. Common impurities include 
sodium chloride and other symmetric triazines, such as simazine and propazine. 

Physicochemical properties (1-3) 

Property 
Melting point 
Density 
Water solubility 
Log octanol-water partition coefficient 
Vapour pressure 

Major uses 

Value 
175-177 oc 
1.187 g/cm3 at 20 oc 
30 mg/litre at 20 oc 
2.3 
40 x 10-6 Pa at 20 oc 

Atrazine is used as a selective pre- and post-emergence herbicide for the control 
of weeds in asparagus, maize, sorghum, sugar-cane, and pineapple. It is also used 
in forestry and for non-selective weed control on non-crop areas (I). Several 
countries have restricted its use. 

Environmental fate 

Atrazine can be degraded in surface water by photolysis and microorganisms via 
N-dealkylation and hydrolysis of the chloro substituent; the corresponding half
lives are greater than 100 days at 20 oc. Hydrolysis and microbial degradation 
also take place in soil, depending mainly on temperature, moisture, and pH. 
Half-lives of 20-50 days at 20-25 oc have been found under laboratory condi
tions, increasing at lower temperatures ( 4). These are similar to the half-lives 
found under natural conditions, but longer half-lives have been seen under spe
cial conditions (5). Degradation rates normally decrease with increasing depth, 
and atrazine can be fairly stable in groundwater ( 6). 
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Atrazine's degradation products in soil include 2-chloro-4-amino-6-isopropyl
amino-1 ,3,5-triazine, 2-chloro-4-ethylamino-6-amino-1 ,3,5-triazine, 2-chloro-
4-amino-6-amino-1 ,3, 5-triazine, 2-hydroxy-4-ethylamino-6-isopropylamino-
1 ,3,5-triazine, and 2-hydroxy-4-amino-6-isopropylamino-1 ,3,5-triazine (the 
main metabolite) (7). Unsubstituted amino metabolites and triazine are formed 
later and may be mineralized completely. Atrazine and its dealkylated metabolites 
are moderately to very mobile in sandy, silt, and clay soils (8). Hydroxytriazines, 
however, are of low mobility (9) and persist for long periods in the soil (1 0). 

15.5.2 Analytical methods 

Atrazine is determined by extraction with pentane followed by gas chromatog
raphy with nitrogen-phosphorus detection. The detection limit in tapwater and 
river water is about 0.1 rg/litre ( 4). 

15.5.3 Environmental levels and human exposure 

Air 

Evaporation tests in fields treated with atrazine have shown a loss of about 0.2% 
of the dose per day. It is found in precipitation just after spraying (1 I) and may 
then also be expected to be found in air. 

Water 

In many countries, after application in agricultural areas, atrazine has been found 
in groundwater at levels of0.01-6 rg/litre. It has also been detected in drinking
water in several countries at levels of0.01-5 jlg/litre (11, 12). 

Food 

Hydroxy metabolites of atrazine have been found in plants grown in soil treated 
with it (10), but atrazine itself has not been found on crops. When sprayed on 
maize, it is quickly transformed by the plant into its hydroxy metabolites (13). 

15.5.4 Kinetics and metabolism in laboratory animals and humans 

Atrazine appears to be readily absorbed from the gastrointestinal tract. In a study 
of rats given a single dose by gavage, at least 80o/o of the dose was absorbed. 
Within 3 days, 66% of the dose was excreted in the urine, 14% was retained in 
tissues, mainly the blood cells, and only 0.1% was found in the expired air (14). 
Doses given orally are retained mainly in erythrocytes, liver, spleen, and kidney. 
Most of the metabolites found in soil can also be found as degradation products 
in rats, 2-chloro-4,6-diamino-1 ,3,5-triazine being the major compound present 
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in urine (15 ). Absorption through skin is limited, amounting to less than 2% 
after a 1 0-h exposure (I 6). 

15.5.5 Effects on laboratory animals and in vitro test systems 

Acute exposure 

When technical atrazine (97% active ingredient) was administered to very young 
rats (< 7 weeks), LD50s of 1900-2300 mg/kg of body weight were found, where
as LD50s in the range 670-740 mg/kg of body weight were found for 3-month
old rats (I 7). LD50s of 1750-4000 mg/kg of body weight were established in 
mice (18). 

Atrazine causes moderate irritation to rabbit skin but is not appreciably irri
tating to the rabbit eye. It causes dermal sensitization in the guinea-pig. The der
mal LD50 was reported to be higher than 3100 mg/kg of body weight in the rat 
(19). 

Short-term exposure 

A 2-week study on female rats on oral toxicity and hormonal effects showed that 
100 mg/kg of body weight per day influenced the serum concentrations of estro
gen, luteinizing hormone, prolactin, and progesterone. These effects may be im
portant in the development of breast cancer in rats (20). 

Long-term exposure 

In a 1-year oral study on beagle dogs with technical atrazine (97% active ingredi
ent) at doses of 0, 0.5, 5, or 34 mg/kg of body weight per day, the heart was the 
main target organ. Dogs given 34 mg/kg of body weight per day showed ECG 
alterations and clinical signs referable to cardiac toxicity after only 17 weeks. 
Treatment-related changes in haematological values were also reported in males 
of this group. Slight decreases in total serum protein and albumin were reported 
for males at 34 mg/kg of body weight per day. The NOAEL in this study was 
5 mg/kg of body weight per day (21). 

Technical atrazine (98.9% active ingredient) was fed to Sprague-Dawley rats 
for 2 years at 0, 10, 70, 500, or 1000 mg/kg in the diet. At 500 and 1000 mg/kg, 
there was a significant decrease in mean body weights of both sexes and decreased 
food consumption. At 1000 mg/kg, females were found to have a consistent re
duction in red blood cell count, haemoglobin and haematocrit, and glucose levels 
were depressed in both females and males during the first 12 months. The 
NOAEL in this study was 70 mg/kg (equivalent to 3.5 mg/kg of body weight per 
day) based on non-neoplastic effects as well as reduced body weight and food 
consumption (22). 
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Reproductive toxicity, embryotoxicity, and teratogenicity 

In a two-generation rat study utilizing technical atrazine (97% active ingredient) 
in doses of 0, 0.5, 2.5, or 25 mg/kg of body weight per day, pup weights in the 
second generation at the two highest doses were statistically significantly lower 
than those of the control group. Both parental animals had significant decreases 
in body weight, body weight gain, and food consumption at 25 mg/kg of body 
weight per day. In addition, a statistically significant increase in relative testis 
weight was seen in both generations at this dose level. Thus, the reproductive 
NOAEL was 0.5 mg/kg of body weight per day, and the parental NOAEL 2.5 
mg/kg of body weight per day (23). 

No teratogenic response was found in New Zealand white rabbits that re
ceived atrazine by gavage on days 7-19 of gestation at dose levels of 1, 5, or 75 
mg/kg of body weight per day. Maternal toxicity, in the form of decreased body 
weight gain and food consumption, was seen in the mid- and high-dose groups. 
Fetotoxicity was demonstrated only at 75 mg/kg of body weight per day by an 
increased resorption rate, reduced fetal weights, and delay of ossification. The 
embryotoxic NOAEL appears to be 5 mg/kg of body weight per day, and the ma
ternal NOAEL is 1 mg/kg of body weight per day (24). 

Mutagenicity and related end-points 

Atrazine has been tested in several systems, but there is no convincing evidence 
that it has any significant genotoxic action. However, deficiencies exist with re
spect to certain of the tests performed, and some evidence of genotoxic effects in 
vivo needs confirmation (25-28). 

Carcinogenicity 

In the study in which technical atrazine (98.9% active ingredient) was fed to 
Sprague-Dawley rats for 2 years at 0, 10, 70, 500, or 1000 mg/kg in the diet, a 
significant increase in the incidence of mammary tumours in females was seen at 
the three highest doses (22). The doses in the middle of the range (70 and 500 
mg/kg) showed 95% significance for the occurrence of adenocarcinomas and car
cinosarcomas, suggesting that atrazine interferes with hormonal regulation in 
male rats. The effect of atrazine on rat hormones confirms this hypothesis (20). 
The NOAEL in this study was 10 mg/kg, equivalent to 0.5 mg/kg of body 
weight per day. Studies on mice have not shown any signs of tumours (29). 

15.5.6 Effects on humans 

In an epidemiological study in northern Italy, an increased relative risk of ovarian 
neoplasia was found among women exposed to triazine herbicides (30). An 80% 
formulation of atrazine did not cause skin sensitization on repeated application 
to humans. 
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15.5. 7 Guideline value 

The weight of evidence from a wide variety of genotoxicity assays indicates that 
atrazine is not genotoxic. There is some evidence that it can induce mammary 
tumours in rats as a result of hormonal changes, but it is highly probable that the 
mechanism for this process is non-genotoxic. No significant increase in neoplasia 
has been observed in mice. IARC has concluded that there is inadequate evidence 
in humans and limited evidence in experimental animals for the carcinogenicity 
of atrazine (Group 2B) (31). 

A TDI approach can therefore be used to calculate a guideline value. Based 
on a NOAEL of 0.5 mg/kg of body weight per day in a carcinogenicity study in 
the rat (22) and an uncertainty factor of 1000 (I 00 for inter- and intraspecies 
variation and 10 to reflect potential neoplasia), a TD I of 0. 5 flg/kg of body 
weight can be calculated. With an allocation of 10% of the TDI to drinking
water, the guideline value is 2 fig/litre (rounded figure). 
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15.6 Bentazone 

15.6.1 General description 

Identity 

CAS no.: 
Molecular formula: 

50 723-80.3 
C10H 12N20 3S 

The IUPAC name for bentazone is 3-isopropyl-(1H)-2,1,3-benzothiadiazin-
4(3H)-one 2,2-dioxide. Technical bentazone is 92-96% pure. Its main impuri
ties are Nisopropylsulfamoyl anthranilic acid (reactant; 2.4%), sodium chloride 
(raw material; l.Oo/o), and anthranilic acid (reactant; 0.6%). Some 50 other com
pounds have been found as impurities at very low concentrations (I). 
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Physicochemical properties (1-3) 

Property 
Melting point 
Density 
Water solubility 
Log octanol-water partition coefficient 
Vapour pressure 

Major uses 

Value 
137-139 oc 

15 PESTICIDES 

1.5 g/cm3 at 20 oc 
500 mg/litre at 20 oc 
Low 
0.46 x 10-3 Pa at 20 oc 

Bentazone is a contact herbicide used in winter and spring cereals, maize, peas, 
rice, and soy beans. It is absorbed by the leaves and has a short herbicidal effect 
(2). 

Environmental fate 

The mechanism for degradation in soil is not known. The metabolite 2-amino
Nisopropyl benzamide (AlBA) has been found; two others, 6- and 8-hydroxy 
bentazone, may occur but are not extractable from soils after application and may 
be incorporated in the humic fraction. In a sandy soil assay, 80% of radioactively 
labelled bentazone was still present in the soil a year after application. The half
life of bentazone under optimal conditions is 1.5-15 weeks, depending on soil 
type. At temperatures below 10 oc, the half-life is longer than 20 weeks. In ly
simeter and laboratory assays of mobility, 20-50% of bentazone and AlBA ap
pears in the eluate (I). 

15.6.2 Analytical methods 

Bentazone may be determined by extraction with dichloromethane followed by 
gas chromatography with electron-capture detection. The detection limit in tap
water and river water is about 0.05 ~g/litre (I). 

15.6.3 Environmental levels and human exposure 

Air 

Bentazone is unlikely to occur in air owing to its low vapour pressure. 

Water 

Bentazone can be detected in groundwaters in cultivated areas where it is used. 
Surface waters can be polluted by effluents from production plants, drainage 
waters, and actual use in the water (rice fields). Concentrations range from <0.1 
to 6 ~g/litre in ground water and from <0.1 to 2 ~g/litre in surface water ( 4). 
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Food 

Bentazone may be present in crayfish farmed in rice fields where it is sprayed (3). 

15.6.4 Kinetics and metabolism in laboratory animals and humans 

In rats, 14C-labelled bentazone was rapidly absorbed from the gastrointestinal 
tract and distributed via the bloodstream to various organs and tissues. Liver and 
kidneys exhibited the highest activity, but no penetration across the blood-brain 
barrier was observed. Of the dose administered, 90% was excreted in the urine 
within 24 has unchanged bentazone. Little was recovered in the faeces (1 %), and 
even less detected in exhaled air (<0.02%) (5). More than 80% of a single dose 
of bentazone administered to a rabbit in the feed was excreted in the urine un
metabolized. Two unidentified metabolites, accounting for about 3% of the dose, 
were detected, together with small quantities of 6- and 8-hydroxy bentazone 
( 6, 7). 

15.6.5 Effects on laboratory animals and in vitro test systems 

Acute exposure 

The acute toxicity ofbentazone appears to be moderate to low. For rats, the LD50 
for oral intake in carboxymethylcellulose gel was 1220 mg/kg of body weight, 
and for dermal exposure in water, greater than 2500 mg/litre. Poor muscle co
ordination, tremor, and breathing difficulties were noted, but no exposure
related pathological changes were discovered on necropsy ( 8, 9). 

Short-term exposure 

Beagle dogs were given technical bentazone at 0, 2.5, 7.5, 25, or 75 mg/kg of 
body weight per day for 13 weeks (10). The highest dose level produced weight 
loss, reduced haemoglobin, and fatty degeneration of liver and heart muscle. 
One-third of males and two-thirds of females died. Effects at lower dose levels 
were much less marked or absent. Prostatitis was observed in all males at 75 
mg/kg of body weight per day and in one male at 25 and another at 7.5 mg/kg of 
body weight per day. This suggests a compound-related dose-dependent effect, 
with 2.5 mg/kg of body weight per day as the NOAEL (1 I). Others have sug
gested that 7.5 mg/kg of body weight per day is the NOAEL (12). 

Long-term exposure 

In a 2-year study, rats were fed bentazone in the diet at 10, 40, or 200 mg/kg of 
body weight per day. Decreased mean body weight gain, increased absolute and 
relative kidney weights, increased water consumption, and changes in urine and 
blood data were apparent in animals of both sexes at the highest dose level. In ad-
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clition, males had depressed food consumption and an equivocal increase in eye 
lesions and cataracts. Less severe effects were seen in the group receiving 40 
mg/kg of body weight per day, and no compound-related effects were observed at 
10 mg/kg of body weight per day (13). 

In a 52-week feeding study carried out in dogs at dose levels of 0, 100, 400, 
and 1600 mg/kg, the NOAEL was 400 mg/kg (13.1 mg/kg of body weight per 
day). At the highest dose, various clinical signs were observed in males, an in
crease in prothrombin time and in partial thromboplastin time was observed in 
both sexes, and two dogs showed reduced spermiogenesis (14). 

In a long-term toxicity/carcinogenicity study in which mice were given ben
tazone at concentrations of 0, 100, 400, or 2000 mg/kg in the diet, the NOAEL 
was 100 mg/kg, equal to 12 mg/kg of body weight per day, based on increases in 
prothrombin time and changes in pituitary weights in males (1 5). 

Reproductive toxicity, embryotoxicity, and teratogenicity 

Pregnant Sprague-Dawley rats were given technical bentazone by gavage at doses 
of 22.2, 66.7, or 200 mg/kg of body weight per day on days 6-15 after concep
tion. At 200 mg/kg of body weight per day, a dose level not associated with ma
ternal toxicity, signs of fetotoxicity and teratogenicity were observed, such as 
increased late resorptions, fetuses with thickened and/or shortened extremities, 
runting, and anasarca. The NOAELs for fetuses and dams were 66.7 and 200 
mg/kg ofbodyweight per day, respectively (16). 

Pregnant Wistar rats were fed bentazone at 40, 100, or 250 mg/kg of body 
weight per day on days 6-15 after conception. At 250 mg/kg of body weight per 
day, the dams showed significantly decreased food intake but no weight decrease. 
Signs of fetotoxicity, such as increased resorption, smaller litter sizes, and lower 
mean pup weight, were also noticed. The NOAEL for both fetuses and dams was 
100 mg/kg of body weight per day (1 7). 

In a two-generation rat study at dose levels of 0, 200, 800, or 3200 mg/kg of 
feed, no reproductive or teratogenic effects were observed. The NOAELs for re
duced body weight were 800 mg/kg (50 mg/kg of body weight per day) in paren
tal animals and 200 mg/kg (15 mg/kg of body weight per day) in pups (1 8). 

In a study in which pregnant Chinchilla rabbits were given 75, 150, or 375 
mg of bentazone per kg of body weight per day by gavage on days 6-18 of gesta
tion, maternal toxicity was observed at the highest dose level. There were no indi
cations of teratogenicity or effects on fetal or embryonic development at any dose 
level. The NOAEL was 150 mg/kg of body weight per day (19). 

Mutagenicity and related end-points 

Mutagenicity tests, Ames tests, and cytogenetic tests gave negative results, except 
for a mouse liver cell assay and a point mutation test carried out on CHO cells, 
in which bentazone gave a weak mutagenic response (20). 
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Carcinogenicity 

No carcinogenic effects have been observed in the different studies carried out. 

15.6.6 Effects on humans 

No cases of human poisoning have been reported following bentazone exposure. 

15.6.7 Guideline value 

Long-term studies conducted in rats and mice have not indicated a carcinogenic 
potential, and a variety of in vitro and in vivo assays have indicated that benta
zone is not genotoxic. The guideline value is therefore derived using a TDI ap
proach. 

]MPR evaluated bentazone in 1991 (20) and established an ADI of 0.1 
mg/kg of body weight by applying an uncertainty factor of 100 to a NOAEL of 
10 mg/kg of body weight per day, based on haematological effects at higher 
doses, derived from a 2-year dietary study in rats (13) and supported by 
NOAELs in dogs and mice (14, 15). To allow for uncertainties regarding dietary 
exposure, 1 Ofo of the ADI was allocated to drinking-water, resulting in a guideline 
value of 30 11gllitre. 
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15.7 Carbofuran 

15. 7.1 General description 

Identity 

CAS no.: 
Molecular formula: 

1563-66-2 
C12H 15N03 

Carbofuran is the common name for 2,3-dihydro-2,2-dimethylbenzofuran-7-yl
methylcarbamate. 

Physicochemical properties (1, 2) 

Property 

Melting point 
Water solubility 
Vapour pressure 
Octanol-water partition coefficient 

Major uses 

Value 

153-154 oc 
320 mg/litre at 25 oc 
2.7 x 10-3 Pa at 33 oc 
17-26 at 20 oc 

Carbofuran is a systemic acaricide, insecticide, and nematocide. It is used mainly 
on alfalfa, sugar-beet, cereals, citrus fruit, coffee, cotton, grapes, fruit trees, 
maize, potatoes, rice, soy beans, sugar-cane, tobacco, and vegetables (2). 

Environmental fate 

Carbofuran can dissipate from water by direct photolysis and photo-oxidation. 
In soil, photodecomposition is not an important degradation pathway. Volatili
zation from soil and water is not expected to be significant. 1 

1 Source: Hazardous Substances Data Bank. Bethesda, MD, National Library of Medicine. 
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Carbofuran undergoes chemical and microbial degradation mainly through 
hydrolysis and hydroxylation (3, 4). Repeated applications do not result in an ac
cumulation of residues. It does not bind to soil or sediments and has been shown 
to migrate extensively in soil (1). Its half-life in soil has been reported to be 1-37 
weeks (5). 

15.7.2 Analytical methods 

Carbofuran is determined by a high-performance liquid chromatographic pro
cedure used for the determination of N-methylcarbamoyloximes and N-methyl
carbamates in drinking-water. The detection limit has been estimated to be 
approximately 0.9 Jlg/litre (6). 

15.7.3 Environmental levels and human exposure 

Air 

In a study designed to evaluate human exposures to carbofuran following aerial 
applications, it was estimated that maximum inhaled doses were in the range 
0.7-2.0 mg/day (7). 

Water 

In the USA, carbofuran has been detected in the groundwater of seven states 
(8), and in 30o/o of 5100 groundwater samples examined (9). In a field study, it 
was found in groundwater 12-16 months after application to potato and corn 
crops on sandy soil; maximum concentrations were 10 and 30 Jlg/litre, respec
tively (9). Typical levels of 1-5 Jlg/litre have been reported for groundwaters in 
areas with sandy soils (5). 

Food 

Monitoring of carbofuran residues in or on foods has revealed only the occasion
al occurrence of low levels of the parent compound and its metabolites (10). 
There is no evidence for bioaccumulation or biomagnification in fish (I 1). 

15.7.4 Kinetics and metabolism in laboratory animals and 
humans 

Carbofuran administered to female mice by gavage was rapidly absorbed (I 2). 
Metabolism appears to involve hydroxylation and/ or oxidation reactions that 
result in the formation of carbofuran phenols, 3-hydroxycarbofuran, 3-hydroxy
carbofuran-7-phenol, 3-ketofuran, and 3-ketofuran-7-phenol. Hydrolysis 1s a 
significant pathway for carbofuran metabolism in mammals (13). 
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Elimination of carbofuran is rapid in rats; approximately 72% of a single 
orally administered dose was excreted in the urine within 24 h, and 92% after 
120 h, while total faecal excretion was about 3% (13). Some pulmonary excre
tion has been found in mice. After 60 min, 6% and 24% of an orally adminis
tered dose were recovered as exhaled carbon dioxide and in urine, respectively 
(14). 

15.7 .5 Effects on laboratory animals and in vitro test systems 

Acute exposure 

Oral LD50s have been reported to be 6-34 mg/kg of body weight for the rat (15), 
2.0 mg/kg of body weight for the mouse (16), and 15-19 mg/kg of body weight 
for the dog (15). Acute toxicity effects, including death, resulting from exposure 
to carbofuran are attributed to rapid inhibition of acetylcholinesterase activity 
(16). 

Short-term exposure 

In a 1-year feeding study in beagle dogs exposed to carbofuran at doses of 0, 
0.25, 0.5, or 12.5 mg/kg of body weight per day, no biologically significant ad
verse effects on various biochemical, haematological, or clinical parameters were 
reported at 0.25 or 0.5 mg/kg of body weight per day. At 12.5 mg/kg of body 
weight per day, marked depression of plasma and erythrocyte cholinesterase 
levels was observed in both sexes, as well as testicular degeneration and some 
aspermia in males, and uterine hyperplasia and hydrometria in females. The 
NOAEL for dogs was 0.5 mg/kg of body weight per day, based on this study 
(17). 

Long-term exposure 

In a 2-year study, rats were fed carbofuran in the diet at 0, 0.5, 1, or 5 mg/kg of 
body weight per day. At the highest dose, slight decreases in mean body weight 
were observed in males; there was also inhibition of plasma, red blood cells, and 
brain cholinesterase levels in both sexes. No adverse effects on body weight, food 
consumption, behaviour, ophthalmology, haematology, biochemistry, urinalysis, 
or histopathology were observed at the two lower doses. The NOAEL for this 
study was 1 mg/kg of body weight per day (18). 

In a similar 2-year study in which mice were fed carbofuran in the diet at 3, 
19, or 75 mg/kg of body weight per day, those receiving the highest dose showed 
a temporary decrease in body weight. At the two highest doses, a reduction in 
brain cholinesterase levels was observed. No adverse effects on food consump
tion, behaviour, haematology, biochemistry, urinalysis, or histopathology were 
observed at the lowest dose. This study supports a NOAEL of 3 mg/kg of body 
weight per day (19). 
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Reproductive toxicity, embryotoxicity, and teratogenicity 

In beagle dogs fed carbofuran for 1 year at 0.25, 0.5, or 12.5 mg/kg of body 
weight per day, aspermia in males was observed at the two highest doses. The 
highest dose resulted in testicular degeneration in males and uterine hyperplasia 
and hydro metria in females (17). 

In a three-generation study in which rats were fed carbofuran at 1 or 5 mg/kg 
of body weight per day, no adverse effects on male or female fertility, length of 
gestation, litter size, or growth were observed. At the highest dose, however, the 
survival rate of the first litter in all three generations was slightly lower by day 4 
of lactation. The NOAEL for reproductive effects was 1 mg/kg of body weight 
per day (20). 

Dose-related inhibition of cholinesterase activity in the blood, liver, and 
brain of pregnant rats and their fetuses was found in a study in which carbofuran 
was administered orally at 0.05, 0.3, or 2.5 mg/kg of body weight on day 18 of 
gestation. In the high-dose group, toxic signs appeared within 5 min; 8 of 32 
dams died within 30 min; and acetylcholinesterase activity was reduced in all ma
ternal and fetal tissues sampled 1 h after dosing. At lower doses, inhibition was 
found in some tissues at 1 h. In this study, the LOAEL was 0.05 mg/kg of body 
weight for a single dose, based on the inhibition of maternal and fetal blood 
acetylcholinesterase and maternal liver acetylcholinesterase (21). 

No teratogenic effects have been found in studies conducted on rats, mice, 
and rabbits (22-24). The NOAEL was 0.1 mg/kg of body weight per day in a 
teratology study in rats (24). 

Mutagenicity and related end-points 

Carbofuran was negative in Ames bacterial tests except for one in which it was 
mutagenic in Salmonella typhimurium strains TA98 and TA1538 with activation 
by rat liver homogenate (S9 fraction) (1, 25). Mutagenicity tests in other organ
isms were negative, except that positive results were reported with Chinese ham
ster ovary V79 cells without, but not with, activation by rat liver homogenate (S9 
fraction) (1, 26). 

Carcinogenicity 

No evidence of carcinogenicity was found in the 2-year dietary studies on rats 
and mice mentioned above (18, 19). 

15.7.6 Effects on humans 

Carbofuran was administered orally to healthy males in a controlled experiment 
in which there were two subjects at each dose level. The subjects were observed 
for 24 h after dosing. At 0.1 mg/kg of body weight, symptoms of acetylcholin
esterase depression were observed, including salivation, diaphoresis, abdominal 
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pain, drowsiness, dizziness, anxiety, and vomiting. No symptoms were observed 
at 0.05 mg/kg of body weight, and this dose level was defined as the NOAEL in 
this study (27). 

Several cases of adverse effects have been reported in individuals involved in 
the application and formulation of carbofuran. There were mild and reversible 
symptoms of acetylcholinesterase depression, such as malaise, hypersalivation, 
and vomiting. Following more severe poisoning, symptoms included chest tight
ness, muscular twitching, convulsions, and coma (28). 

15.7.7 Guideline value 

IARC has not evaluated carbofuran. On the basis of the available studies, this 
compound appears to be neither carcinogenic nor mutagenic. 

While clinical signs of acetylcholinesterase inhibition were observed in hu
mans at a single oral dose of 0.1 mg/kg of body weight, they were absent at 0.05 
mg/kg of body weight, which can therefore be regarded as a NOAEL in humans 
(27). 

A NOAEL of 0.5 mg/kg of body weight per day was derived from a 1-year 
study in dogs (17). The NOAEL for systemic effects in dams in a rat teratology 
study was 0.1 mg/kg of body weight per day (24). 

A TDI of 1.67 )lg/kg of body weight was calculated by applying an uncer
tainty factor of 30 (1 0 for intraspecies variation and 3 for the steep dose-response 
curve) to the NOAEL of 0.05 mg/kg of body weight in humans. This TDI is 
supported by observations in laboratory animals, giving an adequate margin of 
safety for the NOAELs in rats and dogs. An allocation of 10% of the TDI to 
drinking-water results in the guideline value of 5 )lg/litre (rounded figure). 
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15.8 Chlordane 

15.8.1 General description 

Identity 

CAS no.: 
Molecular formula: 

The IUPAC name for chlordane is 1,2,4,5,6,7,8-octachloro-2,3,3a,4,7,7a-hexa
hydro-4,7-methano-1H-indene. Chlordane is a mixture of isomers, mainly cis-
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and trans-chlordane. Technical chlordane contains 60-75% chlordane isomers 
and at least 25 other compounds, including heptachlor (C 10H 5CI7) and nona
chlor (C10H 5Cl9). 

Physicochemical properties (1, 2) 

Property 
Melting point 
Density 
Water solubility 
Log octanol-water 
partition coefficient 
Vapour pressure 

Value 
106-107 oc (cis); 104-105 oc (tram) 
1.59-1.63 g/cm' at 25 oc 
0.1 mg/litre at 25 oc 

5.5 (pure chlordane) 
61 x 10-3 Pa at 25 oc (technical) 
1.3 X 1 o-3 Pa at 25 oc (refined) 

Organoleptic properties 

A taste threshold of 500 p.g/litrel and an odour threshold of 0.5 pg/litre have 
been reported for chlordane in water (3). 

Major uses 

Chlordane is a versatile, broad-spectrum contact insecticide used mainly for non
agricultural purposes (primarily for the protection of structures, but also on lawn 
and turf, ornamental trees, and drainage ditches). It is also used on corn, pota
toes, and livestock. When used for termite control, it is applied to the soil by sub
surface injection. Recently, the use of chlordane has been increasingly restricted 
in many countries (I, 2, 4). 

Environmental fate 

Chlordane is very resistant to chemical and biological degradation. It is highly 
immobile and migrates very poorly. Dissipation of chlordane from soils is mainly 
due to volatilization. The soil half-life is about 4 years (5). In spite of its very low 
mobility in soil, chlordane may be a low-level source of contamination of 
groundwater when applied by subsurface injection. Once in water bodies, it is 
not removed by photodegradation, hydrolysis, or biodegradation. Chlordane can 
be dissipated from surface water by volatilization, sorption to bottom and sus
pended sediments and particulates, and uptake by aquatic organisms (6, 7). 

1 Source: Hazardous Substances Data Bank, Berhesda, MD, National ltbrary of Medicine, 1985 
(NIH/EPA:OHM/TADS). 
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15.8.2 Analytical methods 

Chlordane can be determined by extraction with pentane followed by gas chroma
tography with electron-capture detection. The detection limit in tapwater and 
river water is about 0.01 )lgllitre (8). 

15.8.3 Environmental levels and human exposure 

Air 

Chlordane levels range from less than 0.1 to 60 ngfm3 in urban air and from 0.01 
to 1 ngfm3 in rural air. It is a contaminant of indoor air when used for termite 
control; levels exceeding 1 )lgfmi have been measured (2). 

Water 

In the USA, chlordane is rarely present in drinking-water; when found, it is 
mainly at levels below 0.1 )lgllitre (6). Levels in drinking-water and groundwater 
higher than its solubility have been reported (4). 

Food 

Chlordane has been found in meat, eggs, and milk. Some chlordane metabolites 
have been found in human milk. Food is considered to be the major source of ex
posure of the general population (7). 

15.8.4 Kinetics and metabolism in laboratory animals and 
humans 

When cis-chlordane was administered orally, at least 2-So/o of the dose was ab
sorbed by rats and at least 30% by rabbits (9). It is also absorbed by the pulmo
nary and dermal routes in rats (I 0). Chlordane and its metabolites, mainly 
oxychlordane, are quickly distributed throughout the body and stored at the 
highest levels in adipose tissue (9). Oxychlordane has been detected in adipose 
tissue in the general human population (If). 

Various faecal metabolites of both cis- and tram-chlordane have been identi
fied. A metabolic scheme involving dehydrogenation, epoxidation, hydroxyla
tion, and dechlorination reactions has been presented. A glucuronide conjugate 
was found in urine ( 12). Lactation is a route of excretion of chlordane in females; 
chlordane is present in breast milk mainly as oxychlordane ( 13). 
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15.8.5 Effects on laboratory animals and in vitro test systems 

Acute exposure 

Chlordane is moderately toxic in acute exposure. Oral LD50s of 335-430 mg/kg 
of body weight have been found in rats and mice, whereas in hamsters the oral 
LD50 was 1720 mg/kg of body weight. Cows seem to be more sensitive, with oral 
LD50s of 25-90 mg/kg of body weight. Acute exposure to chlordane produces 
ataxia, convulsions, respiratory failure, and cyanosis (7). 

Long-term exposure 

In a 2-year study, dogs fed chlordane at 0, 7.5, 75, 375, or 750 Jlglkg of body 
weight per day showed altered liver enzyme activities and slightly increased rela
tive liver weight at the two highest doses. The NOAEL in this study was 75 
Jlg!kg of body weight per day ( 14). 

F-344 rats (80 per sex per dose) were fed technical chlordane in the diet at 0, 
1, 5, or 25 mg/kg for 130 weeks. Absolute and relative liver weights were in
creased in all treated groups as compared with controls. Serum bilirubin levels 
were increased in mid- and high-dose male rats. Histopathological examination 
revealed a significantly increased incidence of hepatocellular swelling in both sex
es at the high dose and in some of the mid- and low-dose males. A NOAEL of 
1 mg/kg of diet, or approximately 0.05 mg/kg of body weight per day, was indi
cated by this study (I 5). 

Reproductive toxicity, embryotoxicity, and teratogenicity 

Male rats exposed for 90 days to 19.5 mg/kg of diet (about 1 mg/kg of body 
weight per day) showed changes in the ventral prostate (I 6). Chlordane reduced 
litter viability and delayed growth in multigenerational studies in rats and mice; 
in these studies, the NOAEL was 30 mg/kg of diet and the LOAEL 50 mg/kg of 
diet. At lower doses, significant effects appeared only in the third and fourth gen
erations (17, 18). Effects were also seen in pups born to untreated dams but 
nursed by treated dams ( 17). Female mice exposed on days 1-19 of pregnancy to 
8 mg/kg of body weight gave birth to apparently healthy progeny in which cell
mediated immunity was significantly reduced at adult age (19). 

Mutagenicity and related end-points 

Chlordane was positive in Saccharomyces cerevisiae for mitotic gene conversion 
after metabolic activation (20) and in maize for reverse mutation (21). It was 
mutagenic to Chinese hamster V79 cells and induced sister chromatid exchange 
in intestinal cells of fish treated in vivo (22). Chlordane was negative in Bacillus 
subtilis and Salmonella typhimurium for reverse mutation (21, 23), in primary 
cultures of rat, mouse, and hamster hepatocytes for unscheduled DNA synthesis, 
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and in mice for the dominant lethal assay (23, 24). It was not mutagenic to cul
tures of human fibroblasts, and studies on DNA damage in transformed human 
cells yielded conflicting results (22). 

Carcinogenicity 

Chlordane gave positive results in carcinogenicity studies conducted in three 
strains of mice, one of which has a very low frequency of spontaneous liver 
lesions (25-27). In all of these studies, chlordane exposure resulted in very high 
incidences of hepatic carcinomas in both male and female mice. In carcino
genicity studies on three strains of rats, chlordane did not exhibit carcinogenic 
effects (27-29 ); however, it produced an increased incidence of hepatocellular 
adenomas in F-344 SPF male rats (30). 

15.8.6 Effects on humans 

Neurological symptoms, including headache, dizziness, vision problems, incoor
dination, irritability, excitability, weakness, muscle twitching, and convulsions, 
were consistently mentioned in a compilation of case reports and personal 
reports of people accidentally exposed by inhalation or ingestion to unquantified 
concentrations of chlordane. A woman died 9 days after ingestion of 104 mg/kg 
of body weight (2). Following ingestion of drinking-water contaminated with 
chlordane at concentrations of up to 1.2 g/litre, 13 persons showed gastrointes
tinal and/or neurological symptoms (7). 

15.8.7 Guideline value 

IARC re-evaluated chlordane in 1991 and concluded that there was inadequate 
evidence for its carcinogenicity in humans and sufficient evidence for its carcino
genicity in animals, classifYing it in Group 2B (22). 

JMPR re-evaluated chlordane in 1986 and established an ADI of 0.5 )-lgfkg 
of body weight by applying an uncertainty factor of 100 to the NOAEL of 50 
)-lg/kg of body weight per day derived from a long-term dietary study in rats (15). 

Although levels of chlordane in food have been decreasing, it is highly persis
tent and has a high bioaccumulation potential. An allocation of 1 o/o of the JMPR 
ADI to drinking-water, gives a guideline value of 0.2 )-lg!litre (rounded figure). 
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15.9 Chlorotoluron 

15.9.1 General description 

Identity 

CAS no.: 

Molecular formula: 
15545-48-9 
C 10H 13ClN20 

The IUPAC name for chlorotoluron is 3-(3-chloro-p--tolyl)-1, 1-dimethylurea. 

Physicochemical properties (1) 

Property 

Physical state 
Melting point 
Vapour pressure 
Density 
Water solubility 
Log octanol-water partition coefficient 

Organoleptic properties 

Value 
Colourless crystals 
147-148 oc 
0.017 x 10-3 Pa at 20 oc 
1.4 g/cm3 at 20 oc 
70 mg/litre at 20 oc 
2.29 

No odour was detected at a concentration of 9.0 mg/litre (99.3% purity, dis
solved in still, bottled water, equilibrated to 40 °C, eight assessors) (Water 
Research Centre, unpublished data, 1990). 

Major uses 

Chlororoluron is a pre- or early post-emergence herbicide widely used to control 
annual grasses and broad-leaved weeds in winter cereals (1). 

Environmental fate 

Chlororoluron is slowly degraded in water and is quite persistent. Chemical hy
drolysis is not a significant degradation mechanism. However, it is degraded by 
photolysis in water and under laboratory conditions; the half-lives at pH 5, 7, 
and 9 at 22 oc were over 200 days. In another study, half-lives of approximately 
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120 and 80 days were reported for river and pond water (containing 1 o/o sedi
ment), respectively. Degradation proceeded via N-demethylation, yielding 3-(3-
chloro-p-tolyl)-1-methylurea as the major metabolite and some minor polar 
metabolites (Ciba-Geigy, unpublished data, 1989). 

In laboratory studies, the rate of degradation of chlorotoluron in soil is slow 
and follows first-order kinetics. The estimated half-life in loamy sand and organ
ic and peat soil is several months (2). Rates of degradation were nearly tripled by 
raising the temperature from 25 ac to 35 oc_ Under field conditions, chloro
toluron appears to degrade at a higher rate. When applied in the spring on bare 
soil, it disappeared from the 0-5-cm soil layer with a half-life of 30-40 days; 
dissipation was slower in autumn (Ciba-Geigy, unpublished data, 1989). 

15.9.2 Analytical methods 

Chlorotoluron may be determined by separation by reverse-phase high
performance liquid chromatography followed by ultraviolet and electro
chemical detection (3). Detection limits of 0.1 p.g/litre have been reported ( 4). 
Gas chromatography/mass spectroscopy can also be used for the determination 
stage. 

15.9.3 Environmental levels and human exposure 

Air 

Because of its low vapour pressure, chlorotoluron is unlikely to be a major con
taminant in air. 

Water 

Chlorotoluron is slightly mobile in soil and likely to reach surface waters follow
ing agricultural application. It has occasionally been detected in waters in the 
United Kingdom at concentrations ranging from 0.4 to 0.6 p.g/litre (5). Tn Ger
many, levels of up to 1.2 p.g/litre have been detected in drainage water from fields 
soon after normal treatment (Ciba-Geigy, unpublished data, 1989). In another 
German study, chlorotolmon was frequently detected in raw waters, concentra
tions of 0.2 and 0.3 p.g/litre were reported for surface water and groundwater, 
respectively ( 6). 

Food 

It is generally considered that there is only limited exposure to chlorotoluron 
from food. In one study, residues of 0.04-0.08 and 0.06-0.35 mg/kg were de
tected in grain and straw samples, respectively (Ciba-Geigy, unpublished data, 
1989). However, the majority of samples contained no measurable residues. 
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Estimated total exposure and relative contribution of drinking-water 

Based on exposure from food and water, the estimated daily intake was 4.2 
~g/person in a German study (Ciba-Geigy, unpublished data, 1989). 

15.9.4 Kinetics and metabolism in laboratory animals and 
humans 

Chlorotoluron is readily and rapidly absorbed when given orally. No evidence of 
its accumulation in any particular organ or tissue has been reported. In the rat, it 
is metabolized mainly via N-demethylation and stepwise oxidation of the ring 
methyl group to hydroxymethyl and carboxymethyl derivatives. At doses above 
50 mg/kg, the phenylmethyl group is transformed to a methylthiomethyl group. 
Chlorotoluron is rapidly excreted in the urine in the form of metabolites, a 
negligible amount being excreted in expired air (Ciba-Geigy, unpublished data, 
1989). 

15.9.5 Effects on laboratory animals and in vitro test systems 

Acute exposure 

Chlorotoluron is of low acute oral toxicity in various species; oral LD50s range 
from 2700 to more than 10 000 mg/kg of body weight. The rat dermal LD50 was 
more than 2000 mg/kg of body weight. It caused no eye or skin irritation in the 
rabbit or skin sensitization in the guinea-pig (7; Ciba-Geigy, unpublished data, 
1989). 

Short-term exposure 

Short-term feeding studies in animals suggest that chlorotoluron is of low tox
icity. Rats were fed chlorotoluron in the diet at doses of 0, 800, 3200, or 
12 800 mg/kg for 3 months. At the highest dose, there was a slight decrease in 
body weight in both males and females and an increased incidence of splenic 
haemosiderosis and Kupffer's cell activity in the liver. There were slight reversible 
increases in haemoglobin concentration, erythrocyte counts, and haematocrit 
values in females at 12 800 mg/kg and transient increases in serum alkaline phos
phatase activity at 3200 and 12 800 mg/kg. The NOAEL was 800 mg/kg, equal 
to 52 mg/kg of body weight per day (Ciba-Geigy, unpublished data, 1989). 

In a 3-month study, dogs were fed diets containing 0, 600, 2400, or 9200 
mg of chlorotoluron per kg. Animals in the highest dose group died after 10 
weeks from severe cachexia, resulting from starvation. At the two highest doses, 
there were decreases in food intake and body weights, but the only histopatho
logical changes that could be related to treatment were increased incidence of 
splenic and hepatic haemosiderosis (Ciba-Geigy, unpublished data, 1989). 
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Long-term exposure 

Mice were fed chlorotoluron in the diet at levels of 0, 100, 500, or 2500 mg/kg 
for 2 years. At 2500 mg/kg, there was a statistically significant reduction in body 
weight, a slight increase in white blood cell count, increased plasma urea levels, 
an increase in the activity of alkaline phosphatase in females, and a statistically 
significant reduction in the mean relative kidney weights in both sexes. There 
was a slightly increased concentration of albumin in males at 500 and 2500 
mg/kg. The NOAEL for this study was 100 mg/kg, equal to 11.3 mg/kg of body 
weight per day (Ciba-Geigy, unpublished data, 1989). 

In a 2-year study, rats were fed chlorotoluron in the diet at dose levels of 0, 
100, 500, or 2500 mg/kg. Marked depression in body weight gain was observed 
at 2500 mg/kg, accompanied by a slight reduction in feed consumption. At the 
same dose level, slight increases in the incidence of spleen haemosiderosis in 
females and in aminotransferase activity in males were observed. The NOAEL 
for this study was 100 mg/kg, equivalent to a daily intake of 5 mg/kg of body 
weight (Ciba-Geigy, unpublished data, 1989). 

Reproductive toxicity, embryotoxicity, and teratogenicity 

Chlorotoluron was not teratogenic in rats at doses of up to 1000 mg/kg of body 
weight per day when administered by gavage on days 6-15 of gestation (Ciba
Geigy, unpublished data, 1989). A mild retardation in the ossification rate of the 
hindlimb was seen in the 1000 and 500 mg/kg groups; this was considered to be 
related to maternal toxicity. 

In a two-generation study, chlorotoluron was administered orally to rats at 
dietary doses of 0, 300, I 000, or 3000 mg/kg. At 3000 mg/kg, there was a sig
nificant reduction in body weight and food consumption of both parents and 
offspring, a significantly reduced mean number of implantation sites per dam, 
and depressed locomotor activity in some pups. The NOAEL in this study was 
300 mg/kg (Ciba-Geigy, unpublished data, I989). 

No changes were observed in the testes and spermatozoa of male rats given 
chlorotoluron intragastrically at doses of 0.2 or 2.0 mg/kg of body weight per 
day, 5 days per week for I 0 weeks, although the offspring had lower body weights 
and body lengths. When the doses were administered in the feed, no effects were 
observed in the fetuses, indicating that the toxicity is affected by the method of 
administration (8). 

Mutagenicity and related end-points 

Chlorotoluron and its metabolites have shown no evidence of mutagenicity in a 
number of bacterial or in vitro and in vivo mammalian test systems (Ciba-Geigy, 
unpublished data, 1989). 
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Carcinogenicity 

No carcinogenic effects were reported in rats exposed to doses of 0, 100, 500, or 
2500 mg/kg in the diet for 2 years. However, in a 2-year dietary study, an in
creased incidence of adenomas and carcinomas of the kidney was reported in 
male mice at 2500 mg/kg. The incidence of hepatocellular carcinomas was also 
increased in male mice receiving 2500 mg/kg and slightly increased at 500 
mg/kg. When the incidences of hepatocellular carcinomas and adenomas were 
combined, the total number of tumours remained within the historical control 
ranges. No carcinogenic effects were reported at 100 mg/kg of diet (Ciba-Geigy, 
unpublished data, 1989). These studies suggest that chlorotoluron has a carcino
genic potential that is both species- and sex-specific. 

15.9.6 Effects on humans 

No cases of human poisoning have been reported following chlorotoluron expo
sure. 

15.9.7 Guideline value 

Chlorotoluron is of low toxicity in acute, short-term, and long-term exposures in 
animals, but has been shown to cause an increase in adenomas and carcinomas of 
the kidney in male mice given high doses for 2 years. Chlorotoluron and its 
metabolites have shown no evidence of genotoxicity. In view of this, the guide
line value can be calculated using a TDI approach. 

The NOAEL in a 2-year feeding study in mice was 11.3 mg/kg of body 
weight per day (Ciba-Geigy, unpublished data, 1989). A TDI of 11.3 )lgfkg of 
body weight can be calculated by applying an uncertainty factor of I 000 ( 100 for 
inter- and intraspecies variation and I 0 for evidence of carcinogenicity). An allo
cation of I 0% of the TDI to drinking-water results in the guideline value of 
30 )lgflitre (rounded figure). 
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15.10 DOT and its derivatives 

15.10.1 General description 

Identity 

CAS no.: 

Molecular formula: 
107917-42-0 

cl4H9Cl~ 

The term DOT refers to p,p' -DOT, or p,p' -dichlorodiphenyl trichloroethane. 
The compound's structure permits several different isomeric forms, such as o,p'
DOT. The term DOT is also applied to commercial products consisting predom
inantly of p,p' -DDT, bur also containing smaller amounts of other compounds, 
including p,p'- and o,p' -ODD (dichlorodiphenyl dichloroerhane) and p,p'- and 
o,p' -DOE (dichlorodiphenyl dichloroethene) (1). 

Physicochemical properties {1) 

Physical state 
Melting point 
Vapour pressure 
Water solubility 
Log octanol-water partition coefficient 

Organoleptic properties 

White, crystalline solid 
108.5-109 oc 
2.53 x 10-5 Pa at 20 ac 
Highly insoluble (1 )lg!litre) 
7.48 

All DOT isomers are tasteless, almost odourless solids. The odour threshold for 
DDT in water is 0.35 mg/litre (2). 
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Major uses 

DDT is a nonsystemic contact insecticide with a broad spectrum of activity (3). 
It was banned in several countries in the early 1970s, because of ecological con
siderations, and a number of developed countries have more recently restricted or 
banned its use except when it is needed for the protection of human health. 

DDT is still used extensively for the control of yellow fever, sleeping sick
ness, typhus, malaria, and other insect-transmitted diseases. Without it, vast pop
ulations would suffer the ravages of endemic and epidemic malaria. Replacement 
of DDT by malathion or propoxur would increase the cost of malaria control 
considerably, forcing some countries to decrease the coverage of their control 
programmes (4). 

Environmental fate 

DDT and its metabolites are persistent in the environment and resistant to com
plete degradation by microorganisms, although photochemical degradation does 
occur. The persistence ofDDT is substantially lower in tropical climates than in 
temperate ones (a few months as compared with years) (I). 

DDT and its metabolites are readily adsorbed on to sediments and soils, 
which can act both as sinks and as long-term sources of exposure. Because of its 
strong tendency to be adsorbed on to surfaces, most DOT that enters water is 
and remains firmly attached to soil particles. If it does find its way into water, it is 
gradually lost by adsorption on to surfaces (I). 

The physical and chemical properties of DDT and its metabolites enable 
these compounds to be taken up readily by organisms from the surrounding me
dium and from food. In aquatic organisms, uptake from water is generally more 
important, whereas food is the major source for terrestrial fauna. High lipid solu
bility and low water solubility lead to the retention of DOT and its stable metab
olites in fatty tissue. In general, organisms at higher trophic levels tend to contain 
more DOT-type compounds than those at lower ones. These compounds can be 
transported around the world in the bodies of animals, as well as in ocean and air 
currents (I). 

15.10.2 Analytical methods 

DDT and its metabolites may be determined in water by gas chromatography 
with electron-capture detection. The limits of detection are GO ng/litre for p,p'
DOT, 10 ng/litre for p,p'-DDE, and 2.5 ng/litre for p,p'-DDD (3). 
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15.10.3 Environmental levels and human exposure 

Air 

When DDT is sprayed, any that fails to adhere to its target drifts away; vaporiza
tion from treated fields can be detected for more than 6 months after application. 
Although most of it settles in the same area, some drifts over long distances. 
Traces ofDDT have been found in dust known to have drifted over 1000 km and 
in water produced by melting Antarctic snow. 

With rare exceptions, concentrations of DDT in air in nonagricultural areas 
have been in the range <1-2.36 ng/m3. In agricultural communities, concentra
tions have ranged from 1 to 22 ng/m3. In communities with antimosquito fog
ging programmes, concentrations may be much higher, 8.5 rgfm3 being the 
highest level recorded ( 4). 

Water 

In a study of surface waters in the USA during 1964-1968, the highest level re
corded for a DDT-related compound was 0.84 rgllitre. Concentrations in Ger
many were even lower, averaging 10 ng/litre and never going as high as 1 rgllitre. 
The average concentrations of total DDT in drinking-water in Czechoslovakia 
were 11 and 15 ng/litre in 1972 and 1973, respectively. DDT was not detected 
(limit 0.01 ngllitre) in tapwater in a 1977 survey carried out in Ottawa (Canada) 
(4). 

Within the Global Environment Monitoring System (GEMS) water net
work, DDT and its metabolites were found in some rivers during 1979-84. The 
following average concentrations were measured (5): India, 560 ng!litre; Italy, 
3 ng!litre; Netherlands, <2 ng/litre; USA, 0.2 ng/lirre; Canada and France, not 
detected. 

Food 

Daily intake of DDT from food has been measured in several countries. During 
1985-88, in Australia, Finland, Guatemala, Japan, Thailand, the United King
dom, and the USA, the reported mean daily dietary intake by the average adult 
was less than 2 rg ( 6). In Egypt, in 1988, a mean daily intake of 960 rg was re
ported for the average adult (7). 

Human milk may contain a higher concentration of DDT than cows' milk 
in the same country. So far, there is no evidence that this difference is of any sig
nificance for breast-fed babies, even where the concentration of DDT in human 
milk is comparatively high ( 4 ). The average concentration of total DDT in 
whole human milk in 15 countries between 1976 and 1986 ranged from 2 to 380 
rg/lirre (8). On the assumption that a 5-kg infant consumes 0.6litres of milk per 
day, the intake at the highest concentration found would amount to about 200 
rg/day, or 40 rg/kg of body weight per day. It should be remembered that such 
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intake is limited to a few months in a lifetime. Furthermore, neonates are not 
at increased risk, as they are not particularly susceptible to DOT's adverse effects 
(9). 

Estimated total exposure and relative contribution of drinking-water 

It has been estimated that over 90% of the DOT stored in the general population 
is derived from food ( 4 ). In 1965, intake in the USA was approximately 40 
rg/day per person from food, less than 46 ng/day from water, less than 60 ng/day 
from urban air, and less than 0.5 rg/day from air in small agricultural communi
ties. Other investigators have also concluded that food is the major source of in
take of D DT and related compounds for the general population ( 4). 

15.10.4 Kinetics and metabolism in laboratory animals and 
humans 

DOT is absorbed after inhalation and ingestion, the latter being the more impor
tant route of absorption. Absorption of small doses, such as those found in food 
residues, is virtually complete and is facilitated by the presence of fat in food. 
Even in solution, DOT is poorly absorbed through the skin. 

Most of the known facts concerning the distribution, storage, and excretion 
of DOT have been demonstrated in humans as well as in laboratory animals. The 
compound is stored preferentially in fat, and its storage in organs and other tis
sues following repeated intake is proportional to their neutral fat content. How
ever, uptake of DOT by fat is slow; therefore, much more is distributed to other 
tissues following a single, large dose, and much more to adipose tissue following 
many small doses. In spite of the affinity of DOT for adipose tissues, most of the 
DOT-related compounds in blood are carried by proteins, less than 1% being 
carried in the tiny droplets of fat normally present in the blood. 

Following repeated doses, storage in adipose tissue increases rapidly at first 
and then more gradually until a steady state is reached. Storage is relatively less at 
higher dosages because excretion is relatively greater. In humans, the time neces
sary to reach storage equilibrium is at least 1 year. There is a gradual reduction in 
the amount of D DT stored in the tissues if exposure to the compound is discon
tinued. 

Like most species, humans convert some DOT to ODE, which is stored even 
more avidly than the parent compound. A small amount of ODD, an inter
mediate in the formation of the main excretory product 2,2-bis(4-chlorophenyl)
ethanoic acid (DDA), may also be found in tissues. A number of other metabo
lites have been detected in laboratory animals but not in humans. Technical 
DOT is more readily excreted and less readily stored than p, p' -DOT because it 
contains 15-20% of o,p'-DDT (4). 
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15.10.5 Effects on laboratory animals and in vitro test systems 

Acute exposure 

The acute toxicity of DOT is high in insects (the L050 is 14 mg/kg of body 
weight) and lower in mammals (oral L050: 150-400 mg/kg of body weight). 
Acute intoxication with DOT elicits symptoms mainly from the central nervom 
system, and death is usually caused by respiratory arrest. Large doses cause focal 
necrosis of liver cells in several species (3). 

Long-term exposure 

Long-term studies of oral administration have been performed in rats, mice, 
hamsters, dogs, and monkeys. The liver is one of the main target organs, and he
patic effects range from increased liver weights to cellular necrosis. The NOAEL 
for hepatic effects was 32 mg/kg of body weight per day for 78 weeks in rats and 
about 10 mg/kg of body weight per day when given to rhesus monkeys for 
3.5-7.5 years (3 ). 

Effects on the central nervous system, such as tremors and hyperactivity, are 
also associated with long-term exposure to DOT. Nervous symptoms were appar
ent at doses of 20 mg/kg of body weight per day in rats, whereas hamsters showed 
no clinical signs of neurotoxicity at doses of up to 40 mg/kg of body weight per 
day for life (3, 9). 

Reproductive toxicity, embryotoxicity, and teratogenicity 

Levels of DOT as high as 200 mg/kg offood that do not produce any sign of poi
soning have not produced any adverse effects in rats and mice on fertility, gesta
tion, viability, lactation, and the health of the progeny. Reproduction was normal 
in dogs receiving a dose of 10 mg/kg of body weight per day, which is approxi
mately equivalent to a dietary level of 500 mg/kg for this species ( 4). 

Because of its estrogenic properties, DOT was considered as a possible cause 
of abortion in dairy cattle, but no evidence of a relationship was found. Except 
for the weak estrogenic properties of o, p' -DOT, the endocrine-related effects of 
DOT and its analogues are confined to the adrenal glands, and even these effects 
are now considered to be mainly secondary to microsomal enzyme induction in 
the liver (4). 

No teratogenic effects of DOT have been observed in multigeneration stud
ies of reproduction in several animal species ( 4). 

Mutagenicity and related end-points 

In most studies, DOT did not induce genotoxic effects in rodent or human cell 
systems, nor was it mutagenic to fungi or bacteria (3). 
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Carcinogenicity 

DOT produces an increase in liver tumours in mice. However, the susceptibility 
of the mouse to the formation of liver tumours when exposed to it may be the 
consequence of major species differences in the metabolism of DOT and in the 
activation of chemical carcinogens by this species. Mice form more ODE than 
humans and other species; humans form more of the polar metabolite DDA. 
Indeed, DOE has been considered to be the metabolite responsible for carcino
genicity in mice (9). 

Male and female Porton Wistar rats were fed 125, 250, or 500 mg of DOT 
per kg in the diet for life. No adverse effects were observed on body weight gain 
or growth or on the survival rate. The study showed slight increases in the inci
dence of hepatomas in females only at 250 and 500 mg/kg in the diet; the 125 
mg/kg dose level was without effect, and no increase in the incidence of cancer 
was seen in males at any of these doses. No metastases of any kind were observed. 
JMPR concluded that the 125 mg/kg dose, equivalent to 6.25 mg/kg of body 
weight per day, was the NOAEL for tumorigenesis in the rat (9). 

15.10.6 Effects on humans 

Signs and symptoms reported following acute intoxication by DOT include nau
sea, vomiting, paraesthesia, dizziness, ataxia, confusion, tremor, and, in severe 
cases, convulsions (3). 

Repeated exposure of workers for 25 years at an average dose of 0.25 mg/kg 
of body weight per day was without any adverse effect, and this may be taken as a 
no-effect level for humans (9). Epidemiological observations of humans have not 
provided firm evidence that DOT has any reproductive or teratogenic effects. All 
epidemiological studies in humans have indicated that 0 DT is not carcinogenic 
(9). 

15.10.7 Guideline value 

IARC has concluded that there is insufficient evidence in humans and sufficient 
evidence in experimental animals for the carcinogenicity of DOT (Group 2B) (3). 

Based on NOAELs of 6.25 mg/kg of body weight per day in rats, 10 mg/kg 
of body weight per day in monkeys, and 0.25 mg/kg of body weight per day in 
humans, JMPR recommended an ADI for humans of 0.02 mg/kg of body weight 
(9). For adults, this ADI would provide a 500-fold margin of safety tor the 
NOAEL of 10 mg/kg of body weight per day found in the ~mdy in monkeys. 
This ADI is used for the derivation of the guideline value. 

Because infants and children may be exposed to greater amounts of chemi
cals in relation to their body weight and because of concern over the bioaccumu
lation of DOT, the guideline value was calculated on the ba~i~ of a 10-kg child 
drinking 1 litre of water per day. Moreover, because there 1' ,ignificant exposure 
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to DDT by routes other than water a 1 o/o allocation of the ADI to drinking-water 
was chosen. This leads to a guideline value for DDT and its metabolites in 
drinking-water of 2 )lgflitre. 

This guideline value exceeds the water solubility of DDT of 1 )lgflitre. How
ever, some DDT may be adsorbed on to the small amount of particulate matter 
present in drinking-water, so that the guideline value of 2 )lg/litre could be 
reached under certain circumstances. 

It should be emphasized that, as for all pesticides, the recommended guide
line value for DDT in drinking-water is set at a level to protect human health; it 
may not be suitable for the protection of the environment or aquatic life. The 
benefits of DDT use in malaria and other vector-control programmes far out
weigh any health risk from the presence of DDT in drinking-water. 
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15.11 1 ,2-Dibromo-3-chloropropane 

15.11.1 General description 

Identity 

CAS no.: 
Molecular formula: 

96-12-8 
C 3H5Br2Cl 

Physicochemical properties (1)1 

Property 
Physical state 
Boiling point 
Vapour pressure 
Water solubility 
Log octanol-water partition coefficient 

Organoleptic properties 

Value 
liquid 
196 oc 
0.1 kPa at 21 oc 
1230 mg/litre 
2.43 

15 PESTICIDES 

The odour and taste thresholds for 1,2-dibromo-3-chloropropane (DBCP) in 
water are both 0.01 mg!litre (J). 

Major uses 

DBCP is used as a nematocidal fumigant (1). 

Environmental fate 

DBCP is expected to volatilize from surface water. It is highly persistent in soil 
and has been shown to remain there for more than 2 years. It is mobile in soil and 
may migrate to groundwater ( 1). 

15.11.2 Analytical methods 

DBCP is determined by a purge-and-trap gas chromatographic procedure used 
for the determination of volatile organohalides in drinking-water (2). This meth
od is applicable to the measurement of DBCP over a concentration range of 
0.03-1500 Jlg/litre. Confirmation is by mass spectrometry (detection limit 0.2 
Jlg/litre). A detection limit of 0.02 Jlg!litre is possible when gas chromatography 
and electron-capture detection are used (3). 

1 Conversion factor in air: 1 ppm = 9.67 mg/m3. 
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15.11.3 Environmental levels and human exposure 

Air 

DBCP is a low-level contaminant in air ( 1 ). 

Water 

In a survey of drinking-water wells near locations where DBCP had been used 
within the previous 2 years, this compound was found at low (~g/litre) levels. 
In wells not used for drinking-water, it has been detected at levels of up to 20 
flg/litre (J). 

Food 

DBCP has been identified as a contaminant in vegetables grown in soils treated 
with it ( 1 ). 

15.11.4 Kinetics and metabolism in laboratory animals and 
humans 

On the basis of excretion studies, absorption is expected to be high by the oral 
route. Distribution is primarily to the liver and kidneys ( 4). Transplacental trans
fer also appears to occur ( 5). 

Metabolic pathways for DBCP may involve epihalohydrin, other reactive 
epoxides, or 2-bromoacrolein as intermediates. Urinary metabolites in rats in
clude mercapturic acid conjugates, ~-chlorolactic acid, ~-bromolactic acid, and 
2-bromoacrylic acid ( 1). Most DBCP is excreted by the urinary and faecal 
routes; smaller amounts are excreted in expired air. The urine is the predominant 
route for the elimination of metabolites (6). 

15.11.5 Effects on laboratory animals and in vitro test systems 

Acute exposure 

Acute oral LD~0s of 170, 410, and 440 mg/kg of body weight were reported for 
rats, mice, and rabbits, respectively (I). 

Short-term exposure 

Dietary administration of DBCP to rats for 90 days resulted in increased kidney 
weights at 2 mg/kg of body weight per day, reduced body weight gain at 15 
mg/kg of body weight per day, increased liver weight at 4 5 mg/kg of body weight 
per day, and muscular weakness and increased mortality at 135 mg/kg of body 
weight per day. The NOAEL was 0.5 mg/kg of body weight per day (7). 

646 



15 PESTICIDES 

In a study in which Sprague-Dawley rats were given DBCP in drinking
water at concentrations ofO, 5, 50, 100, or 200 mg/litre (approximately 0, 0.4, 
3.2, 5.2, and 9.4 mg/kg of body weight) for 64 days, renal lesions, increased pro
tein and glucose levels, and increased urinary specific gravity were apparent at the 
two highest doses (8). 

Long-term exposure 

In a chronic study in which mice and rats received DBCP by gavage, a dose
related increase in mortality and a high incidence of toxic tubular nephropathy 
were reported at time-weighted average doses of 78.6-149.3 mg/kg of body 
weight per day in mice and 10.7 and 20.7 mg/kg of body weight per day in rats 
(9). Lifetime treatment of Charles River CD rats with doses ofO, 0.2, 0.7, or 2 
mg/kg of body weight per day in the diet resulted in kidney lesions in female rats 
and reduced body weight and organ weight changes in male rats given 2 mg/kg of 
body weight per day (I 0). 

Reproductive toxicity, embryotoxicity, and teratogenicity 

In a study in which male Dutch rabbits (6 per group) were given DBCP at 0, 0.9, 
1.9, 3.7, 7.5, or 15 mg/kg of body weight in drinking-water 5 days per week for 
1 0 weeks, testis weights and sperm production decreased and follicle stimulating 
hormone levels increased at 15 mg/kg of body weight, mean seminiferous tubular 
diameter decreased at 7.5 mg/kg of body weight, and abnormal sperm morpholo
gy was observed at 1.9 mg/kg of body weight. The NOAEL was 0.9 mg/kg of 
body weight (I 1, 12). 

In a study in which DBCP was administered at 0.02, 0.2, 2, or 20 mg/kg of 
body weight per day in drinking-water to male and female Sprague-Dawley rats 
for 60 days before mating, throughout mating, during gestation, and during the 
first 5 days of lactation, fetal body weights, pup weights, and food and water in
take were reduced at the highest dose ( 13). 

Administration of DBCP at 0, 25, 50, or 100 mg/kg of body weight by gav
age in corn oil to male and female CD-1 mice during the premating period 
(7 days), cohabitation (98 days) and segregation (21 days) was without effect on 
reproduction in the F0 generation; however, when treatment at 100 mg/kg of 
body weight was administered to the offspring ofF 1 mice, organ weights were re
duced (14). 

Male Sprague-Dawley rats given DBCP in corn oil by gavage at doses of 0, 
0.9, 1.9, 3.7, 7.5, or 15 mg/kg of body weight for 77 days and mated with un
treated females on days 65-71 had decreased body and testis weights at 3.7 but 
not at 7.5 mg/kg of body weight. Daily spermatozoa production was significantly 
lower in vehicle controls than in controls not given corn oil (15). 

No teratogenic effects were found in fetuses of pregnant Wistar rats treated 
with DBCP by gavage at 12. 5, 25, or 50 mg/kg of body weight per day on days 
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6-15 of gestation (5). The dose of 50 mg/kg of body weight per day was fatal to 
embryos, and those of25 and 50 mg/kg of body weight per day reduced maternal 
body weights. 

Mutagenicity and related end-points 

Technical-grade DBCP was mutagenic in Salmonella typhimurium strains 
TA1535, TA1530, TA100, and TA98 and in Escherichia coli, with and without 
metabolic activation (16-21). Results were negative with S. typhimurium strains 
A-98, TA1537, and TA1538 (16, 19, 20). DBCP was positive in the recessive 
lethal assay, in a genetic crossing-over assay, and for chromosome breakage in 
Drosophila melanogaster (22-24). Results of a dominant lethal assay were positive 
in rats (25) but negative in mice (26). Positive results were obtained in a study 
on sister chromatid exchange in cultured Chinese hamster cells, for chromosomal 
aberrations in rats treated in vivo, and for unscheduled DNA synthesis in germ 
cells of prepubertal mice treated in uiuo (26-28 ). Results were negative in the 
mouse specific locus test (29). 

Carcinogenicity 

In a chronic study in which Osborne-Mendel rats received rime-weighted average 
doses by gavage of 10.7 and 20.7 mg/kg of body weight per day, highly signifi
cant dose-related increased incidences of squamous cell carcinoma of the fore
stomach in males and females and mammary adenocarcinoma in females were 
observed. Significant dose-related increased incidences of squamous cell carci
noma of the forestomach of male and female B6C3F 1 mice were found at time
weighted average doses of78.6-149.3 mg/kg of body weight per day (9). 

In a chronic dietary carcinogenicity bioassay in Charles River rats, high-dose 
(2.0 mg/kg of body weight per day) male and female rats had significantly in
creased incidences of carcinoma of the renal tubules and squamous cell carcino
ma of the stomach. Male rats also showed an increase in liver tumours following 
exposure to DBCP for 104 weeks (10). 

In a chronic inhalation study, dose-related increased incidences of nasal cavi
ty tumours were found in male and female F344 rats and B6C3F1 mice at DBCP 
concentrations of 5.8 or 29 mgfm3, 6 h per day, 5 days per week. The mice also 
exhibited treatment-related increased incidences of pulmonary tumours (30). 

DBCP was positive as a tumour initiator in the skin of Han!ICR Swiss mice 
but negative as a whole carcinogen for skin (31). 

15.11.6 Effects on humans 

Reduced spermatogenesis, which was reversible, was reported in chemical plant 
workers and agricultural workers exposed to DBCP (I). Possible permanent de
struction of germinal epithelium was reported in a follow-up of exposed workers 
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(32). No chromosomal aberrations were identified in men in whom spermato
genesis was suppressed as a result of occupational exposure to DBCP, nor were 
there increases in abortions and malformations in offspring (33). Results were 
negative in an epidemiological study of the relationship between DBCP contam
ination of drinking-water and reproductive indices (e.g. birth rate, birth weight, 
birth defects) (34). Approximately 98% of 45 914 mothers were exposed to 
3 Jlgllitre or less of DBCP. 

No association was found between DBCP contamination of drinking-water 
(average levels 0.004-5.8 Jlg/litre) and incidences of gastric cancer and leukaemia 
(35); 14% of the areas concerned had levels greater than 1 Jlg/litre. These 
results differ from those of a similar earlier study that indicated a tentative 
association between DBCP exposure in drinking-water and gastric cancer and 
leukaemia (36). There was no association between cancer incidence and DBCP 
exposure in a cohort of 550 chemical workers potentially exposed to this com
pound during its production from 1957 to 1975 (37). Exposure levels were not 
estimated. 

15.11.7 Guidelinevalue 

On the basis of data from studies on different strains of rats and mice, DBCP was 
determined to be carcinogenic in both sexes by the oral, inhalation, and dermal 
routes. It was also determined to be a reproductive toxicant in humans and sever
al species of laboratory animals. IARC has classified DBCP in Group 2B (possi
ble human carcinogen) based on sufficient evidence of carcinogenicity in animals 
(38). Recent epidemiological evidence suggests an increase in cancer mortality in 
individuals exposed to high levels of DBCP. It was found to be genotoxic in a 
majority of in vitro and in vivo assays. 

The linearized multistage model was applied to the data on the incidence of 
stomach, kidney, and liver tumours in the male rat in a 1 04-week dietary study 
(I 0). The concentrations in drinking-water relating to excess lifetime cancer 
risks of 1 o-4, 10-5, and 10-6 are 10, 1, and 0.1 Jlg!litre, respectively. The guideline 
values associated with these excess lifetime cancer risks are therefore 10, 1, and 
0.1 Jlg!litre, respectively. An adequate margin of safety exists at these concentra
tions for the reproductive toxicity ofDBCP. For a contaminated water supply, ex
tensive treatment (e.g. air stripping followed by adsorption to granular activated 
carbon) would be required to reduce the level ofDBCP to the guideline values. 
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15.12 2,4-Dichlorophenoxyacetic acid (2,4-D) 

15.12.1 General description 

Identity 

CAS no.: 
Molecular formula: 

94-75-7 
C8H 60 3Cl2 

Physicochemical properties {1, 2) 

Property 
Water solubility 
Vapour pressure 
Log octanol-water partition coefficient 

Organoleptic properties 

Value 
620 mg/litre at 20 ac 
1.4 Pa at 25 ac 
2.62 

Some individuals may be able to detect 2,4-D in drinking-water by taste or 
odour at about 20 )lg/litre (2). 

Major uses 

2,4-D is a systemic chlorophenoxy herbicide widely used throughout the world 
in the control of broad-leaved weeds in cereal cropland and on lawns, turf and 
pastures. It is also used to control aquatic weeds. Commercial2,4-D products are 
marketed as alkali salts, amine salts, and ester formulations. Impurities may be 
present in the technical product as a result of the manufacturing process (I). 

Environmental fate 

2,4-D can enter the environment through effluents and spills arising from its 
manufacture and transport and through direct application as a weed-control 
agent. It is removed from the environment principally by biodegradation, the 
main degradation product being 2,4-dichlorophenol (3). The half-life of 2,4-D 
in soil is reported to range from 4-7 days in most soil types ( 4, 5) to up to 6 
weeks in acidic soils (5, 7). It is rapidly biodegraded in water, although some may 
be degraded by photolysis near the surface. Half-lives in water range from one to 

several weeks under aerobic conditions and can exceed 120 days under anaerobic 
conditions (8). 2,4-D is not expected to accumulate in bottom sediments and 
muds. Except in some algae, it does not bioaccumulate in aquatic or terrestrial 
organisms because of its rapid degradation (9). 
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15.12.2 Analytical methods 

Residues of 2,4-0 in water are commonly measured by extraction, chemical deri
vatization, separation by gas-liquid (hromatography, and electron-capture detec
tion. This method is suitable for the detection of picogram levels (2). Electrolytic 
conductivity detection is also used; the detection limit is then 0.1 fig/litre (1 0). 

15.12.3 Environmental levels and human exposure 

Air 

Residues of 2,4-D in the atmosphere are predominantly in the form of the iso
propyl and butyl esters (8). In areas of Saskatchewan, Canada, where the herbi
cide was heavily used, 30% of ambient air samples collected from 1966 to 1975 
contained less than 0.01 fig/m\ while 10% contained more than 1 figfm3 (11 ). 
Average concentrations in air surveyed in Washington State, USA, in 1973 and 
1974 ranged from 0.10 to 1.41 fig/m\ at R5% of the locations surveyed, average 
concentrations were less than 1.0 )Jgfm> ( 12). 

Water 

2,4-0 was detected, at a maximum concentration of 29 fig/litre in 52 of 805 
samples of raw and treated drinking-water from municipal and private supplies 
in surveys conducted in six Canadian provinces from 1971 to 1986 (13). No 
residues were detected in drinking-water samples analysed routinely in market 
basket surveys (detection limit 5 fig/litre) in the USA (2). In Germany, 910 
samples of raw and treated drinking-water contained no 2,4-0; 23 samples were 
above the detection limit (0.1 ~tg/lirre) (Federal Environmental Office, unpub
lished data). 

Of 447 samples of surface waters in three Canadian agricultural areas sur
veyed from 1981 to 1985, 78 had detectable 2.4-0 concentrations; mean annual 
concentrations ranged from 0.01 to 0.7 fig/litre (10). 2,4-0 was detected in 
38.5% of 1386 surface water samples from the Canadian prairies tested between 
1971 and 1977 (detection limit 0.004 )Jg/litre); mean levels were less than 0.3 
fig/litre ( 14). Maximum concentrations of 0.3 fig/litre were measured in infil
trated river bank water in the Netherlands ( 15). Concentrations in groundwater 
in the range 0.4-0.7 flg/litre have been reported ( 16). 

Food 

No residues of 2,4-D ester were detected in a total diet study conducted in Cana
da in 1976-78 (detection limit 0.5 mg/kg) ( 77). The rate of occurrence of de
tectable 2,4-0 residues in food samples in the USA surveyed from 1965 to 1980 
ranged from 0 to 4.2%; all levels were below 0.2 mg/kg (2). 
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Estimated total exposure and relative contribution of drinking-water 

Based on the maximum limits for pesticide residues established by the Codex Ali
mentarius Commission (IS), the theoretical maximum daily intake of 2,4-0 in 
food ranges from 0.03 to 0.4 mg/day for a 60-kg adult; the global mean is 
0.1 mg/day (2 pg/kg of body weight per day). The intake found in a total diet 
study in the USA in 1987 was 0.1 ng/kg of body weight per day for females aged 
60-65 years and less than 0.1 ng/kg of body weight per day for children aged 
6-11 months and males aged 14-16 years (19). 

15.12.4 Kinetics and metabolism in laboratory animals and 
humans 

2,4-D administered orally as the free acid or salt is absorbed rapidly and almost 
completely in rats and humans (20, 21). The amine salt is also well absorbed in 
rats, calves, and pigs, but absorption is much slower and less complete for esters 
of2.4-D, which are probably hydrolysed to the free acid before absorption (22). 

After absorption in rats, 2,4-D is distributed throughout the body; peak con
centrations are reached in blood after 3 h (23) and in kidney, liver, spleen, and 
lung after 6 h (22). In humans given an oral dose of 5 mg/kg of body weight, 
elimination was fairly rapid (half-time 17.7 h); 82% was excreted unchanged in 
urine, and 13% as a conjugate (21). Similar results were observed in rats (24). 

15.12.5 Effects on laboratory animals and in vitro test systems 

Acute exposure 

Oral LD50s for 2,4-D, for the acid equivalent of the isooctyl, isobutyl, butyl, and 
butoxyethanol esters, and for the sodium and dimethylamine salts range from 
420 to 840 mg/kg of body weight in F344 rats (24). Similar results have been 
obtained for other species (2). 

Long-term exposure 

Tn a 2-year chronic toxicity study in Fischer 344 rats (60 per sex per dose), ani
mals were fed 2,4-D in the diet at doses equivalent to 0, 1, 5, 15, or 45 mg/kg of 
body weight per day. Kidney weights were increased significantly in males and 
females at 4 5 mg/kg of body weight per day and in males at 15 mg/kg of body 
weight per day, and thyroid/parathyroid weights were increased signiftcantly in 
males and females at 45 mg/kg of body weight per day and in females at 15 
mg/kg of body weight per day. At doses of 5, 15, and 45 mg/kg of body weight 
per day, an increased incidence of brown pigment was observed in kidney tubular 
cells of both males and females, and renal transitional epithelial cell hyperplasia 
was observed in females at 45 mg/kg of body weight per day. An increased fre
quency of renal microcalculi was observed in males at 15 and 45 mg/kg of body 
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weight per day and in females at 45 mg/kg of body weight per day. Vacuolization 
of the cytoplasm of the renal cortex was noted in females at 45 mg/kg of body 
weight per day. The NOAEL in this study was 1 mg/kg of body weight per day 
(25). 

In a 2-year study in which B6C3F 1 mice (60 per sex per dose) were fed 2,4-
D in the diet at doses equivalent to 0, I, 5, 15, or 45 mg/kg of body weight per 
day, the only evidence of an effect was an increase in cytoplasmic homogeneity of 
renal tubular epithelium in male mice at 5 mg/kg of body weight per day and 
above. The NOAEL was I mg/kg of body weight per day (26). 

Reproductive toxicity, embryotoxicity, and teratogenicity 

Fertility and litter size were not affected by doses of2,4-D up to 1500 mg/kg of 
diet (about 75 mg/kg of body weight) in a three-generation study in rats, al
though pup survival was sharply reduced at this dose (27). In rats orally dosed 
with 2,4-D on days 6-I5 of gestation, there were no effects on fertility, gestation, 
viability of pups, or neonatal growth at any dose up to 87.5 mg/kg of body 
weight, but administration of the isooctyl or propylene glycol butyl ethers at 75 
or 87.5 mg/kg of body weight resulted in decreased viability of offspring (28 ). 
2,4-D given to rats at 1000 mg/litre in drinking-water during and after pregnan
cy did not cause any effects on reproduction, but retarded growth and increased 
mortality were observed in the second generation given the same dose for 2 years 
(29 ). Abnormal spermatogenesis and reductions in testis and prostate weights 
were reported in rats given 87.5 mg/kg of body weight of 2,4-D butyl ether; no 
effects were seen at 37.5 mg/kg of body weight (30). 

Administration of 2,4-D acid and its butyl, isooctyl, and butoxyethanol es
ters to rats on days 6-15 of gestation caused reduced fetal weights and increased 
the frequency of minor skeletal malformations at doses of I 00 mg/kg of body 
weight or higher; this effect was noted only at 300 mg/kg of body weight for the 
dimethylamine salt (31 ). Embryotoxic and fetotoxic effects, including reduced 
fetal body weight, subcutaneous oedema, delayed ossification, and wavy ribs, 
were observed in rats given 2,4-D or its isooctyl and propylene glycol butyl ether 
esters at doses of 50-87.5 mg/kg of body weight on days 6-15 of gestation; nei
ther 2,4-D nor its esters were teratogenic at any dose (28). 

In mice, embryotoxicity, reduced fetal weight, and increased fetal mortality 
were observed at a dose of 221 mg/kg of body weight per day of 2,4-D, the iso
propyl ester, and the isooctyl ester. Teratogenic effects (deft palate) were observed 
at doses of 124 mg/kg of body weight or greater for 2,4-D but not for the esters 
(32). 

Mutagenicity and related end-points 

The results of short-term genotoxicity studies conducted to date have been large
ly negative, and it is concluded that 2,4-D is non-genotoxic. It was not muta-
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genic in a number of microbial assays on SalmonelLa typhimurium, BacilLus subti
lis, and Escherichia coli (2, 33-35 ). The unscheduled DNA synthesis test gave 
negative results in rat hepatocytes (36) and in one of two tests on human fibro
blasts (37, 38). Sister chromatid exchange tests in vitro gave negative results in 
Chinese hamster ovary cells (39) and positive results in human lymphocytes 
(40); in vivo tests were negative in mice (41 ), rat lymphocytes (39), hamsters 
(39), and humans (42). 

Carcinogenicity 

2,4-D did not exhibit any carcinogenicity in three long-term studies in rats and 
mice (33, 34); however, these studies were inadequate for the evaluation of car
cinogenicity (34, 43). In a bioassay conducted in B6C3F1 mice (26), there were 
no carcinogenic effects at any dose; however, the lack of toxic effects at all dose 
levels indicates that the maximum tolerated dose (MTD) was unlikely to have 
been reached, thus precluding an assessment of carcinogenicity. In a 2-year 
carcinogenicity bioassay in Fischer 344 rats (25), an increase in astrocytomas of 
the brain was observed in males at the highest dose (45 mg/kg of body weight per 
day), as well as a significant positive dose-related trend for this effect. Although 
the systemic toxicity noted in the study supports the conclusion that an MTD 
was reached, the US Environmental Protection Agency concluded that it had 
not, and requested that the studies in rats and in mice be repeated at the same 
and higher doses to clarify the status of 2,4-D with respect to its carcinogenicity 
to animals. 

15.12.6 Effects on humans 

Acute exposure 

Symptoms of acute exposure to high doses of 2,4-D include effects on the gas
trointestinal tract, such as nausea, vomiting, and diarrhoea, direct myotoxic ef
fects, such as muscular weakness, stiffness, muscular spasms, and partial paralysis, 
effects on the kidney, pulmonary oedema, and effects on the central and periph
eral nervous systems, including central nervous system depression, lethargy, 
slowed respiration, coma, and death (2). 

Carcinogenicity 

Most epidemiological studies conducted to date have dealt with multiple expo
sures to various chlorophenoxy herbicides. 

In a series of case-referent studies conducted in Sweden in the late 1970s and 
early 1980s, strong associations were noted between soft-tissue sarcomas (STS) 
and multiple lymphomas, including Hodgkin disease (HD) and non-Hodgkin 
lymphoma (NHL), and the use of chlorophenoxy herbicides by agricultural or 
forestry workers ( 44, 45). These studies served to focus attention on STS, HD 
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and NHL as the outcomes of interest in subsequent case-referent and cohort 
studies. 

The association between STS and chlorophenoxy use was not confirmed in 
other case-referent studies, including one that involved primarily 2,4-D exposure 
( 46). Negative results were also obtained in several cohort studies carried out to 

investigate STS in occupationally exposed workers ( 47-49). No cohort was ex
posed solely or principally to 2,4-D, including the "2,4-D cohort" of 878 chemi
cal workers engaged in its manufacture at a chemical plant in the USA, 75% of 
whom had also been exposed to 2,4,5-T ( 47). Because of the small size of most 
of the cohorts, little reliance can be placed on these results. 

A weak link between NHL and chlorophenoxy exposure was found in several 
case-referent studies, only one of which, however, was specifically concerned 
with 2,4-D. In this study, the relative risk was not significant for those who used 
2,4-D more than 21 days per year, but the trend towards increasing risk with in
creasing number of days of use was marginally significant, and the risk was high
ly significant for those who did not take precautionary measures to reduce 
exposure by changing clothing soon afterwards or washing immediately after 
handling the pesticide (50, 51). In a second study (576 cases ofNHL), the rela
tive risk increased from 1.1 for subjects with any past occupational exposure to 

chlorophenoxy herbicides (primarily 2,4-D and 2, 4, 5-T) to 1.7 for people occu
pationally exposed to such herbicides for at least 15 years (the minimum latency 
period) (52). In another study (200 cases), the relative risk ofNHL from farm 
herbicide use was 1.4, indicating only a marginal association, but rose to 2.2 for 
farmers who had used chlorophenoxy herbicides at any time (almost all 2,4-D) 
and to 6.0 for those who had used unspecified herbicides for more than 20 days 
per year. The trend towards increasing risk with increasing number of days of use 
per year was highly significant ( 46). 

No excess risk was observed for NHL in any of the cohort studies on occupa
tional exposure ( 47-49), although the cohorts were generally too small to pro
vide any conclusive evidence, and all had been exposed to chlorophenoxy 
herbicides other than 2,4-D. In a recent cohort study on farmers in Saskatche
wan (Canada), where 2,4-D is extensively used, it was found that the risk of 
NHL increased with the use of herbicides, as measured by the number of acres 
sprayed, but it was not possible to conclude that the association was with 2,4-D 
(53). 

In a Swedish case-referent study on malignant lymphoma, the combined 
relative risk for HD and NHL was 4.8, rising to 7.0 for more than 90 days of 
total exposure to a mixture of chlorophenoxy herbicides ( 45). Apart from this 
study, there is little evidence of an increase in risk of HD as a result of exposure 
to chlorophenoxy herbicides, based on another case-referent study (46) and 
three cohort studies ( 47-49). 

Chlorophenoxy herbicides as a group, including 2,4-D, have been classified 
by IARC in Group 2B (possibly carcinogenic to humans) (54). However, based 
on the studies considered here, it is not possible to determine the status of 2,4-D 
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with respect to carcinogenicity, as almost all the populations studied were ex
posed to a mixture of chlorophenoxy herbicides. In the only study in which expo
sure was clearly to 2,4-D alone (51), the association was weak. 

Mutagenicity 

No significant elevations were observed in sister chromatid exchanges in forestry 
workers before, during, and after spraying of2,4-D and MCPA (42). Similar re
sults were obtained for the frequency of chromosomal aberrations in workers 
exposed to 2,4-D and MCPA (55). 

15.12. 7 Guideline value 

IARC has classified chorophenoxy herbicides in Group 2B (limited evidence for 
carcinogenicity in humans, inadequate evidence in animals) (54). However, it is 
not possible to evaluate the carcinogenic potential of 2,4-D on the basis of the 
available data; epidemiological studies provide limited evidence that occupa
tional exposure to chlorophenoxy herbicides may cause cancer, and long-term 
studies in animals continue to show equivocal evidence for carcinogenicity, in 
one sex and species only. 2,4-D was found to be non-mutagenic in the limited 
number of studies conducted. 

Because the data on the carcinogenic potential of 2,4-D are inadequate, and 
because 2,4-D has not been found to be genotoxic, the TDI approach can be 
used to calculate a guideline value for drinking-water. Based on a NOAEL of 
1 mg/kg of body weight per day for effects on the kidney in 2-year studies in rats 
and mice (25, 26) and an uncertainty factor of 100 (for intra- and interspecies 
variation), a TDI of 10 Jlg!kg of body weight can be derived. The use of an addi
tional uncertainty factor for carcinogenicity was considered unnecessary, as the 
NOAEL should provide a sufficient margin of safety with respect to the lowest 
dose that was associated with an increase in brain tumours in rats. The guideline 
value, based on an allocation of 1 Oo/o of the TDI to drinking-water, is 30 Jlg!litre. 
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15.13 1 ,2-Dich loropropane 

15.13.1 General description 

Identity 

CAS no.: 
Molecular formula: 

Physicochemical properties (1, 2)1 

Property 
Boiling point 
Melting point 
Density 
Vapour pressure 
Water solubility 
Log octanol-water partition coefficient 

Organoleptic properties 

Value 
96.8 oc 
-100 oc 
1.1560 g/cm3 at 20 oc 
5.60 kPa at 20 oc 
2700 mg!litre at 20 oc 
1.99 

1,2-Dichloropropane has a chloroform-like odour. The odour threshold in water 
is 10 )lg/litre (2). 

Major uses 

1 ,2-Dichloropropane, or propylene dichloride, is used primarily as a chemical in
termediate, lead scavenger for antiknock fluids, dry-cleaning solvent, soil fumi
gant, scouring compound, spotting agent, and metal-degreasing agent (1). 

Environmental fate 

1,2-Dichloropropane is degraded in air by photochemically produced hydroxyl 
radicals; the half-life is 23 days or more. Direct photolysis probably does not oc
cur. In water, it is relatively resistant to hydrolysis and has a half-life of 25-200 
weeks. It volatilizes from surface waters. Its relatively low soil adsorption coeffi
cient and high water solubility suggest that it is not appreciably adsorbed on to 
soil but migrates from it to groundwater. Little or no degradation in soil has been 
reported. Bioconcentration in animals or food-chains is unlikely to occur (2). 

1 Conversion factor in air: 1 ppm = 4.76 mg/m.l. 
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15.13.2 Analytical methods 

1,2-Dichloropropane is usually determined by a purge-and-trap gas chromato
graphic procedure used for the determination of volatile organohalides in 
drinking-water (3, 4). Confirmatory analysis is by mass spectrometry or halide
specific detectors (detection limit 0.03-0.2 )lg!litre) (2). 

15.13.3 Environmental levels and human exposure 

Air 

Median concentrations of 1,2-dichloropropane were reported to be 0.0 )lgfm3 in 
rural/remote areas, 0.26 )lgfm3 in urban/suburban areas, and 0.55 )lgfm3 in 
source-dominated areas (5). 

Water 

1,2-Dichloropropane was detected in samples from six of 466 randomly selected 
US groundwater supply systems in the USA from 1980 to 1981; levels ranged 
from 0.48 to 21 )lg/litre (mean 0.86 )lg/litre). It was also detected in seven of 479 
systems with a high potential for contamination, at concentrations ranging from 
0.21 to 18 )lgllitre (mean 0.84 )lg!litre; the detection limit was 0.2 )lg!litre) ( 6).1 
Most samples of raw, treated, and tapwater from the Great Lakes collected from 
the mid-1970s to early 1985 contained levels of 1,2-dichloropropane near or be
low the detection limit (7). 

Estimated total exposure and relative contribution of drinking-water 

At an air concentration of 0.26 )lg/m3, the exposure will be 5.2 )lg/day for an 
adult with an air intake of 20 m3fday. At a concentration of 0.86 )lg/litre in 
drinking-water, the daily exposure for an adult consuming 2 litres of water per 
day is 1. 7 )lg. 

15.13.4 Kinetics and metabolism in laboratory animals and 
humans 

Studies in rats indicate that 1 ,2-dichloropropane is readily absorbed from the 
gastrointestinal tract (8, 9). Two days after the administration of [14C]1,2-di
chloropropane to rats by gavage, the highest concentrations of the radiolabel 
were detected in the liver, kidney, and blood (10). 

1 Includes data from: Groundwater supply survey. Computer data file. Cincinnan, OH, US Envi
ronmental Protection Agency, Office of Drinking Water, Technical Support Division, 1983. 
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It has been suggested that, in rats, 1 ,2-dichloropropane is dechlorinated and 
oxidized to epoxide intermediates, which are then hydrolysed and conjugated to 
form N-acetyl-S-(2-hydroxypropyl) cysteine. P-Chloroacetate, lactate, carbon di
oxide, and oxalate have been identified as other metabolites (1 0). 1 ,2-Dichloro
propane and its metabolites were eliminated by orally dosed rats in the urine 
(50%), faeces (5%), and expired air (30%) in the first 24 h after dosing (8). 

15.13.5 Effects on laboratory animals and in vitro test systems 

Acute exposure 

LD50s for 1,2-dichloropropane were reported to be 1000-2200 mg/kg of body 
weight in rats (oral), 500 mg/kg of body weight in mice (oral), 9224 mgfm3 in 
rats (inhalation), and 10 200 mg/kg of body weight in rabbits (dermal) (11-13). 
In dogs, oral doses of250 or 350 mg/kg of body weight produced gastrointestinal 
irritation, 580 mg/kg of body weight produced swelling of the epithelial cells of 
the kidney tubules and fatty infiltration in the convoluted tubules, and 5800 
mg/kg of body weight resulted in incoordination and partial narcosis (14). 

Short-term exposure 

1,2-Dichloropropane doses of 0, 100, 250, 500, or 1000 mg/kg of body weight 
per day were administered to rats for 1, 5, or 10 days. Mild anaemia, liver necro
sis, and decreased body weight gain were reported at 250 mg/kg of body weight 
per day, more severe anaemia at 500 mg/kg of body weight per day, and elevated 
blood urea levels at 1000 mg/kg of body weight per day. No effects were observed 
at 100 mg/kg of body weight per day (15). 

When rats were given oral doses of 1,2-dichloropropane at 14.5 or 360 
mg/kg of body weight per day for 30 days, levels of serum cholesterol, betalipo
protein, and gamma-globulin were increased, serum cholinesterase activity was 
inhibited, and the activities of fructose-1-monophosphate aldolase, alanine 
aminotransferase, and aspartate aminotransferase were increased (16). Rats given 
1,2-dichloropropane orally at 8.8, 44, or 220 mg/kg of body weight per day for 
20 days showed disturbances in protein formation, hepatic enzyme levels, and 
lipid metabolism ( 11). 

In a 13-week study, 1,2-dichloropropane was administered by gavage in corn 
oil to mice at 0, 30, 60, 125, 250, or 500 mg/kg of body weight per day and to 
rats at 0, 60, 125, 250, 500, or 1000 mg/kg of body weight per day for 5 days per 
week (12 ). Increased mortality was observed in both species at doses of 500 
mg/kg of body weight per day or more. Decreased body weight gain and anaemia 
were observed in rats given 125 mg/kg of body weight per day or more. Centri
lobular congestion of the liver was noted in rats at the highest dose. 

Male rats were gavaged with 1 ,2-dichloropropane 5 times per week for up to 
13 weeks at 0, 100, 250, 500, or 750 mg/kg of body weight per day. More than 
50% of the highest dose animals died within 10 days; the survivors exhibited 
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histopathological changes in the liver (mild hepatitis and splenic haemosiderosis) 
and adrenals (medullary vacuolization and cortical lipidosis). More than 50% of 
the animals receiving 500 mg/kg of body weight per day died by 13 weeks. Dose
dependent elevations in serum bilirubin became significant at 10-12 weeks in 
animals receiving 100 mg/kg of body weight per day. Haemosiderosis and hyper
plasia of erythropoietic elements of the spleen were present at all exposure levels. 
The LOAEL was 100 mg/kg of body weight per day ( 15). 

Long-term exposure 

Groups of F344 rats were dosed by gavage with 1,2-dichloropropane in corn oil 
at 0, 125, or 250 mg/kg of body weight per day (females) and 0, 62, or 125 
mg/kg of body weight per day (males), 5 days per week for 103 weeks. Females in 
the highest dose group showed decreased survival, increased incidence of liver 
lesions (focal and centrilobular necrosis), and decreased mean body weight. Rats 
exposed to 125 mg/kg of body weight per day showed decreased mean body 
weight (males) and an increased incidence of mammary gland hyperplasia 
(females). The NOAEL was 62 mg/kg of body weight per day in male rats, and 
the LOAEL was 125 mg/kg of body weight per day for both sexes (12). 

In the same study, groups of B6C3F 1 male and female mice were exposed to 
1,2-dichloropropane at 0, 125, or 250 mg/kg of body weight per day. The de
crease in survival rate in treated females was attributed in part to a high incidence 
of severe respiratory tract infection. The only other non-neoplastic effect ob
served was an increased incidence of liver lesions (hepatomegaly, focal and centri
lobular necrosis) in treated males. The LOAEL was 125 mg/kg of body weight 
per day (12). 

Reproductive toxicity, embryotoxicity, and teratogenicity 

In a 13-week study in which rats were given 1,2-dichloropropane at 0, 100, 250, 
500, or 750 mg/kg of body weight per day by gavage 5 times per week, rats ex
posed at the two highest dose levels showed testicular degeneration and an in
creased number of degenerate spermatogonia in the epididymis (15). Doses of 0, 
30, or 125 mg/kg of body weight per day administered to pregnant rats on days 
6-21 of gestation did not affect the number of implantation sites, pregnancies, 
resorptions, or fetuses. However, an increased incidence of delayed ossification of 
the skull was observed in the fetuses of the highest dose group (I 7). 

Mutagenicity and related end-points 

When tested with and without metabolic activation, 1,2-dichloropropane was 
mutagenic in Salmonella typhimurium (12, 18, 19 ). It was also mutagenic in 
Aspergillus nidulans when tested with activation by a rat liver homogenate 
(59 fraction) but did not cause forward mutation in Salmonella coelicolor when 
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tested without activation (18, 19). Sister chromatid exchanges and chromosomal 
aberrations were induced in Chinese hamster ovary cells exposed to 1 ,2-dichlo
ropropane in vitro with or without metabolic activation (12). 

Carcinogenicity 

1,2-Dichloropropane induced a significant increase in the incidence of hepato
cellular neoplasms, primarily adenomas, in male and female B6C3F 1 mice given 
doses of 125 or 250 mg/kg of body weight per day. There was no statistically sig
nificant increase in the incidence of any specific tumour type in F344 rats; how
ever, there was a marginal but statistically significant increased incidence of 
mammary adenocarcinomas in female rats given 250 mg/kg of body weight per 
day. This was considered to be equivocal evidence for carcinogenicity in the 
female rat (12). 

15.13.6 Effects on humans 

Clinical signs following the ingestion of 1,2-dichloropropane typically involve ef
fects on the gastrointestinal system (nausea, burning, and vomiting), 
central nervous system (dizziness, disorientation, headache, and coma), kidney 
failure, and liver necrosis. Effects on the respiratory system, heart, and blood 
have also been described (2). 

15.13. 7 Provisional guideline value 

IARC has classified 1 ,2-dichloropropane in Group 3 (not classifiable as to its car
cinogenicity in humans), as there are no human data and only limited data from 
animal studies (20). 

A LOAEL of 100 mg/kg of body weight per day was identified on the basis 
of a variety of systemic effects in a 13-week oral study in rats (administration 
5 days per week) (15). Use of an uncertainty factor of 10 000 (lOO for intra- and 
interspecies variation, 10 for use of a LOAEL instead of a NOAEL, and 10 to re
flect the limited evidence of carcinogenicity in animals and a limited toxicity da
tabase, particularly for reproductive effects) gives a TDI of 7.14 j.lg!kg of body 
weight. With an allocation of 10% of the TDI to drinking-water, the provisional 
guideline value is 20 j.lg!litre (rounded figure). 
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15.14 1 ,3-Dichloropropane 

15.14.1 General description 

Identity 

CAS no.: 
Molecular formula: 

Physicochemical properties (1)1 

Value 
-99.5 oc 
120.4 oc 

Property 

Melting point 
Boiling point 
Density 
Water solubility 

1.1876 g/cm3 at 25 oc 
2800 mg/litre at 25 oc 

Major uses 

1,3-Dichloropropane is used as an alkylating agent, ring-forming agent, and 
polymerization catalyst or promoter in the synthesis of organic chemicals (2). It 
may be found as a contaminant of soil fumigants containing 1 ,3-dichloropro
pene. 

I Conversion factor in air: I ppm = 4.62 mgfm3. 
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15.14.2 Analytical methods 

1,3-Dichloropropane is determined by a purge-and-trap gas chromatographic 
procedure used for the determination of volatile organohalides in drinking-water 
(3 ). Mass spectrometry is used for confirmation; the detection limit is 0.10 
11gllitre ( 4). 

15.14.3 Environmental levels and human exposure 

Water 

In the Ohio River and its tributaries, 1 ,3-dichloropropane was detected at levels 
below 0.8 11g!litre (2 ). No data on levels in drinking-water were found in the 
available literature. 

15.14.4 Effects on laboratory animals and in vitro test systems 

Acute exposure 

An oral LD50 of3.0 g/kg of body weight for 1,3-dichloropropane was reported in 
dogs (5). An LD50 of 3.6 g/kg of body weight was reported in mice for an un
specified route of exposure; the slight inflammation of the digestive tract noted 
suggests that it may have been oral ( 6). 

Short-term exposure 

1,3-Dichloropropane induced mild dermatitis on the shaved dorsal skin of mice. 
Peripheral blood changes, including an increased number of leukocytes and 
reticulocytes, were observed in dermally exposed animals (7). 

Mutagenicity and related end-points 

1,3-Dichloropropane was mutagenic in Salmonella typhimurium strain TA100 
with and without metabolic activation at concentrations of 10 11mol per plate or 
more (B). It was also mutagenic inS. typhimurium strain TA1535 with but not 
without metabolic activation. The compound was not mutagenic with or with
out metabolic activation in S. typhimurium strains TA98, TA100, TA1537, and 
TA1538; Escherichia coli strains WP2 and WP2 uvr A; or Saccharomyces cerevisiae 
strain JDL (9). 

15.14.5 Conclusions 

There is some indication that 1 ,3-dichloropropane may be genotoxic in bacterial 
systems. However, no short-term, long-term, reproductive, or developmental 
toxicity data pertinent to exposure via drinking-water could be located for this 
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compound. The available data were considered to be insufficient to permit 
recommendation of a guideline value. 
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15.15 1 ,3-Dichloropropene 

15.15.1 General description 

Identity 

Compound 
Isomer mixture 
cis-Isomer 
trans-Isomer 

CAS no. 
542-75-6 
10061-01-5 
10061-02-6 

Physicochemical properties (1-2)1 

Property 
Boiling point (0 C) 
Density at 25 ac (g/cm3) 
Vapour pressure at 25 ac (kPa) 
Water solubility at 25 ac (g/litre) 
Log octanol-water partition coefficient 

Major uses 

cis-Isomer 
104 
1.22 
5.7 
2.7 
1.6 

15 PESTICIDES 

trans-lsomer 
112 
1.22 
4.5 
2.8 
1.6 

1,3-Dichloropropene is a broad-spectrum soil fumigant used primarily for nema
tode control on crops grown in sandy soils. 

Environmental fate 

1,3-Dichloropropene is released to the environment when used as a fumigant. It 
volatilizes from both soil and surface waters to the atmosphere, where it can be 
photolytically degraded. Hydrolysis and microbial biodegradation also remove it 
from the environment (2). 

15.15.2 Analytical methods 

EPA Methods 524.2 (3 ) and 502.2 ( 4 ), which are standard purge-and-trap 
capillary-column gas chromatographic techniques for volatile organic com
pounds in water, should be suitable for the analysis of 1 ,3-dichloropropene. The 
detection limits for the compound are believed to range from 0.02 to 0.05 
11g!litre. 

1 Data also from Dow Chemical Company. Conversion factor in air: 1 pp m= 4.54 mgfm3 
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15.15.3 Environmental levels and human exposure 

Water 

1,3-Dichloropropene was found in 41 of 1088 surface water samples and in 10 of 
3949 groundwater samples in the USA. The 85th percentile values for all samples 
containing detectable levels of 1,3-dichloropropene were 1.3 flg!litre in surface 
water and 3.4 flg!litre in groundwater.I These data have not been validated and 
must therefore be accepted with caution. 

15.15.4 Kinetics and metabolism in laboratory animals and 
humans 

1,3-Dichloropropene is absorbed through the skin and the respiratory and gas
trointestinal systems (I). Oral administration in rats resulted in approximately 
90% absorption of the administered dose (5). Both cis- and trans-1 ,3-dichloro
propene administered orally in rats were excreted primarily in the urine in 24-48 h 
(5, 6). cis-1,3-Dichloropropene is probably biotransformed into an intermediate 
glutathione conjugate, and then follows the mercapturic acid pathway, and is 
excreted in the urine as a cysteine derivative. The main urinary metabolite (92%) 
of cis-1 ,3-dichloropropene was Nacetyl-S-[ (cis)-3-chloroprop-2-enyl] cysteine 
(6). 

15.15.5 Effects on laboratory animals and in vitro test systems 

Acute exposure 

The acute oral LD50s of 1,3-dichloropropene in male and female rats are 713 and 
740 mg/kg of body weight, respectively (7). In mice, the oral LD50 is 640 mg/kg 
of body weight. The dermal LD50 in rabbits ranges from 504 to 2100 mg/kg of 
body weight (8). 

Short-term exposure 

Exposure of rats to 1,3-dichloropropene by gavage (10 or 30 mg/kg, 6 days per 
week, for 13 weeks) resulted in increased kidney weight (9). Exposure by inhala
tion to 13.6 mgfm3, 7 h per day, 5 days per week, for 6 months, resulted in dis
coloration of kidney and swelling of renal tubular epithelium (7). 

I STORET water quality file. US Environmental Protection Agency, Office of Water (data file 
search conducted in May 1988). 
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Long-term exposure 

Hyperplasia of the urinary bladder epithelium was observed as a result of inhala
tion exposure of B6C3F1 mice to 1,3-dichloropropene at doses of 91 or 270 
mgfm3, 6 h per day, 5 days per week for 24 months (10). Hyperplasia of the uri
nary bladder epithelium and kidney hydronephrosis were seen in B6C3F 1 mice 
after gavage exposure to Telone 11 (in which 1 ,3-dichloropropene is the active in
gredient) in corn oil at doses of 0, 50, or 100 mg/kg of body weight, 3 times per 
week for 1 04 weeks (1 1). 

Reproductive toxicity, embryotoxicity, and teratogenicity 

No studies on the reproductive toxicity of 1 ,3-dichloropropene by the oral route 
of administration are available. In a study in which male and female Wistar rats 
were exposed to technical D-D (28% cisisomer, 27% transisomer) by inhalation 
at 0, 64, 145, or 443 mgfm3 for 10 weeks, male and female mating, fertility, and 
reproductive indices were unaffected, litter sizes and weights were normal, and 
pup survival over 4 days was not affected ( 12). In a study of the effects of inhala
tion exposure to 1,3-dichloropropene on fetal development, pregnant Fischer 
344 rats were exposed to 0, 91, 270, or 540 mg/m3 1,3-dichloropropene for 6 h 
per day on gestation days 6-15. Effects included dose-related depression of ma
ternal body weight gain, significant depression of feed consumption, decreases in 
water consumption at 540 mgfm3, and significant increases in relative kidney 
weights and decreases in absolute liver weights at 270 mg/m3 (13). 

Mutagenicity and related end-points 

Tests of commercial formulations containing 1 ,3-dichloropropene or a mixture 
of pure cis- and trans-1,3-dichloropropene (14), and pure cis-1,3-dichloropro
pene (15) were positive in Salmonella typhimurium strains TA1535 and TA100 
with and without metabolic activation, indicating that 1 ,3-dichloropropene is a 
direct-acting mutagen. Positive results have also been reported in TA1978 (with 
and without metabolic activation) for a commercial mixture of 1,3-dichloropro
pene and a mixture of the pure isomers (14). 1,3-Dichloropropene was negative 
in a reverse-mutation assay with Escherichia coli B/r Wp2 and in the mouse host
mediated test with 5. typhimurium G46 (16). 

Carcinogenicity 

F344 rats were gavaged 3 times per week with Telone 11 in corn oil at doses of 0, 
25, or 50 mg/kg of body weight (77 per sex per dose: 52 per sex per dose gavaged 
for 104 weeks in the main carcinogenicity study, plus 5 per sex per dose sacrificed 
after 9, 16, 21, 24, and 27 months of exposure to 1,3-dichloropropene in an an
cillary study). There was no increase in mortality in treated animals. Neoplastic 
lesions included squamous cell papillomas of the forestomach (male rats: 1/52; 
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1/52; 9/52; female rats: 0/52; 2152; 3/52), squamous cell carcinomas of the 
forestomach (male rats: 0/52; 0/52; 4/52), and neoplastic nodules of the liver 
(male rats: 1152; 6/52; 7/52). The increased incidence of forestomach tumours 
was accompanied by a positive trend for forestomach basal cell hyperplasia in 
male and female rats of both treated groups. The highest dose level tested in rats 
(50 mg/kg of body weight) was approximately the maximum tolerated dose level (1 1). 

B6C3F1 mice (50 per sex per dose) were gavaged with Telone II in corn oil at 
doses of 0, 50, or 1 00 mg/kg of body weight, three times per week for 104 weeks. 
Because of excessive mortality from myocardial inflammation in control male 
mice approximately 1 year after the initiation of the study, conclusions concern
ing carcinogenicity were based on concurrent and National Toxicology Program 
(NTP) historical control data. Neoplastic lesions in female mice included squa
mous cell papillomas of the forestomach (0/50; 1150; 2/50), squamous cell carci
nomas of the forestomach (0/50; 0/50; 2/50), transitional-cell carcinomas of the 
urinary bladder (0/50; 8/50; 21148), and alveolar/bronchiolar adenomas (0/50; 
3/50; 8/50). The increased incidence of forestomach tumours was accompanied 
by an increased incidence of stomach epithelial cell hyperplasia in males and 
females at 100 mg/kg of body weight, and the increased incidence of transitional
cell carcinoma of the urinary bladder was accompanied by a positive trend for 
bladder hyperplasia in male and female mice of both treated groups. Incidences 
of neoplasms were not significantly increased in male mice ( 11). 

In the NTP gavage studies (11 ), epichlorohydrin (1 %), which can cause 
papillomas, carcinomas, and hyperplasia of the forestomach (17), was added as a 
stabilizer. It is possible that the gavage dosing procedure adopted in the NTP 
study produced epichlorohydrin concentrations at the site of application similar 
to those in the drinking-water study ( 17), albeit for much shorter periods. If this 
is true, it is possible that epichlorohydrin was involved in the development of the 
papillomas and carcinomas of the forestomach during the NTP study. 

Exposure of Fischer 344 rats for 2 years to vapours of Telone II (0, 23, 91, 
and 270 mgfm3) did not result in increases in tumour incidence (18). The only 
tumorigenic effect of a similar exposure of B6C3F1 mice was an increased inci
dence in benign lung tumours (bronchioloalveolar adenomas) in males exposed 
to 270 mg/m3 (10). 

15.15.6 Effects on humans 

The only known human fatality occurred a few hours after the accidental inges
tion of a D-D mixture at an unknown dosage. The symptoms were abdominal 
pain, vomiting, muscle twitching, and pulmonary oedema. Treatment by gastric 
lavage failed. Inhalation of 1,3-dichloropropene at concentrations above 6.8 
gfm3 resulted in gasping, coughing, substernal pain, and extreme respiratory 
distress (19). 

A total of 64 male workers exposed to three compounds, including 1,3-di
chloropropene, were evaluated to determine whether fertility was adversely af-
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fected. The exposed study population was divided into groups with up to 5 and 
more than 5 years of exposure. Sperm counts and percentage of normal sperm 
forms were the major variables evaluated. No adverse effects on fertility were ob
served (20), but the study participation rate for the exposed group was only 64%. 

15.15.7 Guideline value 

IARC concluded that there was sufficient evidence for the carcinogenicity of 1,3-
dichloropropene in experimental animals to classify it in Group 2B (possible hu
man carcinogen) (21). It is also a direct-acting mutagen. Based on observation of 
lung and bladder tumours in female mice in a 2-year NTP gavage study (I I) and 
using the linearized multistage model, the drinking-water concentrations (and 
hence the guideline values) associated with excess lifetime cancer risks of I0-4, 
1 o-s' and 1 o-6 are estimated to be 200, 20, and 2 p.gllitre, respectively. 
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15.16 Ethylene dibromide 

15.16.1 General description 

Identity 

CAS no.: 
Molecular formula: 

The IUPAC name for ethylene dibromide (EDB) is 1,2-dibromoethane. 

Physicochemical properties (1) 

Property 

Melting point 
Boiling point 
Density 
Water solubility 
Octanol-water partition coefficient 
Vapour pressure 

Major uses 

Value 
9.3 cc 
131.5 cc 
2.17 g/cm3 at 20 cc 
4.3 g!litre at 20 cc 
86 
1.5 kPa at 20 cc 

EDB is used as a fumigant against pests, certain insects, and nematodes (1 ), al
though its use for this purpose has been restricted or prohibited in several coun
tries. Its main use is in leaded petrol, but it is also used to a lesser extent in 
solvents, waterproofing preparations, and medicine (2). 

Environmental fate 

Evaporated EDB in the atmosphere reacts with photochemically produced hy
droxyl radicals; the half-life is 32 days (3). 

In surface water, evaporation plays an important role in the removal of EDB; 
the half-life is in the range 1-5 days. It is very stable in groundwater, especially 
under anaerobic conditions, with an estimated half-life of about 20 years at 10 cc. 
Hydrolysis of EDB to bromide, ethylene, ethylene glycol, and carbon dioxide 
takes place in soil. Formation of vinyl bromide has so far been seen only under la
boratory conditions (2, 3). 
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15.16.2 Analytical methods 

Gas-phase extraction followed by gas chromatography with electron-capture de
tection is used for the determination ofEDB. The method is capable of achieving 
a detection limit in tapwater and river water of about 0.01 11g!litre ( 4). 

15.16.3 Environmental levels and human exposure 

Air 

In the USA, concentrations of EDB in air of less than 0.6 ng/m3 in rural areas 
and 80-460 ngfm3 (mean 200 ng/m3) in urban and suburban areas were report
ed (4). 

Water 

EDB is found mainly in groundwater as a result of petrol spills and agricultural 
use. In groundwater in agricultural areas, levels of 0.01-15 11gllitre have been 
reported (2). 

Food 

EDB may be present in treated foods depending on the treatment and storage 
conditions. It is found in grain, oats, and fruits at mg/kg levels and in white and 
wholemeal bread at 11g/kg levels (3). 

15.16.4 Kinetics and metabolism in laboratory animals and 
humans 

EDB is readily absorbed following oral, dermal, and inhalation exposure in rats 
and pigs (5, 6). After ingestion, the concentration of metabolites is highest in the 
liver and kidney ( 6). 

In the rat, two main metabolic pathways lead to the formation of the metab
olites that seem to be responsible for the biological effects ofEDB. 2-Bromoacet
aldehyde, which is formed via the oxidative pathway, is associated with some 
histopathological changes, such as liver damage ( 6, 7 ). Another metabolite is 
formed via the conjugative pathway and is believed to be responsible for binding 
to DNA and, hence, mutagenesis. Four times as much EDB in metabolized via 
the oxidative pathway as by the conjugative one (6). In pigs, rats and mice, the 
metaboli tes are excreted mainly in the urine ( 6). 
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15.16.5 Effects on laboratory animals and in vitro test systems 

Acute exposure 

When EDB was administered orally, acute LD50s were found to be 117-146 
mg/kg of body weight for rats, 110 mg/kg of body weight for guinea-pigs, and 55 
mg/kg of body weight for female rabbits ( 6). 

Long-term exposure 

In a 2-year gavage study in rats and mice, non-neoplastic effects were found in 
the forestomach (hyperkeratosis) and testes (atrophy) of both species and in the 
liver (hepatitis) and renal cortex (degeneration) of rats (8). In chronic inhalation 
studies in F344 rats and B6C3F1 mice, EDB administration was associated with 
increased mortality and non-cancerous lesions of the respiratory system (inflam
mation, epithelial hyperplasia, squamous metaplasia) in both species and liver 
necrosis, kidney nephropathy, and degeneration of the testes, adrenal cortex, and 
retina in rats (9). 

Reproductive toxicity, embryotoxicity, and teratogenicity 

Oral administration of EDB to bulls at doses of 4 mg/kg of body weight per day 
for 2-3 weeks resulted in the formation of abnormal spermatozoa. Doses of 2 
mg/kg of body weight per day had no effect on the reproductive capacity of cows 
and ewes (6). Hens given feed containing 50-320 mg ofEDB per kg laid smaller 
eggs; egg-laying ceased irreversibly after 6 weeks at the highest dose (1 0). 

Mutagenicity and related end-points 

EDB induced sister chromatid exchange, mutations, and unscheduled DNA syn
thesis in both human and rodent cells in vivo. In rodents, DNA strand breaks 
were found in vitro and in vivo ( 11). 

Carcinogenicity 

EDB has been demonstrated to be carcinogenic in rodents after administration 
by all three routes of exposure. It was administered by gavage in corn oil 5 times 
per week to Osborne-Mendel rats (50 per sex per dose for the test compound, 20 
per sex per dose for controls) at time-weighted average doses of 38 or 41 mg/kg 
of body weight per day to males and 37 or 39 mg/kg of body weight per day to 
females. Because of high toxicity and premature deaths during the course of the 
study, the high dose was readjusted and the study was terminated early, after 49 
weeks for males and 61 weeks for females. Early developing squamous cell carci
noma of the forestomach, a contact-site cancer preceded by tissue damage, was 
observed in both sexes; incidences were 0/20, 45/50, and 33/50 in males and 
0/20, 40/50, and 29/50 in females. Liver cancers were observed in females, and 
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haemangiosarcomas of the spleen, a relatively rare rumour at a site remote from 
the site of administration, were seen in males at incidences of 0/20, 11/50, and 
4/50 in controls, low-, and high-dose groups, respectively (8). 

A similar protocol was followed with B6C3F 1 mice given 0, 62, or 107 
mg/kg of body weight per day (time-weighted average doses) for 78 weeks, except 
for low-dose females, in which the study was terminated at 90 weeks. EDB pro
duced squamous cell carcinomas of the forestomach and alveolar/bronchiolar 
lung tumours in both sexes (8). 

In long-term inhalation studies in mice and rats, EDB produced adenomas 
and carcinomas of the nasal cavity, haemangiosarcomas of the spleen, and mam
mary tumours in both species. An increased incidence of tunica vaginalis meso
theliomas in male rats and lung tumours in both sexes of mice was also observed 
(9 ). EDB also induced skin and lung tumours in mice after skin application 
(12). 

15.16.6 Effects on humans 

One lethal case of poisoning has been reported in an adult female who ingested 
65 mg of EDB per kg of body weight (6). Prolonged contact with EDB has 
caused skin irritation (13). Long-term occupational exposure affects semen qual
ity. Statistically significant decreases in sperm count, the percentage of viable and 
motile sperm, and increases in the proportion of sperm with specific morpho
logical abnormalities (tapered heads, absent heads, and abnormal tails) were ob
served among exposed men as compared with controls (3). No sister chromatid 
exchanges have been seen in humans occupationally exposed during spraying and 
fruit packing (I 1). 

In 1987, IARC found the evidence for carcinogenicity to humans to be inad
equate (14), on the basis of three studies. The first study looked at the mortality 
of 161 men exposed to EDB in two factories since the mid-1920s and 1942, re
spectively. By 1 January 1976, 36 workers had died, seven of them from cancer 
(5.8 expected) (15). In the second study, the mortality of2510 male workers em
ployed at a chemical plant was investigated. EDB was one of several chemicals 
used and was apparently a minor component of the mixed exposure. No statisti
cally significant excess of cancer was found at any site (I 6). Finally an excess of 
lymphoma was detected in a mortality study of grain workers in the USA who 
might have been exposed to EDB, among other compounds (17). 

15.16. 7 Conclusions 

In 1987, IARC concluded that the evidence for carcinogenicity to humans was 
inadequate but that the animal data were sufficient to establish carcinogenicity, 
assigning EDB to Group 2A (14). EDB has been found to be genotoxic in both 
in vitro and in vivo assays. 
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Although EDB appears to be a genotoxic carcinogen, the studies to date are 
inadequate for mathematical risk extrapolation. Therefore, a guideline value for 
EDB has not been derived. EDB should be re-evaluated as soon as new data be
come available. 
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15.17 Heptachlor and heptachlor epoxide 

15.17.1 General description 

Identity 

Compound 
Heptachlor 
Heptachlor epoxide 

CAS no. 
76-44-8 
1024-57-3 

Molecular formula 
C10H5Cl7 
C10H5Cl70 

Heptachlor is the common name for 1, 4, 5, 6, 7, 8, 8-heptachlor-3a, 4, 7, 7a
tetrahydro-4, 7-methano-1H-indene. Heptachlor epoxide is the common name 
for 2, 3, 4, 5, 6, 7, 7-heptachloro-1a, 1b, 5, 5a, 6, 6a-hexahydro-2,5-methano-
2H-indene(l,2b)oxirene (1). 

Physicochemical properties (1-7) 

Property 
Melting point (°C) 

Specifrc gravity 
Vapour pressure at 25 oc (kPa) 
Log octanol-water partition coeffrcient 
Water solubility at 25 oc (mg/litre) 

Organoleptic properties 

Heptachlor 
93 

1.57-1.59 
53 X 10-6 

3.87-5.44 
0.056 

Heptachlor epoxide 
160-161.5 
(99.5% pure) 

53 X 10-6 

4.43-5.40 
0.35 

Pure heptachlor is a white crystalline solid with a camphor-like odour. 
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Major uses 

Heptachlor is applied as a soil treatment, a seed treatment (maize, small grains, 
and sorghum), or directly to foliage. It is used to control ants, cutworms, mag
gots, termites, thrips, weevils, wireworms, and many other insect pests in both 
cultivated and uncultivated soils. It also controls household insects and pests of 
humans and domestic animals (5). In many countries, heptachlor is banned or 
may be applied only by subsurface injection. 

Heptachlor epoxide is not commercially available but is an oxidation product 
of heptachlor (1 ). 

Environmental fate 

Heptachlor is moderately persistent in soil, where it is mainly transformed into 
its epoxide. It may undergo significant photolysis, oxidation, and volatilization 
( 6, 8, 9). It binds to soil particles and migrates slowly (1 0). The soil half-life of 
heptachlor under certain conditions may be as long as 2 years (I 1 ). Heptachlor 
epoxide is very resistant to further chemical or biological changes in soil. It binds 
to soil particles and migrates slowly (I 0). Its half-life in various soils has been re
ported to be as long as several years (12). 

Photolysis, oxidation, hydrolysis, and biotic reactions do not appear to be 
important in reducing heptachlor epoxide levels in aquatic media (6, 8), whereas 
volatilization seems to be significant (13). 

15.17. 2 Analytical methods 

Heptachlor may be determined in water samples by liquid-liquid extraction 
followed by gas chromatography. Detection and measurement may be accom
plished by electron-capture or electrolytic conductivity gas chromatography. The 
sensitivity of the method is 1-10 ng/litre (14). 

15.17.3 Environmental levels and human exposure 

Air 

In a survey carried out in the USA in 1971, heptachlor was found in samples 
from two of nine cities at a maximum level of 19.2 ngfm3 (15). In air samples 
taken from 1972 to 197 4 in a cotton-growing area of the USA, the maximum 
heptachlor level was 0.8 ngfm3 (16). 

Water 

Heptachlor and heptachlor epoxide have been found in drinking-water at ng per 
litre levels (I 7-19 ). Heptachlor epoxide has been found in drinking-water, 
groundwater, land run-off, and river water at seven locations in the USA and 
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Europe and in sediments, lakes, rivers, tapwater, and effluent from a biological 
sewage treatment plant at 28 such locations (19, 20). 

Food 

Heptachlor and heptachlor epoxide have been found in many food classes (21, 
22 ). Human milk can be contaminated with heptachlor epoxide (23). Based on 
a total diet study conducted by the US Food and Drug Administration, estimated 
daily intakes of heptachlor and heptachlor epoxide for men aged 25-30 were 
0.007 jlg and 0.184 jlg, respectively (24). 

Estimated total exposure and relative contribution of drinking-water 

Diet is likely to be the greatest source of exposure to heptachlor epoxide. 

15.17.4 Kinetics and metabolism in laboratory animals and 
humans 

Heptachlor is rapidly absorbed from the gastrointestinal tract of rats following 
intragastric administration (25). Heptachlor epoxide is distributed throughout 
the body of rats and dogs (25, 26). Heptachlor is metabolized by rats to hep
tachlor epoxide, 1-hydroxychlordene, and 1-hydroxy-2,3-epoxychlordene, which 
are the major faecal metabolites. In vitro studies have shown that heptachlor 
epoxide formation is greater in rats than in humans, and that metabolism is, in 
general, comparable in the two species. Faeces represent the major route of hep
tachlor elimination by rats (27). 

15.17.5 Effects on laboratory animals and in vitro test systems 

Acute exposure 

In the rat, mouse, rabbit, guinea-pig, hamster, and chicken, oral LD50s for hep
tachlor range from 40 to 260 mg/kg of body weight (28). 

Short-term exposure 

Evidence of significant liver damage and altered liver function was reported in 
rats maintained on diets containing heptachlor at 7-12 mg/kg of body weight 
per day for up to 14 days and 1 mg/kg of body weight per day for 5-7 days 
(29, 30). 
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Long-term exposure 

Male and female rats were fed diets containing heptachlor epoxide at 0, 5, 10, 20, 
40, 80, 160, or 300 mg/kg for 2 years. Concentrations of 80 mg/kg or higher re
sulted in 100% mortality in 2-20 weeks. At 40 mg/kg, all the females died with
in 54 weeks, but there was no effect on male mortality up to 104 weeks. Diets 
containing 20 mg/kg or less did not produce any sign of illness in male or female 
rats, but an increase in liver weight was observed in male rats dosed with more 
than 10 mg/kg and females given 5 mg/kg (31). 

Diets containing 0, 0.5, 2.5, 5.0, or 7.5 mg of heptachlor epoxide per kg 
were given to groups of five dogs for 60 weeks. No deaths attributed to hepta
chlor epoxide occurred. The weights of the male dogs increased in inverse pro
portion to the concentration of the compound in the diet, whereas those of the 
females were normal. Liver weights increased at 5.0 mg/kg and above. Degenera
tive liver changes were seen in only one dog at 7.5 mg/kg. From this study, a 
NOAEL of 2.5 mg/kg of diet, equivalent to 0.06 mg/kg of body weight per day, 
can be derived (31). 

In a 2-year study, dogs fed heptachlor epoxide in the diet at concentrations of 
0, 1, 3, 5, 7, or 10 mg/kg, exhibited an increase in liver weight at the highest con
centration and an increase in the incidence of histopathological changes in the 
liver (enlargement and vacuolation of centrilobular or scattered hepatocytes) at 
all but the lowest concentration. Similar histopathological changes persisted dur
ing 6 months of the recovery period. The NOAEL was 1 mg/kg of diet, equiva
lent to 0.025 mg/kg of body weight per day (32). 

Reproductive toxicity, embryotoxicity, and teratogenicity 

According to a poorly documented multigenerational study in rats fed hepta
chlor, litter size and viability were reduced and cataracts occurred in pups (33). 
No indications of teratogenicity have been found in rats, rabbits, chickens, or 
beagle dogs exposed to heptachlor (28). Rats fed 19.5 mg of heptachlor per kg of 
diet for 90 days showed a decrease in androgen receptor sites, nucleic acids, and 
proteins in the ventral prostate (34). 

Fertility was inhibited in female mice by three heptachlor injections of 25 
mg/kg of body weight given at the rate of one per week. There was also an in
crease in estrogen metabolism and a decrease in the uterotropic activity of estro
gen. Inhibition of the response of rat uterus to estrogen was seen; the LOAEL was 
5 mg/kg of body weight for 7 days (35). 

In a two-generation reproduction study in dogs fed heptachlor epoxide in 
the diet at concentrations of 1, 3, 5, 7, or 10 mg/kg, there was an increase in the 
mortality of F2 pups at all but the lowest concentration. The NOAEL based on 
this finding was 1 mg/kg, equivalent to 0.025 mg/kg of body weight per day 
(32). 
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Mutagenicity and related end-points 

Heptachlor did not induce dominant lethal mutations in mice. In one study, it 
induced unscheduled DNA synthesis in human fibroblast cultures but not repair 
synthesis in cultured rodent cells. It inhibited intercellular communication in 
rodent cell systems but was not mutagenic in cultured rat liver cells. It did not 
induce sex-linked recessive mutations in Drosophila or gene conversion in yeast. 
It was mutagenic in plants but not in bacteria. In one study, positive results were 
reported for technical-grade but not commercial-grade heptachlor. It did not 
produce plasmid DNA breakage (36). 

Carcinogenicity 

Heptachlor containing about 20% chlordane produced neoplasms in mice fol
lowing oral administration; the results of studies on rats were inconclusive. Oral 
administration of heptachlor increased the incidence of liver tumours induced in 
mice by the oral administration of N-nitrosodiethylamine (36). 

15.17.6 Effects on humans 

Clinical case-studies of acute exposure (via ingestion, or the dermal or inhalation 
routes) to chlordane-containing heptachlor document a pattern of central ner
vous system effects similar to that found in animals (e.g. irritability, salivation, 
laboured respiration, muscle tremors, convulsions) (37, 38). Heptachlor does not 
appear to be carcinogenic in humans (39-42). 

15.17.7 Guideline value 

IARC reviewed the data on heptachlor in 1991 and concluded that the evidence 
for carcinogenicity was sufficient in animals and inadequate in humans, classify
ing it in Group 2B (43). 

JMPR has evaluated heptachlor on several occasions and in 1991 established 
an ADI of 0.1 )lg/kg of body weight on the basis of a NOAEL of 0.025 mg/kg of 
body weight per day from two studies in the dog, incorporating an uncertainty 
factor of 200 (1 00 for inter- and intraspecies variation and 2 for the inadequacy 
of the database) (32). With an allocation of 1% of the ADI to drinking-water, 
because the main source of exposure seems to be food, the guideline value is 
0.03 )lg/litre. 

References 

1. International Agency for Research on Cancer. Some halogenated hydrocarbons. Lyon, 
1979:129-154 (IARC Monographs on the Evaluation of the Carcinogenic Risk of 
Chemicals to Humans, Volume 20). 

688 



15 PESTICIDES 

2. Deichmann WB. Halogenated cyclic hydrocarbons. In: Clayton GD, Clayton FE, 
eds. Patty's industrial hygiene and toxicity. Vol. 2B, 3rd rev. ed. New York, NY, John 
Wiley, 1981:3603-3669. 

3. Rao PSC, Davidson JM. Retention and transformation of selected pesticides and phos
phorus in soil-water systems: a critical review. Athens, GA, US Environmental Protec
tion Agency, 1982 (EPA-600/53-82-060). 

4. Mackay D. Correlation of bioconcentration factors. Environmental science and tech
nology, 1982, 16:274-278. 

5. Worthing CR, ed. The pesticide manual, 9th ed. Farnham, British Crop Protection 
Council, 1991. 

6. Mabey WR et al. Aquatic fate process data for organic priority pollutants. Washington, 
DC, US Environmental Protection Agency, Monitoring Data Support Division, 
1981 (EPA440/4-81-014). 

7. Geyer H et al. Prediction of ecotoxicological behavior of chemicals: relationship be
tween physicochemical properties and bioaccumulation of organic chemicals in the 
mussel Mytilus edulis. Chemosphere, 1982, 11:1121-1134. 

8. Callahan MA et al. Water-related environmental fate ofl29 priority pollutants. Vol. 11. 
Washington, DC, US Environmental Protection Agency, Office of Water Planning 
and Standards, Office of Water Waste Management, 1979 (EPA 440/4-79-029b). 

9. Mill T et al. Laboratory protocols for evaluating the fate of organic chemicals in air and 
water. Athens, GA, US Environmental Protection Agency, Environmental Research 
Laboratory, 1982 (EPA-600/3-82-022a). 

10. Tzapko VV, Rogovsky GF, Kurinov VN. [On the possibility of hexachlordane and 
heptachlor penetrating into subsoil water.] In: [Hygiene of settlements.] Kiev, Zdoro
vie Publishers, 1967:93-95 (in Russian). 

11. Vro(;insky KK, Gemeteenko MM, MereZko AI. [Hydrobiological migration of pesti
cides.] Moscow, Moscow University Press, 1980:8-14, 33-37, 59-63, 87-94, 119-120 
(in Russian). 

12. US Environmental Protection Agency. Heptachlor and heptachlor epoxide. Reviews 
of environmental contamination and toxicology, 1988, 104:131-145. 

13. Huang JC. Fate of organic pesticides in the aquatic system. Engineering bulletin of 
Purdue University, engineering extension series, 1970:449-457. 

14. Environmental Monitoring and Support Laboratory. Method for organochlorine pesti
cides in drinking water. Methods for organochlorine pesticides and chlorophenoxy 
acid herbicides in drinking water and raw source water. Interim report July 1978. Cin
cinnati, OH, US Environmental Protection Agency, 1978. 

689 



GUIDELINES FOR DRINKING-WATER QUALITY 

15. Stanley CW et al. Measurement of atmospheric levels of pesticides. Environmental 
science and technology, 1971, 5:430-435. 

16. Arthur RD, Cain JD, Barrentine BF. The effect of atmospheric levels of pesticides on 
pesticide residues in rabbit adipose tissue and blood sera. Bulletin of environmental 
contamination and toxicology, 1975, 14:760-764. 

17. Williams DT et al. Organochlorine pesticide levels in Ottawa drinking water, 1976. 
Pesticides monitoringjournal, 1978, 12:163. 

18. Sandhu SS, Warren WJ, Nelson P. Pesticidal residue in rural potable water. journal 
of the Amerzcan Water Works Association, 1978, 70:41-45. 

19. Shackleford WM, Keith LH. Frequency of organic compounds identified in water. 
Athens, GA, US Environmental Protection Agency, 1976 (EPA-600/4-76-062). 

20. Eurocop-Cosr. A comprehensive list of polluting substances which have been identified in 
various fresh waters, effluent discharges, aquatic animals and plants, and bottom sedi
ments. Luxembourg, Commission of the European Communities, 1976. 

21. Johnson RD, Manske DD. Pesticide and other chemical residues in total diet sam
ples (XI). Pesticides monitoring journal, 1977, 11: 116-131. 

22. Henderson C, Johnson WL, Inglis A. Organochlorine insecticide residues in fish. 
Pesticides monitoringjournal, 1969,3:145-171. 

23. Savage EP. National study to determine levels of chlorinated hydrocarbon insecticides in 
human milk. Washington, DC, US Environmental Protection Agency, 1976 (EPA-
540/9-78-005). 

24. Gunderson EL. FDA total diet study, April1982-April1984, dietary intakes of pesti
cides, selected elements and other chemicals. journal of the Association of Official 
Analytical Chemists, 1988,71:1200-1209. 

25. Mizjukova IG, Kureatov GV. [Metabolism of heptachlor.] Farmakofogija i toksikolo
gija, 1970, 4:496-499 (in Russian). 

26. Radomski JL, Davidow B. The merabolite of heptachlor, its estimation, storage and 
toxicity. journal of pharmacology and experimental therapeutics, 1953, 107:266-272. 

27. Tashiro S, Matsumura F. Metabolism of trans-nonachlor and related chlordane com
ponents in rat and man. Archives of environmental contamination and toxicology, 
1978,7:113-127. 

28. Heptachlor. Geneva, World Health Organization, 1984 (Environmental Health 
Criteria, No. 38). 

690 



15. PESTICIDES 

29. Krampl V. Relationship between serum enzymes and histological changes in liver af
ter administration of heptachlor in the rat. Bulletin of environmental contamination 
and toxicology, 1971. 5:529-536. 

30. Enan EE, El-Sebae AH, Enan OH. Effect of some chlorinated hydrocarbon insecti
cides on liver function in white rats. Mededelmgen van de Famlteit Landbouwweten
schappen, Rijksuniversiteit Gent, 1982, 47:447-457. 

31. Witherup S, Cleveland FP, Stemmer K. The physiological effects of the introduction of 
heptachlor epoxide in varying levels of concentration into the diet ofCFN rats. Cincinna
ti, OH, Kettering Laboratory, University of Cincinnati, 1959 (unpublished report 
submitted to WHO by Velsicol Chemical Corp., Rosemont, IL, USA). 

32. International Programme on Chemical Safety. Pesticide residues in food-1991: 
joint FAO/WHO Meeting on Pesticide Residues-Evaluations 1991. Parr I I. Toxicology. 
Geneva, World Health Organization, 1992 (unpublished document WHO/PCS/ 
92.52). 

33. Mestitzova M. On reproduction studies on the occurrence of cataracts in rats after 
long-term feeding of the insecticide heptachlor. Experientia, 1967, 23:42-43. 

34. Shain SA, Shaeffer JC, Boesel RW. The effect of chronic ingestion of selected pesti
cides upon rat ventral prostate homeostasis. Toxicology and applied pharmacology, 
1977.40:115-130. 

35. Welch RM et al. Effects of halogenated hydrocarbon insecticides on the metabolism 
and uterotropic action of estrogens in rats and mice. Toxicology and applied pharma
cology, 1971, 19:234-246. 

36. International Agency for Research on Cancer. Overall ez,aluations of carcmogenicity: 
an updatingof!ARC Monographs volumes 1-42. Lyon, 1987:146-148 (IARC Mono
graphs on the Evaluation of Carcinogenic Risks to Humans, Suppl. 7). 

37. Dadey JL, Kammer AG. Chlordane intoxication. journal of the American fl.fedical 
Association, 1953, 153:723. 

38. Derbes VJ et al. Fatal chlordane poisoning. journal of the American Medical Associa
tion, 1955, 158:1367-1369. 

39. Blair A et al. Lung cancer and other causes of death among licensed pesticide applica
tors. journal of the National Cancer Institute, 1983, 71:31-37. 

40. Wang HH, Macmahon B. Mortaliry of workers employed in the manufacture of 
chlordane and heptachlor. Journal of occupational medicine, 1979, 21 :745-748. 

41. Wang HH, Macmahon B. Mortality of pesticide applicators. journal of occupational 
medicine, 1979,21:741-744. 

691 



GUIDELINES FOR DRINKING-WATER QUALITY 

42. Ditraglia D et al. Mortality study of workers employed at organochlorine pesticide 
manufacturing plants. Scandinavian journal of work, environment and health, 1981, 
7:140-146. 

43. International Agency for Research on Cancer. Occupational exposures in insecticide 
application, and some pesticides. Lyon, 1991:115-175 (IARC Monographs on the 
Evaluation of Carcinogenic Risks to Humans, Volume 53). 

15.18 Hexachlorobenzene 

15.18.1 General description 

Identity 

CAS no.: 
Molecular formula: 

Physicochemical properties (1-4) 

Melting point 
Boiling point 
Vapour pressure 
Water solubility 
Log octanol-water partition coefficient 

Major uses 

230 oc 
Sublimes at 322 oc 
1.45 X 10-3 Pa at 20 oc 
5 )lgflitre 
5.2 

Hexachlorobenzene (HCB) is a selective fungicide used to control dwarf bunt of 
wheat, a soil- and seed-borne disease caused by Tilletia contraversa. In many 
countries, its production and use as a fungicide have ceased. At present, its main 
importance appears to be as a by-product of several chemical processes or an im
purity in some pesticides (2, 5). 

Environmental fate 

HCB is a widespread contaminant. It photolyses slowly in the atmosphere, where 
it has a half-life of about 80 days (6). It has a very low solubility in water but, de
spite its relatively low vapour pressure, volatilizes from water at a significant rate 
( 4, 7). The main chemical reaction in water is slow photolysis, whereas hydroly
sis and oxidation appear to be unimportant (6). Biotransformation of HCB in 
surface water, sludge, or soil suspensions is extremely low: <0.1 o/o is converted 
into carbon dioxide in 5-7 days (8). HCB is strongly adsorbed by soil and sedi
ments. Because of its resistance to abiotic and biotic degradation and very high 
octanol-water partition coefficient, it can bioaccumulate in aquatic organisms 
(9). 
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15.18.2 Analytical methods 

HCB in water can be extracted with hexane and then determined by gas chroma
tography using an electron-capture detector. The detection limit of this method 
is 5 ng/litre (1 0). 

15.18.3 Environmental levels and human exposure 

Air 

Atmospheric concentrations of HCB have rarely been measured and are hardly 
quantifiable. Levels of 1-24 and 0.1 p.gfm3 have been reported in the USA and 
Scandinavia, respectively (1 1, 12). 

Water 

HCB was not found (detection limit of0.1 p.g/litre) in 104 surface waters and 12 
groundwater supplies examined in the USA in 1984 (13). From 1970 to 1983, 
HCB concentrations of up to 0.12 p.g!litre were present in the Rhine; after 1983, 
they decreased significantly. Concentrations in sediments were about 1000 times 
higher than those in the corresponding surface waters (14). 

Food 

HCB can be taken up by crops if used as a fungicide or if present as a soil con
taminant. Carrots show a particular affinity for HCB (14). In agricultural areas 
of the former Czechoslovakia, HCB was found at nearly all links in the food
chain in 1975-1983; the highest levels were found in wheat, milk fat from cows, 
and human milk (15). It has been found in many fish taken from surface waters; 
levels higher than 0.3 mg/kg have been found in fish from the river Rhine (16). 
Freshwater fish contain more HCB than saltwater fish (17). 

Estimated total exposure and relative contribution of drinking-water 

Diet is probably the major route of exposure to HCB (13), through fish contam
inated by industrial emissions, animal products contaminated by HCB-treated 
animal feed, and crops contaminated by soils and pesticides (14). In the Nether
lands in 1978, daily HCB intake was in the range <1-12 p.g, the median was 1 p.g 
(14). The estimated dietary intake in the USA was 2 p.g/kg of body weight per 
day in 1981-1982 (IS). 
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15.18.4 Kinetics and metabolism in laboratory animals and 
humans 

More HCB is absorbed when administered in olive oil than as an aqueous sus
pension or the solid crystalline form (80% v. 20%) (19). Following administra
tion to male rats, the highest concentrations were detected in adipose tissue, bone 
marrow, skin, the Harderian gland, nasal mucosa, and the preputia] gland (20). 

HCB is metabolized slowly to give lower chlorinated benzenes, chlorinated 
phenols, and other lower metabolites; glucuronide and glutathione conjugates 
have also been detected (21). Most is excreted in faeces as the parent compound, 
a small fraction, about 5%, being excreted in the urine as polar metabolites (22). 
Lactation is an effective method of HCB elimination for the cow and mouse but 
not for humans (23). 

15.18.5 Effects on laboratory animals and in vitro test systems 

Acute exposure 

LD50s varying from less than 1000 to over 10 000 mg/kg of body weight have 
been reported for different animal species. The symptoms observed were convul
swns, tremors, weakness, ataxia, paralysis, and pathological changes in organs 
(24). 

Short-term exposure 

HCB was fed in the diets to Swiss mice (0, 100, or 200 mg/kg), Sprague-Dawley 
rats, and Syrian golden hamsters (0, 200, or 400 mg/kg) for 90 days. It induced 
severe hyperplasia of lymphohaematopoietic centres, with frequent lymphocytic 
infiltrations into the liver and kidneys, as well as severe haemosiderosis in the 
spleen and liver. Toxic liver lesions, including severe degenerations, peliosis, 
necroses leading to toxic hepatitis, and cirrhosis that developed into neoplastic 
growths, were most severe in male hamsters and rats but were seldom seen in 
mice. The kidneys were also affected, showing toxic tubular nephrosis and neph
ritis (25). 

Reproductive toxicity, embryotoxicity, and teratogenicity 

In a four-generation test with Sprague-Dawley rats, the NOAEL was 20 mg/kg in 
the diet (26). Some teratogenic effects of HCB were observed in Wistar rats at 
doses of up to 120 mg/kg of body weight administered during organogenesis, but 
could not be reproduced (27). HCB was found to cause developmental effects in 
fetal CD-I mice whose mothers ingested 100 mg per kg of body weight per day 
on days 7-16 of gestation (28). HCB did not produce developmental effects in 
New Zealand rabbits (29). 

694 



15. PESTICIDES 

Mutagenicity and related end-points 

HCB was not found to be mutagenic in five strains of Salmonella typhimurium, 
with or without metabolic activation (30 ). It was negative in dominant lethal 
mutation studies with rats (27), but was shown to be mutagenic in Saccharomyces 
cerevisiae (31 ). HCB gave negative results in the Ames test and sister chromatid 
exchange (32). 

Carcinogenicity 

Groups of Swiss mice were fed diets containing HCB (>99.5% pure) at 0, 50, 
100, or 200 mg/kg. Liver cell tumours were found in the two highest dose groups 
but not in controls or in the group receiving 50 mg/kg (33 ). In Syrian golden 
hamsters fed diets containing HCB (99.5% pure) at 0, 50, 100, or 200 mg/kg 
throughout their life, hepatomas, liver haemangioendotheliomas, and thyroid 
adenomas developed in both sexes (34). 

Sprague-Dawley rats were fed diets containing 0, 75, or 150 mg ofHCB per 
kg for 2 years (25 ). Hepatomas, bile duct adenomas, and hepatocellular carci
nomas were seen in very high incidences in female rats; renal adenomas were 
observed in male rats. 

In a two-generation feeding study in Sprague-Dawley rats, increased inci
dences of parathyroid adenomas and adrenal phaeochromocytomas were 
observed in animals of both sexes, and neoplastic nodules in females of the F 1 
generation (35). HCB also induced liver neoplastic nodules and hepatocellular 
carcinomas in F334 rats, females yielding many more tumours than males (36). 

15.18.6 Effects on humans 

IARC has found the evidence for carcinogenicity of HCB in humans to be inade
quate, as no report of a direct association between HCB and human cancer is 
available. Hepatocellular carcinoma has been associated with porphyria; however, 
although abnormal porphyrin metabolism persisted at least 20 years after an 
epidemic of porphyria cutanea tarda in Turkey, caused by the consumption of 
grain treated with HCB, no excess cancer occurrence was reported in this popula
tion 25 years after the accident (37). 

15.18.7 Guideline value 

IARC has evaluated the evidence for carcinogenicity of HCB in animals and 
humans and assigned it to Group 2B (37). Because HCB has been shown to 
induce tumours in three animal species and at a variety of sites, a linearized low
dose extrapolation model was used to calculate concentrations in drinking-water 
associated with excess lifetime cancer risks of 10-4, 10-5, and 10-6. On the basis of 
liver tumours observed in female rats in a 2-year dietary study (25) and applying 
the linearized multistage model, concentrations of 10, 1, and 0.1 )lg/litre in 
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drinking-water correspond to excess lifetime cancer risks of I0-4, 10-5, and I0-6, 

respectively. 
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15.19 lsoproturon 

15.19.1 General description 

Identity 

CAS no.: 
Molecular formula: 

34123-59-6 

C12HlsN20 

The IUPAC name for isoproturon is 3-(4-isopropylphenyl)-1, 1-dimethylurea or 
3-p-cumenyl-1, 1-dimethylurea. 

Physicochemical properties ( 1) 

Property 

Physical state 
Melting point 
Vapour pressure 
Water solubility 

Value 

Colourless crystals 
155-156 ac 
0.003 X 10-3 Pa at 20 ac 
72 mg/litre at 20 ac 

Organoleptic properties 

No odour was detected at a concentration of 8.0 mg!litre (99% purity, dissolved 
in still, bottled water, equilibrated to 40 ac, eight assessors) (Water Research 
Centre, unpublished data, 1990). 

Major uses 

Isoproturon is a selective, systemic herbicide used in the control of annual grasses 
and broad-leaved weeds in cereals (J, 2). 
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Environmental fate 

Isoproturon is mobile in soil and has been detected in both surface water and 
groundwater. In water, it is quite persistent and hydrolyses slowly; the half-life is 
about 30 days (3 ). In soil, isoproturon undergoes enzymatic and microbial de
methylation at the urea nitrogen and hydrolysis of the phenylurea to form 4-
(2-hydroxyisopropyl)aniline. It also undergoes some photochemical degradation; 
photometabolites identified include 3-( 4-isopropylphenyl)-1-methylurea, 3-( 4-
isopropylphenyl)urea, 4,4' -diisopropylazobenzene, and 4,4' -diisopropylazoxy
benzene. Under field conditions, its half-life is about 40 days in temperate 
climates and 15 days in tropical climates ( 4). 

15.19.2 Analytical methods 

Isoproturon may be determined by separation by reverse-phase high-performance 
liquid chromatography followed by ultraviolet or electrochemical detection. 
High levels of phenoxyacidic herbicides may interfere with the determination 
(5). Detection limits between 10 and 100 ng/litre have been reported ( 6, 7). 

15.19.3 Environmental levels and human exposure 

Air 

Because of isoproturon's low vapour pressure and short half-life in soil, it is un
likely that there is significant human exposure from air. 

Water 

Raw waters may become contaminated with isoproturon from production plant 
discharges and diffuse agricultural sources. In Germany, concentrations of be
tween 0.1 and 0.125 )lg!litre have been recorded in surface water (8). In ground
water, it has been detected at concentrations of between 0.05 and 0.1 )lgllitre 
( 8, 9 ). Levels above 0.1 )lg/litre have occasionally been detected in drinking
water (3). 

Food 

It is generally considered that diet is not a major source of exposure to isoprotu
ron for the general population. No measurable residues of isoproturon or any 
metabolites containing the isopropylaniline moiety were detected in grain sam
ples, where the detection limit ranged from 0.1 to 0.01 mg/kg (10). 
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Estimated total exposure and relative contribution of drinking-water 

The data on environmental levels of isoproturon are limited. However, results 
suggest that exposure of the general population to this compound is not signifi
cant. 

15.19.4 Kinetics and metabolism in laboratory animals and 
humans 

Isoproturon is readily and rapidly absorbed when given orally. Distribution is 
rapid, and no accumulation in any particular organ or tissue has been reported 
(11). It is rapidly metabolized by the rat, the major routes being Ndemethyla
tion and oxidation of the N-methyl groups and isopropyl moiety followed by 
conjugation reactions. The Nhydroxymethyl derivative of substituted urea has 
not been detected, although this compound may be formed at a low concentra
tion as a short-term intermediate. In the rat, isoproturon metabolites are rapidly 
excreted in the urine (10, 1 1). 

15.19.5 Effects on laboratory animals and in vitro test systems 

Acute exposure 

Isoproturon is of low acute oral toxicity in mammals, although the LD50 varies 
considerably according to the vehicle used (1 1). Oral LD50s range from 1826 to 
3600 mg/kg of body weight for a number of species (11, 12 ). It does not cause 
skin or eye irritation or sensitization after repeated dermal exposure ( 11). 

Short-term exposure 

In a 90-day dietary study in rats, animals receiving 400 mg/kg and higher showed 
a dose-dependent and reversible increase in liver weight, proliferation of the 
smooth endoplasmic reticulum in hepatocytes, and induction of several hepatic 
enzymes. Reversible haemolytic anaemia was also observed at 2000 mg/kg. The 
NOAEL was 80 mg/kg, equal to a daily dose of7 mg/kg of body weight (I 1). 

In a 90-day study, beagle dogs fed isoproturon at dose levels of 0, 50, 100, or 
500 (which was increased to 800) mg/kg of diet showed a dose-dependent in
crease in liver weight. Toxic haemolytic anaemia and Heinz body formation were 
seen at the highest dose. Haematological abnormalities were also present in the 
100 mg/kg group. The NOAEL for this study was 50 mg/kg, equal to a daily in
take of 3.2 mg/kg of body weight (I I). 

Liver damage was not observed in a 30-day dietary study in mice, suggesting 
that isoproturon metabolism may be different in this species. The NOAEL was 
2000 mg/kg, equal to a daily intake of 307 and 378 mg/kg of body weight in 
male and female mice, respectively (11). 
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Long-term exposure 

Rats (80 per sex per dose, strain not specified) were given isoproturon in the dai
ly diet at concentrations of 0, 80, 400, or 2000 mg/kg for 104 or 115 weeks. At 
the highest dose, serum enzyme activities and cholesterol values were increased, 
indicative of hepatic enzyme induction. At the two highest doses, there was a 
marginal reduction in all red blood cell parameters, liver weights were increased, 
and acidophilic foci (areas of hepatocellular change) were noted on histopatho
logical examination. The NOAEL was 80 mg/kg, equal to a daily intake of 3.1 
and 3.8 mg/kg of body weight in males and females, respectively (11 ). 

Reproductive toxicity, embryotoxicity, and teratogenicity 

lsoproturon was not teratogenic in rats or rabbits given doses of up to 25 or 100 
mg/kg of body weight per day by gavage, respectively. In a two-generation study, 
rats were fed isoproturon at concentrations of 0, 80, 400, or 2000 mg/kg of diet 
per day. Marked indications of toxicity to the parents and pups were observed at 
the highest dose. Litter sizes and numbers of implantations were reduced as a re
sult of maternal toxicity. A slight inhibition of body weight gain was also found 
in the group receiving 400 mg/kg of diet. No effects on reproduction, fertility, or 
sexual maturation were reported, and a NOAEL of 80 mg/kg of diet was identi
fied (1 1). 

Mutagenicity and related end-points 

lsoproturon has been tested in a number of in vitro and in vivo short-term assays 
for mutagenicity. The majority of the evidence, particularly in recent years, indi
cates that it is not mutagenic in bacterial, eukaryotic, or in vitro and in vivo 
mammalian test systems (I 1). 

Carcinogenicity 

In a 2-year study in CD-I mice, no evidence was found to show that isoproturon 
was carcinogenic. In addition, no evidence of hepatic enzyme induction or in
creased liver weights was seen. In a 2-year dietary study in Sprague-Dawley rats, 
isoproturon caused an increase in heparocellular tumours, but only at doses that 
also caused liver toxicity. No liver toxicity was apparent at 80 mg/kg of diet, nor 
was there an increase in the incidence of tumours. From these studies, it appears 
that isoproturon may be a tumour promoter (I 1). 

This was confirmed in a promoter study in male rats in which animals were 
pretreated with nitrosodiethylamine (NDEA) for 14 days followed by a treat
ment-free week. One group of animals was subsequently treated for 31 weeks 
with isoproturon and another group with NDEA only. In isoproturon-treated 
animals, there was a marked increase in the incidence of preneoplastic and neo
plastic le~ions in the liver as compared with the NO EA-treated group (I 1). 
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15.19.6 Effects on humans 

Isoproturon has been in commercial use for a relatively short period, and so far 
no cases of human poisoning have been reported. Data on human health effects 
are limited to studies involving occupational exposures. One 3-year study was 
carried out on a group of workers employed in various parts of the manufac
turing process. Urine and blood analysis failed to show any pathological abnor
malities in the peripheral blood count or any indication of haemolytic anaemia 
(1 1). 

15.19.7 Guideline value 

The NOAELs in a 90-day study in dogs and a 2-year feeding study in rats were 
approximately 3 mg/kg of body weight per day (I I). A TDI of 3 )lgfkg of body 
weight can be calculated by applying an uncertainty factor of 1000 (1 00 for 
inter- and intraspecies variation and 10 because there is evidence of non-genotox
ic carcinogenicity in rats). With an allocation of 10% of the TDI to drinking
water, a guideline value of 9 jlg/litre was calculated. 
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15.20 Lindane 

15.20.1 General description 

Identity 

CAS no.: 
Molecular formula: 

In the production of hexachlorocyclohexane, a mixture of isomers is formed, 
consisting mainly of the a-, P-, and y-isomers. Lindane is the name given to 99% 
pure y-hexachlorocyclohexane (y-HCH). 

Physicochemical properties of y-HCH ( 1-3) 

Property 

Melting point 
Boiling point 
Density 
Water solubility 
Log octanol-water partition coefficient 
Vapour pressure 

Organoleptic properties 

Value 
112.8 oc 
288 oc 
1.85 g/cm3 at 20 oc 
7-17 mg/litre at 20 oc 
3.2-3.7 
0.434 x 10-2 Pa at 20 ac 

Odour thresholds of 12 mg/litre for lindane and 0.3 jlg!litre for P-HCH have 
been reported (2). 
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Major uses 

Lindane is used as an insecticide on fruit and vegetable crops (including green
house vegetables and tobacco), for seed treatment, and in forestry. It is also used 
as a therapeutic pesticide (e.g. in the treatment of scabies) in humans and animals 
(I, 2). Several countries have restricted the use of lindane. 

Environmental fate 

In soil, lindane can be degraded under aerobic conditions; the half-life ranges 
from 88 to 1146 days. y-Pentachlorocyclohexene, hexa-, penta-, tetra-, and tri
chlorobenzenes, and penta- and tetrachlorophenols are the degradation products 
most commonly found. Anaerobic degradation is more rapid than aerobic degra
dation under laboratory conditions (half-life 12-174 days). Under anaerobic 
conditions, the same chlorinated benzenes and hexenes are found, but not the 
phenols. Leaching of lindane to groundwater rarely occurs. In surface waters, it 
can be removed by evaporation. Ultraviolet light seems to transform y-HCH into 
a-HCH to some extent. Bacteria also influence the isomerization of y-HCH to 
a-HCH. The degradation products found in soils have also been found in water 
(I, 3). 

15.20.2 Analytical methods 

Lindane in water can be determined by extraction with petroleum ether followed 
by gas chromatography. The limit of detection is 0.01 flg!litre (1). 

15.20.3 Environmental levels and human exposure 

Air 

Background levels of lindane in the range 0.01-0.7 ngfm3 have been found in 
"unpolluted" remote areas, whereas levels in urban and agricultural areas range 
from 0.1 to 2 ng/m3 (2-4). a-HCH is present together with y-HCH, often in 
higher concentrations (I, 3, 4). In indoor air, levels range from 6 ngfm3 (average 
for homes built on waste dumps) to 40-60 )lgfm3 after treatment for insect con
trol (I, 3). Lindane can also be present in cigarette smoke (2). 

Water 

Lindane enters water from direct application for the control of mosquitos, from 
use in agriculture and forestry, from precipitation and, to a lesser extent, from oc
casional contamination of wastewater from manufacturing plants. Normal levels 
in precipitation are 0.4-155 ng!litre, but levels up to 43 )lgllitre have been meas
ured in India ( 4). 
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In surface waters, levels of 0.01-0.1 fig/litre have been reported (1-3). 
Particularly high concentrations, up to 12 flg!litre, are found in wastewater
contaminated rivers ( 4). Concentrations in ground waters have been reported to 
range from 3 to 163 ng!litre (2, 4). 

Food 

HCH isomers are found in dairy products, meat, fish, poultry, garden fruits, oils 
and fats, leafy and root vegetables, and sugar. Spices and herbs contain the high
est levels of a- and B-HCH, whereas pork and beef fat contain the highest levels 
ofy-HCH (up to 3200 and 1700 flg/kg of fat, respectively). Most animal Ens and 
eggs contain less than 10 flg ofy-HCH per kg (J, 3). Breast milk contains B-and 
occasionally y-HCH at mean levels of 3 and 6 flg/kg of milk, respectively (2, 5). 

Estimated total exposure and relative contribution of drinking-water 

Daily intake ofHCH isomers in adult diets in the USA in 1981-82 was reported 
to be 10 ng/kg of body weight for total HCH (8 ng of a-HCH and 2 ng of 
y-HCH per kg of body weight) (2). In the Netherlands, the daily intake from 
food has been calculated to be 1 flg for the a-, B-, and y-isomers, or approxi
mately 15 ng/kg of body weight (J, 3). Intake from air may be considerable in 
people living in houses treated for pest-control purposes. 

15.20.4 Kinetics and metabolism in laboratory animals and 
humans 

After oral administration of lindane, absorption is almost complete. Dermal ab
sorption also appears to be considerable. Absorption is enhanced in the presence 
of lipids. In rats, lindane is stored in fat to some extent, but elimination via urine 
is fairly rapid. In cattle, y-HCH levels were found to be 10 times higher in adi
pose tissues than in feed (2). 

In humans, y-HCH content seems to increase with age, but is not correlated 
with levels or duration of exposure. Higher levels of the B-isomer are found in 
over 80% of postmortem human adipose tissue samples (2). Lindane crosses the 
placenta and can also be present in human milk (2, 3). 

In general, lindane in animals and humans is metabolized via dehydrochlori
nation, dechlorination, dehydrogenation, and oxidation, yielding hexachloro
cyclohexene, pentachlorocyclohexene, tetrachlorocyclohexene, and hexachloro
cyclohexenol, respectively, as intermediates. The final metabolites are isomers of 
dichlorophenol, rrichlorophenol, and tetrachlorophenol ( 6). 
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15.20.5 Effects on laboratory animals and in vitro test systems 

Acute exposure 

The oral LD50s ofy-HCH in mice and rats ranged from 70 to 480 and from 90 
to 300 mg/kg of body weight, respectively. Dermal LD50s in rats and rabbits 
ranged from 50 to 500 mg/kg of body weight. An inhalation test in rats gave an 
LC50 of 1600 mgfm3 (2). 

Neurotoxic effects have been reported in several species of animals. Convul
sions and seizures were reported following a single intragastric dose of approxi
mately 60-150 mg/kg of body weight in rats, and avoidance response latency was 
statistically increased in rats given a single dose of 15 mg/kg of body weight by 
gavage (2). 

Short-term exposure 

Two 90-day studies in rats showed the same type of effects in liver and kidneys. 
Effects in kidneys were found only in males. In the first study, in which doses of 
0.2, 0.8, 4, 20, or 100 mg/kg of feed were administered, the two highest dose lev
els resulted in liver enlargement, signs of liver enzyme induction, hypertrophy of 
the liver, renal tubular changes, and hyaline droplets in the kidneys. The dose 
level of 4 mg/kg, equal to 0.3 mg/kg of body weight per day, was considered as 
the NOAEL (1, 7). 

In the second study (dose levels of 2, 10, 50, or 250 mg/kg in the diet), liver 
effects and kidney changes occurred at 1 0 mg/kg and higher, but not at 2 mg/kg 
(8). Because the effects at 10 mg/kg were minimal, this dose level was chosen by 
JMPR as the NOAEL in 1989 (9), to be used as the basis for the AD I. However, 
the reviewer of the study calculated the compound intake as 0.75 mg/kg of body 
weight on the basis of the food intake, which was measured only in weeks 1, 2, 3, 
6, 9, and 13. This calculation is considered inappropriate, because food intake 
was measured only approximately as an indicator of toxicity and for the calcula
tion of food efficiency, to determine whether any effect on body weight might 
have been caused by a decrease in food intake. Therefore, use of the normal fac
tor of 20 for conversion of mg/kg in food to mg/kg of body weight per day is 
considered more appropriate. The NOAEL then becomes equivalent to 0.5 
mg/kg of body weight per day. 

Long-term exposure 

Beagle dogs (4 per sex per dose) were fed lindane in the diet at 0, 25, 50, or 100 
mg/kg for 2 years. At 100 mg/kg, SAP activity was slightly increased and some
what darker coloration and a friable consistency of the liver were observed. Liver 
function tests (BSP retention) showed no functional disturbance, and histo
logical examination showed no morphological irregularity corresponding to the 
gross observations (10). The NOAEL, based on gross morphologic.J.l changes in 
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the liver and SAP elevations, was 50 mg/kg, which corresponds to 1.6 mg/kg of 
body weight per day, based on actual food consumption data ( 1, 9). 

Reproductive toxicity, embryotoxicity, and teratogenicity 

No teratogenic effects ofy-HCH were observed in studies on mice, rats, rabbits, 
or hamsters; embryotoxicity (at maternally toxic doses) was observed in rats only 
( 6, 11). In several reproduction studies on rats and in one study on rabbits, re
productive parameters were not affected. A marginal effect on liver weight was 
seen in a rat study at 25 mg/kg offeed, the lowest dose tested (1, 6, 11 ). 

In a 13-week study on P-HCH in rats, pup viability was decreased at 0.5 
mg/kg of body weight per day. In the dams, dose-related changes in ovaries and 
uterus epithelium were noticed even at the lowest dose tested (0.1 mg/kg of body 
weight per day) (12). 

Mutagenicity and related end-points 

The mutagenic activity of lindane was examined in plants, bacteria, yeast, 
Drosophila, and mammalian and human cells in vitro as well as in live mammals. 
Lindane did not induce mutations in any of the systems examined; some cyto
genetic damage, however, was observed in mammalian and human cells in vitro. 
Mitotic disturbances, polyploidy, and chromosomal aberrations have been 
observed ( 6). 

Carcinogenicity 

a-HCH or y-HCH administered in the diet to rats was not carcinogenic. Mice 
sometimes developed liver tumours when exposed to high doses of y-HCH, 
whereas they always did so when fed high doses of a-HCH (6). 

15.20.6 Effects on humans 

Deaths of humans (usually children) have been reported following ingestion of 
lindane. A single dose of 840 mg/kg of body weight in adults and 180 mg/kg of 
body weight in children was lethal ( 11). An 18-h whole-body dermal application 
of 1 o/o lindane lotion to a 2-month-old baby for the treatment of scabies resulted 
in death. y-HCH concentrations of 110 and 33 Jlgfkg were found in the brain 
and heart blood, respectively (13). 

The most commonly reported effects associated with oral or occupational ex
posure to y-HCH are neurophysiological and neuropsychological disorders and 
gastrointestinal disturbances. In an occupational study on the neurological effects 
of HCH, no pathological signs were recorded (14). Total HCH levels found in 
serum were 10-72 Jlg!litre. 
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In a study conducted in an Indian pesticide factory, serum levels in handlers 
directly exposed to HCH for 7-30 years were 195-1152 rg/litre, in non
handlers exposed to HCH in air and dust 83-656 rg/litre, and in the control 
group (employed in the factory but not in contact with HCH) 0-370 rgllitre. 
Most of the HCH in the serum was in the form of ~-HCH (70%), followed by 
a-HCH and y-HCH. The main effects seen were paraesthesia of the face and 
extremities (94% of handlers and 69% of non-handlers). Headache and giddiness 
occurred in over 70% of the handlers and in about 40% of the non-handlers, as 
compared with 7% of the control group (15). 

15.20. 7 Guideline value 

Lindane causes liver tumours in mice given very high doses, but there is evidence 
that this is a result of tumour promotion. In 1987, IARC classified lindane in 
Group 2B (16). Moreover, in 1989, after reviewing all available in vitro and in 
vi11o short-term tests, JMPR concluded that there was no evidence of genotox
icity and established an ADI of 8 rg/kg of body weight based on liver and kidney 
toxicity observed in a short-term study in the rat (9). 

On the basis of the same study, but using a compound intake estimate con
sidered to be more appropriate in the light of additional data, a TDI of 5 rg/kg 
of body weight was derived from a NOAEL of0.5 mg/kg of body weight per day 
by applying an uncertainty factor of 100 (for inter- and intraspecies variation). 
It was not considered necessary to include an additional uncertainty factor to 
allow for the tumour-promoting potential of lindane in view of the substantial 
database and numerous international evaluations of this compound supporting 
the TDI. 

Although exposure from food is decreasing, there may be substantial expo
sure from its use in public health and as a wood preservative. Therefore, only 1% 
of the TDI was allocated to drinking-water. The guideline value is thus 2 rgllitre 
(rounded figure). 
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15.21 MCPA 

15.21.1 General description 

Identity 

CAS no.: 
Molecular formula: 

94-74-6 
C9H 9Cl03 

15. PESTICIDES 

MCPA is the common name for 4-chloro-2-methylphenoxyacetic acid. 

Physicochemical properties (1-4} 
Property 
Melting point 
Water solubility 
Vapour pressure 
Octanol-water partition coefficient 
Organic carbon-water partition 
coefficient 
Density 
pKa 

Major uses 

Value 
118-119 oc 
825 mg/litre at room temperature 
0.2 x 10-3 Pa at 21 oc 
26 

110 
1.56 g/cm3 at 25 oc 
3.07 

MCPA is a systemic hormone-type selective herbicide, readily absorbed by leaves 
and roots. Its uses include the control of annual and perennial weeds in cereals, 
grassland, and turf (I). 

Environmental fate 

MCPA did not volatilize from an aqueous solution (pH 7.0) heated for 13 days 
at 34-35 oc, nor was it hydrolysed at neutral pH (5). In aqueous solution at pH 
8.3, MCPA had a photolytic half-life of 20-24 days in sunlight. In rice paddy 
water in the dark, it was totally degraded by aquatic microorganisms in 13 days 
( 6). It undergoes various metabolic reactions. 1 

MCPA can be expected to leach readily in most soils (7). Mobility increases 
as organic matter content decreases. Its half-life in soil was 15-50 days (5, 6). It 
degrades twice as quickly (6-12 days) when applied a second time to soil than 
after one application (15-28 days) ( 8). 

1 Source: Hazardous Substances Data Bank. Berhesda, MD, National Library ofMedicme. 
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15.21.2 Analytical methods 

MCPA in water can be determined by a gas chromatographic method, after 
extraction with dichloromethane and esterification with diazomethane. The 
method sensitivity is about 0.1 Jlg/litre (9). 

15.21.3 Environmental levels and human exposure 

Water 

In the USA, MCPA was found at levels of0.04-0.54 Jlg!litre in four of 18 sur
face water samples analysed, but in none of 118 ground water samples ( 4). It was 
detected in some groundwaters in Montana (maximum level 5.5 Jlg!litre) ( 4) and 
in two of237 wells in Ontario (10). 

Food 

In surveys conducted during 1965-68 in the USA, MCPA was detected in food 
composites at a maximum concentration of less than 0.4 mg/kg. It was not de
tected in food composites of adult total diet samples during 1971-76 or in infant 
or toddler diet samples during 1974-75 (1 1). 

15.21.4 Kinetics and metabolism in laboratory animals and 
humans 

MCPA is readily absorbed from the gut of mice. After rats were exposed to 
MCPA, it was detected in all the organs tested (12). It is metabolized by the liver 
(13 ), 5-chloromethyl-catechol being one of its metabolites (14). Induction of 
microsomal oxidation by phenobarbital increases the rate of breakdown (13 ). 
Rats treated orally with MCPA excreted nearly all of it during the first 24 h after 
intake (90% in urine, 7% in faeces) (12 ). In rabbits and cattle, it is excreted 
rapidly, largely unchanged (15, 16). In humans, 50% of the total dose was de
tected in the urine within 48 h (17). 

15.21.5 Effects on laboratory animals and in vitro test systems 

Acute exposure 

Acute oral LD50s for MCPA of 550 and 700 mg/kg of body weight have been re
ported in mice and rats, respectively (1). 

Short-term exposure 

After administration of MCPA (80.6% active ingredient) in the diet for 90 days 
to SPF weanling rats at doses of about 0, 2.5, 20, or 160 mg/kg of body weight 
per day, no compound-related effects were reported except for growth retardation 
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and elevated relative kidney weights at the two highest doses. A NOAEL of 2.5 
mg/kg of body weight per day was identified (1 8). 

MCPA administered in the diet of CD rats for 3 months at doses of 0, 4, 8, 
or 16 mg/kg of body weight per day did not cause any adverse effects, except for 
increases in kidney weight in males at 16 mg/kg of body weight per day. A 
NOAEL of 8 mg/kg of body weight per day was identified from this study (19). 

MCPA (94% a.i.) was administered orally to beagle dogs in two separate 
13-week studies at dosing regimens of 0, 3, 12, or 48 mg/kg of body weight per 
day and 0, 0.3, 1, or 12 mg/kg of body weight per day. Decreased kidney and liv
er function, characterized by increases in blood urea, SGPT, and creatinine, were 
observed at doses as low as 3 mg/kg of body weight per day. Low prostatic weight 
and mucopurulent conjunctivitis were observed at higher doses. A NOAEL of 
1 mg/kg of body weight per day was identified from these studies (20). 

Beagle dogs were given oral doses of MCPA (95% a.i.) of 0, 0.15, 0.75, or 
1.5 mg/kg of body weight per day for 1 year. Kidney toxicity was observed at the 
two highest doses. A NOAEL of 0.15 mg/kg of body weight per day was identi
fied (21). 

Long-term exposure 

In a study in which Wistar rats (50 per sex per dose) were given MCPA (purity 
84.8%) in their food at levels of 0, 20, 80, or 320 mg/kg for 2 years, a decrease in 
body weight gain, alterations of chemical and clinical parameters, and nephropa
thy were observed at the highest dose (22). In a study in which B6C21 BRF 1 
mice (50 per sex per dose) were given MCPA orally at levels ofO, 20, 100, or 500 
mg/kg for 2 years, a greater frequency of renal lesions as a result of chronic neph
ropathy was observed at the highest dose (23). 

Reproductive toxicity, embryotoxicity, and teratogenicity 

No effects on reproduction were found in rats exposed to MCPA (95% a.i.) at 
0, 3.3, 10, or 30 mg/kg of body weight per day in the diet over two generations 
(24). After oral administration of MCPA (75% a.i.) at 0, 5, 25, or 100 mg/kg 
of body weight per day to mice on days 6-15 of gestation, significantly reduced 
fetal weights and delayed skeletal ossification were observed at the highest dose 
(25). 

MCPA (purity not specified) was administered (0, 20, 50, or 125 mg/kg of 
body weight per day) by gavage to pregnant CD rats (16-38 per dose) on days 
6-15 of gestation. No maternal or fetal toxicity or teratogenic effects were 
observed (26). The intragastric administration of technical MCPA (700 mg/kg) 
on days 9 or 10 of gestation to female Wistar rats caused an increase in the fre
quency of resorption, a reduction in fetal weight, and the appearence of major 
malformations (13). 
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After MCPA was administered (0, 5, 12, 30, or 75 mg/kg ofbodyweight per 
day) by gavage to rabbits on days 6-18 of gestation, no fetotoxicity or terato
genicity was observed at any of the dose levels tested. Body weights of the does 
were markedly reduced in the group given 75 mg/kg of body weight per day. A 
fetal NOAEL of75 mg/kg of body weight per day and a maternal NOAEL of 30 
mg/kg of body weight per day were identified (27). 

Mutagenicity and related end-points 

MCPA is slightly mutagenic at the gene level in yeast and Drosophila (28, 29). It 
induces sister chromatid exchange in in vitro tests but has given contradictory re
sults in vivo (30). It is inactive in gene mutation tests on bacteria and in in vivo 
cytogenetic tests (micronucleus and chromosomal aberrations) (31-34). 

Carcinogenicity 

MCPA (purity 84.8%) was administered to Wistar rats (50 per sex per dose) in 
their food at levels of 0, 20, 80, or 320 mg/kg for 2 years. No significant differ
ences in the distribution of the various types of tumours in treated as compared 
with control animals were evident (22 ). Similarly, the oral administration of 
MCPA to B6C21 BRF 1 mice (50 per sex per dose) at levels of 0, 20, 100, or 500 
mg/kg for 2 years did not cause any significant differences in the distribution of 
the various types of tumours as between the treated and control groups (23). 

15.21.6 Effects on humans 

Epidemiological investigations on MCPA have involved both the producers and 
users of chlorophenoxyacetic weedkillers, so that exposure to this product is gen
erally accompanied by exposure to 2,4-D, 2,4,5-T, mecoprop, and dichlorprop. 
IARC carried out a comprehensive evaluation related to occupational exposures 
to chlorophenoxy herbicides, which were considered to show "limited evidence" 
of carcinogenicity (35). 

15.21. 7 Guideline value 

There are only limited and inconclusive data on the genotoxicity of MCPA. 
IARC evaluated MCPA in 1983 and concluded that the available data on hu
mans and experimental animals were inadequate for an evaluation of carcino
genicity (11 ). In further evaluations by IARC on chlorophenoxy herbicides in 
1986 and 1987 it was concluded that evidence for their carcinogenicity was lim
ited in humans and inadequate in animals (Group 2B) (35, 36). No adeq uare 
epidemiological data on exposure to MCPA alone are available. Recent carcino
genicity studies on rats and mice (22, 23) did not indicate that MCPA was car
cinogenic. 
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A 1-year feeding study in dogs indicated a NOAEL of0.15 mg/kg ofbody 
weight per day, based on the renal and liver toxicity observed at higher dose levels 
(21). Using this value and applying an uncertainty factor of 300 (lOO for inter
and intraspecies variation and 3 for the inadequacy of the database), a TDI of0.5 
flg/kg of body weight can be calculated. An allocation of 10% of the TDI to 
drinking-water gives a guideline value of 2 flg/litre (rounded figure). 
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15.22 Methoxychlor 

15.22.1 General description 

Identity 

CAS no.: 
Molecular formula: 

72-43-5 
C16H 15Cl30 2 

717 



GUIDELINES FOR DRINKING-WATER QUALITY 

Methoxychlor is the common name for 1,1,1-trichloro-2,2-bis(4-methoxyphenyl) 
ethane; other names include methoxy-DDT and DMDT. Technical methoxy
chlor contains about 88% of the p.p' -isomer together with more than 50 struc
turally related contaminants, including 1,1, 1 ,2-tetrachloro-2-p-( 4-methoxy
phenyl)ethane, o,p' -dimethoxydiphenyltrichloroethane, o,o' -dimethoxydiphenyl
trichloroethane, 1, 1-bis(4-methoxyphenyi)-2,2-dichloroethene (DMDE), and 
o,p' -dimethoxydiphenyldichloroethene (1, 2). 

Physicochemical properties (1) 

Property 
Physical state 
Melting point 
Boiling point 
Water solubility 
Log octanol-water partition coefficient 
Density 

Organoleptic properties 

Value 
Light yellow crystals 
78 oc or 86-88 oc (dimorphisms) 
Decomposes 
0.1 mg!litre at 25 oc 
3.05-4.30 
1.41 g/ cm3 at 25 oc 

Methoxychlor has a light fruity smell ( 1 ) . Its odour threshold in water is 4. 7 
mg!litre. 1 

Major uses 

Methoxychlor is used as an insecticide to protect vegetables, fruit, trees, fodder 
cereals, farm animals, and pets against a variety of pests (3). 

Environmental fate 

Methoxychlor residues may persist in top soil for up to 14 months. Anaerobic 
biodegradation results mainly in dimethoxydiphenyldichloroethane (DMDD) 
and the mono- and dihydroxy (demethylated) derivatives of methoxychlor and 
DMDD. Half-lives range from 1 week to 2 months. Aerobic degradation is much 
slower; half-lives are longer than 3 months. Methoxychlor may undergo indirect 
photolysis on the soil surface. The half-life for chemical hydrolysis in humid soils 
is about 1 year. 1 

In water, methoxychlor can be degraded to DMDE by ultraviolet light (4). 
The main route of disappearance from the water phase is volatilization; the half
life for volatilization from shallow waters is 4. 5 days. 1 Methoxychlor is adsorbed 
onto suspended solids or sediment. In sediments, the same biodegradation prod
ucts form under anaerobic conditions as in soil. Methoxychlor may be ingested 

1 Source: Hazardous Substances Data Bank Rerhe1da. MD, National Library of Medicine. 
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by some aquatic organisms and bioaccumulated, except in fish, which quickly 
metabolize it ( 4). 

15.22.2 Analytical methods 

Methoxychlor is determined by a liquid-liquid extraction/gas chromatographic 
procedure. The sensitivity is 0.001-0.01 j.lg of methoxychlor per litre for single
component pesticides and 0.05-1.0 j.lg of methoxychlor per litre for multiple
component pesticides for a 1-litre sample and electron-capture detection (5). 

15.22.3 Environmental levels and human exposure 

Air 

Methoxychlor has been detected at a concentration of254 ng/m3 in the ambient 
air near a pesticide plant in southern California (USA). 1 

Water 

Although methoxychlor is poorly soluble in water, it has been found in surface 
water, groundwater, and drinking-water. Only one out of 71 groundwater sam
ples from rural areas contained methoxychlor at 0.09 j.lg/litre, but concentrations 
of up to 50 j.lg!litre were detected in both surface water and groundwater close to 
agricultural areas where it was applied (5). Drinking-water in two rural areas in 
the USA was reported to contain methoxychlor at concentrations of up to 312 
].lg/litre (mean 33 ng/litre) and 100 ].lg!litre (mean 23 ng/litre), respectively.! 

Food 

In studies performed in the USA from 1982 to 1985, the estimated daily intake 
of methoxychlor from food was 99 ng for men aged 25-30 years (J). 

Estimated total exposure and relative contribution of drinking-water 

The estimated total exposure will generally be less than 1 j.lg/person per day. 
Significant contributions may be made by drinking-water, but this is rare. 

15.22.4 Kinetics and metabolism in laboratory animals and 
humans 

Although methoxychlor is absorbed from the gastrointestinal tract, it does not 
accumulate in mammalian tissues (6). Body stores built up during periods of 
continuous exposure are cleared within a few weeks after cessation of exposure. I 
Excretion in faeces exceeds that in urine (7). 
1 Source: Hazardous Substances Data Bank. Bethesda, MD, National Library of Medicine. 

719 



GUIDELINES FOR DRINKING-WATER QUALITY 

In the presence of liver microsomes and NADPH, methoxychlor is oxida
tively demethylated to form formaldehyde and phenolic metabolites (8-10 ). 
This reaction is not a precondition for the covalent binding of methoxychlor to 
the microsomal cytochrome P-450 (9). The phenolic metabolites competitively 
inhibit the binding of estradiol to its receptor; methoxychlor, like most of its 
technical impurities, is considered to be a proestrogen ( 1). 

15.22.5 Effects on laboratory animals and in vitro test systems 

Acute exposure 

Reported L050s for mammals are generally higher than 2 g/kg of body weight 
(I). The main effects of single high exposures are disturbances of glycogen me
tabolism (I 1) and fatty degeneration of organs (12). 

Short-term exposure 

A NOAEL of 140 mg/kg of body weight per day for testicular atrophy was re
ported in a 30-45-day study in rats (13). In a 56-day study, a LOAEL of 25 mg 
of methoxychlor per kg of body weight per day increased pituitary prolactin lev
els in rats, an early effect of methoxychlor on the reproductive system (14) .1 

Long-term exposure 

Chronic toxicity tests on rats and mice exposed to technical grade methoxychlor 
during a 78-week period revealed NOAELs of70 and 450 mg/kg of body weight 
per day, respectively (15). In rats fed methoxychlor at up to 80 mg/kg of body 
weight per day for 2 years, tumours occurred at a similar frequency as in controls. 
The main effect observed at higher doses was growth retardation (16). Pigs and 
dogs seemed to be less sensitive than rats and mice (I 7). 

Reproductive toxicity, embryotoxicity, and teratogenicity 

Methoxychlor reduced the weight of testicles, prostate, and seminal vesicles in 
rats ( 18) and disturbed spermatogenesis in sheep and rats ( 19, 20). In a two
generation study with rats, maternal toxicity and various effects on reproductive 
functions were seen after repeated exposure of dams to 50 mg of methoxychlor 
per kg of body weight per day (LOAEL) (21 ). Fetal effects (deformed ribs) oc
curred only at higher doses (22). 

1 Also based on data from Integrated Risk Information System (IRIS) data file, Cincinnati, OH, 
US Environmental ProtectiOn Agency. 
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Methoxychlor accelerates the displacement of developed embryos from the 
ovaries to the uterus (23). This can occur in rats at exposures as low as 25 mg/kg 
of body weight per day (LOAEL) (24). 

A tentative maternal NOAEL of 5 mg of methoxychlor per kg of body 
weight per day was established in pregnant rabbits that lost their litters and ex
hibited reduced weight gain at or above 35 mg/kg of body weight (25). The high 
incidence oflung agenesis in all fetuses of all dose groups was unusual.l 

Mutagenicity and related end-points 

Negative results were reported in various mutagenicity assays with or without 
metabolic activation. 1 A weakly positive cell transformation response was ob
tained only with BALB/3T3-cells (I). 

Carcinogenicity 

Although increases in adenomas in rats (AA Nelson, OG Fitzburgh, personal 
communication, 19 51) and in total tumour numbers in rats (16, 26) have been 
reported, they were considered to be insignificant.! A significant increase in 
hepatocellular carcinomas in male and female rats together with a significant 
increase in ovarian carcinomas was reported (27), but there is some doubt 
regarding the statistical evaluation (I ). Studies on Osborne-Mendel rats and 
B6C3F1 mice may indicate the potential carcinogenicity of methoxychlor (15) 
but are inadequate because of the lack of satisfactory histopathological investiga
tions. 

Some positive evidence is provided by a 2-year study in which mice were giv
en 750 mg of technical methoxychlor per kg of feed (27; KJ Davis, personal com
munication, 1969). Higher incidences of liver tumours occurred as compared 
with control animals. The males exhibited more testicle tumours and tumours of 
higher malignancy than the respective control animals. 

Methoxychlor is likely to be a tumour promoter because it disturbs the meta
bolic cooperation between 6-thioguanidine-sensitive and -resistant V79-cells 
(28). 

15.22.6 Effects on humans 

A single dose of 2 mg/kg of body weight was without effect on liver, testicles, or 
small intestine (29). Doses of 0.5, 1.0, or 2.0 mg/kg of body weight per day ad
ministered orally to men and women over periods of 4-6 weeks (30) and 6-8 
weeks ( 17) were without effect on body weight and several biochemical parame
ters. Tissue damage did not occur. The menstrual cycle and the volume of ejacu-

1 Source: Integrated Risk Information System (IRIS) data file, Cincinnati, OH, US Environmental 
Protection Agency. 
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lation were not affected, although a shortening of the neck of spermatozoa was 
observed in the first study (30). 

15.22. 7 Guideline value 

In 1979, IARC assigned methoxychlor to Group 3 (31). Subsequent data suggest 
a carcinogenic potential of methoxychlor for liver and testes in mice, which may 
be due to the hormonal activity of proestrogenic metabolites of methoxychlor 
and may therefore have a threshold. The study, however, was inadequate because 
only one dose was used and because this dose may have been above the maximum 
tolerated dose (27). The genotoxic potential of methoxychlor appears to be neg
ligible. It may be a tumour promoter. 

The database for studies on long-term, short-term, and reproductive toxicity 
is inadequate. A teratology study in rabbits reported a systemic NOAEL of 5 
mg/kg of body weight per day (25 ),1 which is lower than the NOAELs and 
LOAELs from other studies. This NOAEL was therefore selected for use in the 
derivation of a TDI. Using this NOAEL and applying an uncertainty factor of 
1000 (1 00 for intra- and interspecies variation and 10 for concern for threshold 
carcinogenicity and the limited database), a TDI of 5 pg/kg of body weight can 
be calculated. Allocation of lOo/o of the TDI to drinking-water results in a guide
line value of 20 pg!litre (rounded figure). 
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15.23 Metolachlor 

15.23.1 General description 

Identity 

CAS no.: 

Molecular formula: 
51218-45-2 
C15H22ClN02 

Metolachlor is the common name for 2-chloro-6'-ethyl-N-(2-methoxy-1-methyl
ethyl) acet-a-toluidine. 

Physicochemical properties ( 1) 

Property 
Physical state 
Vapour pressure 
Water solubility 
Octanol-water partition coefficient 

Organoleptic properties 

Metolachlor is odourless. 

Major uses 

Value 
White to tan liquid 
1.7 x 10-3 Pa at 20 oc 
530 mg/litre at 20 oc 
2820 

Metolachlor is a selective herbicide for pre-emergence and preplant weed control 
in corn, soy beans, peanuts, sorghum, pod crops, potatoes, cotton, safflower and 
woody ornamentals (2). 

Environmental fate 

Metolachlor photodegrades slowly in aqueous solution when exposed to sunlight 
(3). Its hydrolysis half-life is over 200 days at 20 oc (1). Volatilization from silty 
loam and sand has been observed ( 4). Metolachlor leaching is affected by adsorp
tion onto soil organic matter, soil texture, precipitation, and water application. It 
can leach beyond the root zone in detectable amounts. The half-life in soil has 
been reported to range from 47 to 107 days (5). It can be metabolized by micro
organisms ( 6). 
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15.23.2 Analytical methods 

Metolachlor may be determined by gas chromatographic methods applicable to 
the determination of certain nitrogen/phosphorus-containing pesticides in water 
samples. The estimated detection limit ranges from 0.75 to 0.01 jJ-g/litre (7). 

15.23.3 Environmental levels and human exposure 

Water 

Metolachlor was found in 2091 of 4161 surface water samples and in 13 of 596 
groundwater samples in the USA in 1988 (B). The 85th percentile of all non
zero samples was 12 ]J-g/litre in surface water and 0.25 ]J-g!litre in groundwater. In 
another survey in the same country, metolachlor residues from agricultural use 
were detected in groundwater at levels ranging from 0.1 to 0.4 jJ-g/litre. In a sur
vey of 160 water bodies in Italy, metolachlor was found, if at all, at levels of less 
than 0.1 jJ-g/litre (9). 

15.23.4 Kinetics and metabolism in laboratory animals and 
humans 

Metolachlor is readily absorbed and excreted in the rat, male rats excreting 
21.5% and 51.4% of the dose administered in the urine and faeces, respectively, 
within 48 h. It is metabolized via dechlorination, 0-methylation, N-dealkyla
tion, and side-chain oxidation. Urinary and faecal metabolites include 2-ethyl-6-
methylhydroxyacetanilide and N-(2-ethyl-6-methylphenyl)-N-(hydroxyacetyl)DL
alanine. No unchanged chemical was isolated (10). 

15.23.5 Effects on laboratory animals and in vitro test systems 

Acute exposure 

Metolachlor has a low oral acute toxicity. Oral LD50s in the rat are over 2000 
mg/kg of body weight. The dermal LD50 is over 10 000 mg/kg of body weight. 1 

Short-term exposure 

Beagle dogs given metolachlor at dose levels of 0, 50 (switched to 1000 mg/kg 
after 8 weeks), 150, or 500 mg/kg of diet for up to 15 weeks showed signs of tox
icity only at the highest dose level (I 1). 

In a 1-year study in beagle dogs, administration of metolachlor resulted in 
decreased kidney weight at the two highest dose levels. The NOAEL was deter
mined to be 3.5 mg/kg of body weight per day (12). 

1 Source: Registry of Toxic Effects of Chemical Substances (RTECS) file on line. Bethesda, MD, 
National Library of Medicine, National Institute for Occupational Safety and Health. 1977. 
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Long-term exposure 

In a 2-year study with albino mice fed diets containing metolachlor at levels of 0, 
100, 300, or 1000 mg/kg, the only toxicological effects observed were decreased 
body weight gain and decreased survival in females at the highest dose level (13). 

Albino Sprague-Dawley CD rats fed metolachlor for two years at dose levels 
of 0, 30, 300, or 3000 mg/kg showed decreased body weight gain and food con
sumption at the highest dose level (14). 

Reproductive toxicity, embryotoxicity, and teratogenicity 

Metolachlor was not teratogenic in gavage studies at daily dose levels up to and 
including 60 mg/kg of body weight in rats (15) and 360 mg/kg of body weight 
in rabbits (16). In a two-generation reproduction study, it decreased weight gain 
during lactation in pups at the highest dose level (equivalent to 14.7 mg/kg of 
body weight per day). The NOAEL in this study was 5 mg/kg of body weight per 
day (17). 

Mutagenicity and related end-points 

Metolachlor does not induce gene mutations in bacterial or mammalian cells and 
is negative in the dominant lethal assay and for unscheduled DNA synthesis in 
vivo and in vitro in rat hepatocytes and human fibroblasts ( 18). 

Carcinogenicity 

No evidence of carcinogenicity was found in a long-term dietary feeding study in 
albino mice at dose levels up to and including 3000 mg/kg (19). One study in 
rats showed an increase in the incidence of hepatocellular neoplasia in females 
receiving 3000 mg/kg in the diet for 2 years. One adenosarcoma and one fibro
sarcoma were found in the nasal tissues of males at the highest dose only. No in
crease in tumour incidence was found in males or in females exposed to levels less 
than 3000 mg/kg. The increase in neoplasia in females was primarily due to an 
increased incidence of neoplastic nodules (14). 

15.23.6 Effects on humans 

Signs of intoxication by metolachlor include abdominal cramps, anaemia, ataxia, 
dark urine, methaemoglobinaemia, cyanosis, hypothermia, collapse, convulsions, 
diarrhoea, jaundice, weakness, nausea, shock, sweating, vomiting, central ner
vous system depression, dizziness, dyspnoea, liver damage, nephritis, cardiovas
cular failure, dermatitis, sensitization, eye and mucous membrane irritation, 
corneal opacity, and reproductive effects. 1 

1 Source: HAZARDLINE. Bethesda, MD, National Library of Medicine, National Institutes of 
Health, 1985. 
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15.23.7 Guideline value 

There is no evidence from available studies that metolachlor is carcinogenic in 
mice. In rats, an increase in liver tumours in females and a few nasal tumours 
in males have been observed. Metolachlor is not genotoxic. 

Toxicity data are available from long-term studies in rodents and from a 
1-year study in dogs. An apparent decrease in kidney weight was observed at the 
two highest dose levels in the 1-year dog study, giving a NOAEL of3.5 mg/kg of 
body weight per day (12). An uncertainty factor of 1000 (lOO for inter- and in
traspecies variation and 10 because of some concern regarding carcinogenicity) 
was applied to this NOAEL to give a TDI of 3.5 J.Iglkg of body weight. A 1 Oo/o 
allocation of the TDI to drinking-water results in a guideline value of 10 Jlg!litre 
(rounded figure). 
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15.24 Molinate 

15.24.1 General description 

Identity 

CAS no.: 
Molecular formula: 

2212-67-1 
C9H 17NOS 

Molinate is the common name for S-ethylazepane-1-carbothiate. 
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Physicochemical properties (1) 

Property 
Physical state 
Boiling point 
Vapour pressure 
Water solubility 
Octanol-water partition coefficient 

Organoleptic properties 

Molinate has an aromatic odour (I). 

Major uses 

Value 
Clear liquid 
202 oc at 1.33 kPa 
0.746 Pa at 25 oc 
880 mg/litre at 20 oc 
760 

Molinate is used to control germinating broad-leaved and grassy weeds. It is ap
plied either before planting to water-seeded or shallow soil-seeded rice or post
flood, post-emergence in other types of rice culture (I). 

Environmental fate 

Volatilization is the main route of loss of molinate (active ingredient) from soil, 
taking place more easily on moist than on dry soils (2). Volatilization is also im
portant in rice fields, increasing with temperature; the half-life is about 2 days at 
28 oc. Photochemical degradation occurs to a lesser extent, and chemical hy
drolysis and microbial degradation are negligible (3). Molinate is of low persis
tence in water and soil, with a half-life of about 5 days ( 4 ). In aerobic and 
flooded soils, the half-lives were 8-25 and 40-160 days, respectively (1). 

15.24.2 Analytical methods 

Capillary gas chromatography with a selective nitrogen-phosphorus detector 
may be used for the determination of molinate, following extraction with meth
ylene chloride. A detection limit of 0.03 flg/litre is possible (I). 

15.24.3 Environmental levels and human exposure 

Water 

In 1987-88, water from 1288 drinking-water wells in the Lombardy region of 
Italy was analysed for molinate; it was detected in 27 wells at levels above 1 flg/li
tre and in 220 wells at levels between 0.1 and 1 11g/litre. In the Piedmont region, 
molinate was detected in 25 wells used as a source of drinking-water; in five of 
them, levels were above 1 flg!litre (5). 
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15.24.4 Kinetics and metabolism in laboratory animals and 
humans 

Molinate is not absorbed percutaneously. In rats, it is metabolized primarily to 
the sulfoxide, then to mercapturic acid. Ring hydroxylation, mainly at the 3- and 
4- positions, followed by glucuronidation and cleavage of the C-N bond to yield 
the imide, were also observed. 1 The active ingredient is quickly metabolized to 
carbon dioxide (18%) and eliminated through the urine (25%) and faeces 
(7-20%) within 3 days.2 

15.24.5 Effects on laboratory animals and in vitro test systems 

Acute exposure 

Acute oral L050s of 369 and 450 mg/kg of body weight have been reported for 
male and female rats, respectively (1). 

Short-term exposure 

Rats (15 per sex per dose) were given oral doses of technical active ingredient at 
0, 35, 70, or 140 mg/kg ofbodyweight per day in the diet for 90 days. Effects at 
140 mg/kg of body weight per day included increased body weight, markedly de
creased food intake, marked decrease in haemoglobin and haematocrit, increased 
relative weights of liver, kidney, adrenals, and thyroid, and histopathological 
changes in liver, kidney, adrenals, testes, and ovaries. Similar but less marked 
changes occurred at 70 mg/kg of body weight per day. There was also a slight in
crease in the lipoid content of the adrenals at 35 mg/kg of body weight per day.3 

In a study in which rats (15 per sex per dose) were fed technical active ingre
dient in their diets at 0, 8, 16, or 32 mg/kg of body weight per day for 90 days, 
effects observed at the highest dose included reduced food intake and weight 
gain, increased adrenal weight (females), and slight increases in relative weights 
for adrenals, thyroids, and testes in males and kidneys and adrenals in females. 
At the two highest doses, there were some cases of decreased differential leuko
cyte count (females), vacuolation of ovary stromal cells (females), and vacuola
tion of adrenocortical cells (both sexes). An increase in the content of lipoid 
bodies in the ovary and adrenal vacuolation were observed for all the treated 
groups) 

Dogs were given oral doses of technical active ingredient at 0, 15, 30, or 60 
mg/kg of body weight for 90 days. There were no clear signs of toxicity or modi
fication of haematological and clinical parameters at the two lowest doses, but a 
slight increase in thyroid weight was observed at the highest dose. No treatment
related histopathological changes were observed.3 

I Source: Hazardous Substances Data Bank. Bethesda, MD, National Library of Medicine. 
2 Source: Toxicology Data Bank. Bethesda, MD, National Library of Medicine. 
3 US Environmental Protection Agency, Office of Pesticide Programs, reserved documentation. 
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Reproductive toxicity, embryotoxicity, and teratogenicity 

Fischer rats ( 60 per sex per dose) were fed technical molinate in the diet for 104 
weeks. Initial concentrations corresponded to daily intakes of 0, 8, 16, or 32 
mg/kg of body weight, which were reduced after 18 weeks (following a failed at
tempt to produce the F1 generation) to 0, 0.6, 2.0, or 6.3 mg/kg of body weight 
per day. Rats were mated at 8-10 weeks from the beginning of the study. Admin
istration of the diet was suspended 3 weeks before, and resumed 10-12 days after 
signs of mating were observed. Only one litter was born. At 21 weeks from the 
beginning of the study (3 weeks after reducing the diet concentration), all ani
mals were mated again. Groups treated with 0, 0.6, 2.0, and 6.3 mg/kg of body 
weight per day generated 43, 18, 16, and 10 litters, respectively, of which 35, 8, 
5, and 3 were alive at the age of 21 days; corresponding numbers of weanlings 
were 300, 37, 21, and 16, respectively (2). 

Six groups of Sprague-Dawley rats were given technical molinate by gavage 
in corn oil at 0, 0.2, 4, 13, 30, or 60 mg/kg of body weight per day. There were 
no significant reductions in fertility parameters at 0.2 mg/kg of body weight per 
day, but they were considerably reduced in both sexes at 4 mg/kg of body weight 
per day. Dose-related alterations in sperm morphology were also noted at this 
level. The necropsy data for pregnant females indicated a significant reduction in 
the number of viable fetuses per litter as a result of mating in the group given 
4 mg/kg of body weight per day. An increase in the number of resorptions per lit
ter as a result of matings with males in this group was also observed (2). 

Mutagenicity and related end-points 

Molinate did not show any significant mutagenic effect in the Ames test with five 
strains of Salmonella typhimurium with or without metabolic activation. It was al
so negative in assays for the induction of gene mutations in mouse lymphoma 
cells with and without metabolic activation, induction of micronuclei in CD-I 
mice in vivo, induction of sister chromatid exchange in Chinese hamster ovary 
cells with and without metabolic activation, and induction of unscheduled DNA 
synthesis in human HeLa cells with and without metabolic activation. 1 

Carcinogenicity 

Fischer rats (60 per sex per dose) were fed technical molinate in the diet for 104 
weeks at initial concentrations corresponding to daily intakes of 0, 8, 16, or 32 
mg/kg of body weight, reduced after 18 weeks to 0, 0.6, 2.0, or 6.3 mg/kg of 
body weight per day. A greater than 90% incidence of interstitial-cell tumours 
of the testes was recorded in all groups (2). 

1 US Environmental Protection Agency, Office of Pesticide Programs, reserved documentation. 
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Groups of 20 CAF 1 mice (BALBcj x NJ) were given a molinate compound 
of unspecified composition for 99-101 weeks. Concentrations corresponded to 
intakes of 0, 3.6, 7.2, or 14.4 mg/kg of body weight per day. Adenomas, carcino
mas, and lymphosarcomas of lungs, liver, kidney, spleen, and other organs were 
observed; there were no significant differences between the different dose groups 
(2). When BALB/ cj females received doses of molinate up to 14 mg/kg of body 
weight per day, 10-12 days after mating with A/J males, and the F 1 mice ( 64-67 
per dose) were fed the same diet for 76-78 weeks, tumour incidence was the 
same in all the groups (2). 

15.24.6 Effects on humans 

A review of epidemiological data based on the examination of workers involved 
in molinate production did not indicate any effect on fertility ( 4). 

15.24.7 Guideline value 

On the basis of the limited information available, molinate does not seem to be 
carcinogenic or mutagenic in animals. Evidence suggests that impairment of the 
reproductive performance of the male rat represents the most sensitive indicator 
of molinate exposure. However, epidemiological data based on the examination 
of workers involved in molinate production do not indicate any effect on human 
fertility. 

The NOAEL for reproductive toxicity in the rat was 0.2 mg/kg of body 
weight per day (2), and this value was chosen as the basis for calculating a TDI 
for molinate. Using an uncertainty factor of 100 (for inter- and intraspecies vari
ation), a TDI of2 )lg/kg of body weight was derived. An allocation of 10% of the 
TDI to drinking-water results in a guideline value of 6 )lg/litre. 
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15.25 Pendimethalin 

15.25.1 General description 

Identity 

CAS no.: 
Molecular formula: 

40487-42-1 

Cl3HI9N304 

Pendimethalin is the common name for N-(1-ethylpropyl)-2,6-dinitro-3,4-xyli
dine. 

Physicochemical properties ( 1) 

Property 
Physical state 
Melting point 
Vapour pressure 
Water solubility 
Log octanol-water partition coefficient 

Major uses 

Value 
Orange-yellow crystals 
54-58 oc 
4.0 x I0-3 Pa at 25 oc 
0.3 mg/litre at 20 oc 
5.2 

Pendimethalin is a selective herbicide, applied before emergence to cereals, 
maize, and rice, and with shallow soil incorporation before seeding bean, cotton, 
soy beans, and groundnuts. In vegetable crops, it is applied before emergence or 
transplanting, and is also used to control suckers on tobacco (I). 

Environmental fate 

Pendimethalin is stable under both alkaline and acidic conditions (1 ). It is a 
moderately persistent herbicide that can give rise to long-lasting metabolites, 
mainly by photodegradation (2). Three by-products of soil fungal degradation 
have been identified as the result of ring hydroxylation, nitro group reduction, 
and complete N-dealkylation (3). Both pendimethalin and its metabolites bind 
tightly to soil particles, and the leaching potential is negligible (2). A half-life in 
soil of 30-90 days has been estimated (1 ). Pendimethalin has a low affinity for 
the water compartment. However, under anaerobic conditions, more polar me
tabolites of greater mobility are formed, and these can potentially contaminate 
both groundwater and surface waters (2). 
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15.25.2 Analytical methods 

Pendimethalin can be determined by capillary gas chromatography with a selec
tive nitrogen-phosphorus detector following extraction with methylene chloride. 
Confirmation by a second capillary column of different polarity is recom
mended. 

15.25.3 Environmental levels and human exposure 

Water 

Pendimethalin was found at a concentration below 0.1 jlg/litre in one of 76 
drinking-water supplies examined in the Veneto Region in Italy in 1987-88 ( 4). 

15.25.4 Kinetics and metabolism in laboratory animals and 
humans 

Pendimethalin appears to be both poorly absorbed and rapidly excreted. About 
95% is excreted within 24 h after oral administration, 75% being found in the 
faeces and 20% in the urine. Maximum tissue concentrations were found in the 
liver and kidney. Although most parent compound is excreted unchanged, the 
metabolites identified suggest that oxidation of the 4-methyl group on the 
phenyl moiety and the N-alkyl side chain of the dinitro-substituted aniline are 
the predominant metabolic pathways (5). 

15.25.5 Effects on laboratory animals and in vitro test systems 

Acute exposure 

Pendimethalin is of low acute toxicity. LD50s of 1050-1250 mg/kg of body 
weight in albino rats, 1340-1620 mg/kg of body weight in albino mice, and over 
5000 mg/kg of body weight in beagle dogs have been reported (1). 

Short-term exposure 

In a study in which Charles River CD rats received pendimethalin in the diet at 
concentrations of 0, 100, 500, or 5000 mg/kg for 13 weeks, food intake and 
body weight gain were decreased only at 5000 mg/kg. A variety of indications of 
hepatotoxicity were also observed at this dose level. Absolute and relative kidney 
weights increased in males at 5000 mg/kg, and absolute and relative uterus and 
ovary weights decreased in females at 500 mg/kg ( 6). 
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Long-term exposure 

CD-1 mice (75 per sex per dose) were given a diet containing the technical-grade 
compound at 0, 100, 500, or 2500 mg/kg for 18 months (dose doubled after 8 
weeks) (7), and Long-Evans rats (60 per sex per dose) were fed a diet containing 
0, 100, 500, or 2500 mg/kg for 2 years (highest dose doubled after 6 weeks) (8). 
At the highest doses, general toxic effects were observed both in the mouse 
(hyperglycaemia and increased thyroid and adrenal gland weights) and in the rat 
(increase in alkaline phosphatase levels, increased thyroid and kidney weights, 
hepatomegaly). Some toxic effects (hyperglycaemia in the mouse and hepato
toxicity in the rat) were present even at the lowest dose level of 100 mg/kg of diet 
(equivalent to 5 mg/kg of body weight per day). It was therefore not possible to 
establish a NOAEL. 

Reproductive toxicity, embryotoxicity, and teratogenicity 

Teratogenicity was not observed at the highest dose tested in rats (1 000 mg/kg of 
body weight per day) (9, 1 O) or rabbits (60 mg/kg of body weight per day) (11). 
In rats gavaged with pendimethalin on days 6-15 of gestation, embryotoxicity in 
the form of minor anomalies and reduced fetal weight was observed at 1000 
mg/kg of body weight (9), and reduced ossification of the extremities was present 
at 250 and 500 mg/kg of body weight (10). Reproductive toxicity was not ob
served in a three-generation reproduction study in Long-Evans rats given pendi
methalin in the diet at levels as high as 1000 mg/kg (12). 

Mutagenicity and related end-points 

Although genetic mutations were induced by pendimethalin with metabolic acti
vation in Salmonella typhimurium, higher-purity technical material did not 
induce mutations in the same test system. Pendimethalin did not induce chro
mosomal aberrations, unscheduled DNA synthesis, or dominant lethal muta
tions ( 13-17). 

Carcinogenicity 

Neither CD-1 mice fed doses of pendimethalin up to 2500 mg/kg for 18 months 
(7) nor rats fed diets containing pendimethalin at up to 2500 mg/kg for 2 years 
showed evidence of carcinogenicity (8 ). However, these studies had important 
methodological limitations, including inadequate numbers of animals subjected 
to histological examinations. 
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15.25.6 Guideline value 

Pendimethalin does not appear to have significant mutagenic activity. Long-term 
studies in mice and rats have not provided evidence of carcinogenicity; however, 
these studies have some important limitations. 

The guideline value is based on the LOAEL for liver toxicity (5 mg/kg of 
body weight per day) observed in the 2-year rat study (8). An uncertainty factor 
of 1000 (lOO for intra- and interspecies variation and 10 for the use of a LOAEL 
instead of a NOAEL and for the limitations of the database) is used, giving a 
TDI of 5 Jlg/kg of body weight per day. An allocation of 10% of the TDI to 
drinking-water results in a guideline value of 20 Jlg!litre (rounded figure). 
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15.26 Permethrin 

15.26.1 General description 

Identity 

CAS no: 
Molecular formula: 

52645-53-1 

C21 H2oCl203 

Permethrin is the common name for 3-phenoxybenzyl (lRS)-cis, trans-3-(2,2-
dichlorovinyl)-2,2-dimethylcyclopropanecarboxylate. It is a mixture of four 
stereoisomers of the (lR, trans), (lR, cis), (IS, trans), and (IS, cij) configurations. 
In most technical products, the cis:trans ratio is about 2:3, and the lR: IS ratio is 
1:1 (racemic). The composition ratio of the above isomers is about 3:2:3:2 (I). 
Of the four isomers, the (lR, cis)- and the (lR, trans)-isomers are the two esters 
primarily responsible for insecticidal activity. The term permethrin is used here 
to refer to material with a cis:transratio of2:3, unless otherwise stated. 
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Physicochemical properties (1) 

Property 
Physical state 
Melting point 
Boiling point 
Water solubility 
Log octanol-water partition coefficient 

Organoleptic properties 

15. PESTICIDES 

Value 
Crystal or viscous liquid 
34-39 oc 
220 oc 
0.2 mg!litre at 30 oc 
6.5 

An organoleptic threshold in water of0.2 mg!litre was reported in one study (2). 

Major uses 

Permethrin is a contact insecticide effective against a broad range of pests in agri
culture, forestry, and public health. It is also used to control aquatic inverte
brates, such as Asellus aquaticus, in water mains (3). 

Environmental fate 

Permethrin is photodegraded both in water and on soil surfaces. Ester cleavage 
and cis-trans interconversion are the major reactions. At equilibrium, the tram
isomer constitutes 65-70% of the mixture. The major products of the ester 
cleavage of permethrin include 3-phenoxybenzaldehyde, 3-phenoxybenzoic acid, 
3-phenoxybenzyl-3,3-dimethylacrylate, and benzyl alcohols, as well as the cor
responding acids (I). 

In soil, permethrin is rapidly degraded by hydrolysis and microbial action 
under aerobic conditions. Similar degradation processes seem to occur under an
aerobic conditions but at slower rates. In laboratory studies, the soil half-life was 
approximately 28 days. The trans-isomer was more rapidly degraded than the cis
isomer, and ester cleavage was the major initial degradative reaction. In plants, 
permethrin degrades with a half-life of approximately 10 days (1, 4). 

15.26.2 Analytical methods 

Permethrin may be determined by gas-liquid chromatography with an electron
capture or flame-ionization detector. The minimum detectable concentration is 
about 0.05 jlg/litre (1). 
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15.26.3 Environmental levels and human exposure 

Water 

Surface waters may become contaminated by permethrin applied directly to 
water for mosquito control purposes, in discharges from production plants, and 
from agricultural sources. Concentrations as high as 0.8 mg/litre have been re
corded in surface water. Levels in drinking-water have not been reported, but it is 
generally considered that permethrin is readily removed by conventional treat
ment methods and that neither cis- nor trans-permethrin reacts with chlorine 
under normal disinfection conditions (5). When permethrin is used to control 
aquatic invertebrates in water mains, concentrations of about 10 )lgllitre will be 
present in the water for short periods (3). 

Food 

Exposure of the general population to permethrin is mainly via the diet. Residue 
levels in crops grown according to good agricultural practice are generally low. 
The resulting exposure is expected to be low, but precise data from total diet 
studies are lacking (I). 

15.26.4 Kinetics and metabolism in laboratory animals and 
humans 

Permethrin is readily absorbed when given orally. Distribution occurs rapidly in 
the body, mostly to adipose tissue, followed by liver, kidney, and brain. 

Metabolism appears to be similar in all mammals, including humans (6, 1). 
The main routes of metabolism for both the trans- and cis-isomers are ester cleav
age and oxidation of the 4' -position of the terminal aromatic ring. Major metab
olites formed include 3-(2,2-dichlorovinyl)-2,2-dimethylcyclopropane carboxylic 
acid (Cl2CA), in free and glucuronide form, and hydroxymethyl-Cl2CA as a glu
curonide conjugate (1). 

Permethrin administered to mammals is almost completely eliminated from 
the body within several days. The trans-isomer is eliminated more quickly than 
the cis-isomer and is excreted mainly in the urine, whereas the cis-isomer is ex
creted in both the urine and faeces. Expiration as carbon dioxide plays a minor 
role in mammals. The very small amounts of unmetabolized permethrin found in 
fat and milk consist predominantly of the cis-isomer. Less than 0. 7% of the ad
ministered dose was detected in the milk of goats or cows (1). 
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15.26.5 Effects on laboratory animals and in vitro systems 

Acute exposure 

Permethrin has a low acute oral toxicity in mammals, although the LD50 varies 
considerably according to the administration vehicle used and the cis:trans iso
meric ratio. The cis-isomer is the more toxic form. When corn oil is used as the 
vehicle, oral LD50s are in the 0.5 g/kg of body weight range. Aqueous suspen
sions are the least toxic; LD50s range from 3 to over 4 g/kg of body weight. The 
oral toxiciries of the major metabolites of permethrin are lower than those of the 
parent compound. The major signs of acute intoxication are effects on the central 
nervous system, namely uncoordinated movements, whole-body tremors, and 
loss of balance. Overt signs of toxicity do not appear until near-lethal doses 
(1, 8). 

Short-term exposure 

No beagle dogs died when fed permethrin in gelatin capsules daily for 3 months 
at doses of up to 500 mg/kg of body weight per day. Growth, food consumption, 
clinical chemistry, haematology, and urological parameters were all normal, but 
doses of 50 mg/kg of body weight per day or higher resulted in significant in
creases in liver-to-body-weight ratios (9). No signs of toxicity were reported 
when beagle dogs received encapsulated doses of up to 250 mg/kg of body weight 
per day for 6 months (10). 

Long-term exposure 

In a 2-year study on Wistar rats fed permethrin at 0, 25, 40, or 125 mg/kg of 
body weight per day, tremors and hypersensitivity to noise were noted in rats at 
the highest dose. Significant increases in endoplasmic reticulum were detected 
only at this dose, although nonsignificant increases were noted at all levels in 
both sexes. The liver weights and liver-to-body-weight ratios were higher in all 
permethrin-treated males, but in females only in those that received 40 mg/kg of 
body weight per day. Kidney weights in males were increased at all dose levels 
(11). 

In a 2-year study on Long-Evans rats fed permethrin in the diet at dose levels 
ofO, 20, 100, or 500 mg/kg (0, 1, 5, or 25 mg/kg of body weight per day), the es
timated NOAEL was 5 mg/kg of body weight per day (12). 

A lifetime (80% mortality) feeding study was carried out on Swiss-derived 
mice (70 per sex per dose) fed permethrin (cis 35-45o/o:trans 55-65%) at dose 
levels of 0, 250, 1000, or 2500 mg/kg of diet for 2 years. The mortality rate was 
normal, and growth was only slightly decreased at the two highest dose levels. 
There was a significant dose-dependent increase in liver-to-body-weight ratios in 
females at the two highest dose levels and in males at the highest dose level (1 1). 
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Reproductive toxicity, embryotoxicity, and teratogenicity 

Dietary permethrin does not appear to adversely affect reproduction in rats or 
mice. Permethrin is not teratogenic to rats, mice, or rabbits at dose levels up to 
225, 125, and 1800 mg/kg of body weight, respectively (1). 

Mutagenicity 

Both 2:3 and 1:3 permethrin have been tested in a number of in vitro and in vivo 
short-term assays for mutagenicity, all of which have given negative results (1). 

Carcinogenicity 

Studies carried out with both 2:3 and 1:3 permethrin have shown no evidence of 
carcinogenicity in rats (11, 13). There is limited evidence of a weak carcinogenic 
potential in one strain of mice in which the incidence of pulmonary adenoma 
was increased in female mice at a dose of 250 mg/kg of body weight per day; 
however, it remained within historical control ranges for this strain (I 4). More
over, the absence of positive mutagenic results suggests that this is probably an 
epigenetic mechanism. It has been concluded that the results of this study do not 
indicate that permethrin has any carcinogenic potential (15). 

15.26.6 Effects on humans 

Six forestry workers using permethrin exhibited symptoms such as itching and 
burning of the skin and itching and irritation of the eyes. Only one of them ex
creted urine containing detectable amounts (0.26 flg/ml) of permethrin metabo
lite (16). 

Paraesthesia was induced in volunteers approximately 30 min after the appli
cation of permethrin solution (total 0.5 mg permethrin) to the earlobe (17); it 
peaked by 8 h and abated by 24 h. Of 10 volunteers treated with 15-40 ml of 
permethrin (1 :3) (1 %) head louse solution, which was allowed to dry and then 
washed out, three developed mild, patchy erythema, which faded 4-7 days later 
(1). 

15.26. 7 Guideline value 

IARC has classified permethrin in Group 3, as there are no human data and only 
limited data from animal studies (18). Permethrin is not genotoxic. 

Using a NOAEL of 100 mg/kg in the diet (equivalent to 5 mg/kg of body 
weight per day) obtained in a rat study (12) and an uncertainty factor of 100, 
JMPR recommended an ADI for 2:3 and 1:3 cis:trans-permethrin of 0.05 mg/kg 
of body weight (15). 
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Because there is significant exposure to permethrin from the environment, 
only 1 o/o of the ADI is allocated to drinking-water. The guideline value is there
fore 20 )lgflitre (rounded figure). However, if permethrin is to be used for short 
periods as a larvicide for the control of mosquitos and other insects of health sig
nificance in drinking-water sources, the share of the ADI allocated to drinking
water may be increased. 
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15.27 Propanil 

15.27.1 General description 

Identity 

CAS no.: 
Molecular formula: 

709-98-8 
C9H 9Cl2NO 

Propanil is the common name for 3',4' -dichloropropionanilide. 

Physicochemical properties ( 1) 

Property 

Physical state 
Melting point 
Vapour pressure 
Water solubility 

Value 
Colourless solid 
91.5oC 
0.026 x 10-3 Pa at 20 oc 
130 mg/litre at 20 oc 
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Major uses 

Propanil is a contact post-emergence herbicide used mainly in rice to control 
broad-leaved and grass weeds. It is also used mixed with MCPA in wheat (1). 

Environmental fate 

Propanil is hydrolysed in acidic and alkaline media to 3,4-dichloroaniline and 
propionic acid. In water, propanil and 3,4-dichloroaniline are rapidly degraded 
by sunlight to phenolic compounds, which then polymerize (I). Propanil is bio
degraded in soil to various metabolites, including 3,4-dichloroaniline, which rap
idly binds to soil, propionic acid, which is further metabolized to carbon dioxide, 
3,3' ,4,4' -tetrachloroazoxybenzene, and two isomeric forms of tetrachloroazoben
zene (1). 1 Propanil's half-life in soil is less than 5 days (1). 

15.27.2 Analytical methods 

Capillary gas chromatography with a selective nitrogen-phosphorus detector 
may be used for the determination of propanil, following extraction with methyl
ene chloride. Confirmation by a second capillary column of different polarity is 
strongly recommended. 

15.27.3 Environmental levels and human exposure 

Water 

Residues of less than 0.03 mg!litre were detected in 162 water samples collected 
from 16 rice fields treated with 0.4-2.8 kg of propanil per hectare, 1-120 days 
after application (2). It has only occasionally been detected in groundwater. 

15.27.4 Kinetics and metabolism in laboratory animals and 
humans 

Propanil and its metabolites do not appear to accumulate in tissues. It is hydro
lysed by hepatic acylamidase, forming 3,4-dichloroaniline and propionic acid. 
Six metabolites have been detected in urine (3). When propanil was fed to a cow, 
1.4% of the total dose was recovered in the faeces, but none was detected in urine 
or milk.l 

1 Source: Hazardous Substances Data Bank. Bethesda, MD, National Library of Medicine. 
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15.27.5 Effects on laboratory animals and in vitro test systems 

Acute exposure 

Propanil is of moderate acute toxicity; the oral LD50 is over 2500 mg/kg of body 
weight in the rat (I). 

Short-term exposure 

Groups of albino rats (1 0 per sex per dose) were given the technical product in 
doses of 100, 330, 1000, 3300, 10 000, or 50 000 mg/kg in the diet (equivalent 
to 5, 17, 50, 165, 500, or 2500 mg/kg of body weight per day) for 3 months. All 
the animals in the highest dose group died. There was an increase in polychro
matophilia at dose levels of 330 mg/kg and higher as well as evidence of haemo
lytic anaemia at 3300 and 10 000 mg/kg. From this study, a NOAEL of 100 
mg/kg (equivalent to 5 mg/kg of body weight per day) was identified ( 4). 

Long-term exposure 

Propanil was administered at concentrations of 0, 100, 400, or 1600 mg/kg in 
the diet to albino Wistar rats (25 per sex per dose) for 2 years. At 1600 mg/kg, 
rats exhibited increased mortality (males only), significant decreases in body 
weight, slightly lower haematocrit and haemoglobin values, and changes in 
spleen-to-body-weight ratio (females only). The NOAEL in this study was 400 
mg/kg, equivalent to 20 mg/kg of body weight per day (4). 

In a 2-year study, beagle dogs were given propanil at concentrations of 0, 
100, 600, or 3000 (raised to 4000 at the start of the 5th week) mg/kg in the diet. 
Significantly decreased body weight gains were evident at the highest dose level. 
No other effects attributable to propanil were observed ( 4). 

Reproductive toxicity, embryotoxicity, and teratogenicity 

Wistar rats fed technical-grade propanil in the diet (0, 100, 300, or 1000 mg/kg) 
for 11 weeks before mating and pregnancy did not exhibit any alterations in re
productive parameters (3). 

Mutagenicity and related end-points 

Propanil was inactive in in vitro tests on gene mutation, mitotic recombination, 
and repair and damage of DNA in prokaryotic and eukaryotic cells ( 4, 5). It gave 
results that were essentially negative in the cytogenetic test on mice (induction of 
structural chromosomal aberrations) ( 4, 6) and positive in radical apex barley 
cells (7). Its metabolite 3,3' ,4,4' -tetrachloroazobenzene induces gene mutations 
in bacteria and fungal cells, as well as DNA repair synthesis in hepatic cultures in 
the rat ( 4, 5, 8). 
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Carcinogenicity 

In a study in which groups of 50 Wistar rats were given oral propanil doses of 
100, 400, or 1600 mg/kg for 24 months, histopathological tests did not reveal 
any carcinogenic effects. However, this study was limited and does not allow the 
evaluation of the carcinogenic potential of propanil ( 4). 

15.27.6 Effects on humans 

The probable oral lethal dose is 0.5-5 g/kg of body weight. Exposure produces 
local irritation and central nervous system depression. Ingestion causes local irri
tation with a burning sensation in the mouth, oesophagus, and stomach, gag
ging, coughing, nausea, and vomiting followed by headache, dizziness, drow
siness, and confusion.l 

Workers from a pesticide plant who were exposed to the propanil metabolite 
3,4-dichloroaniline showed signs of methaemoglobinaemia. Of the 28 workers 
exposed to 3,4-dichloroaniline and propanil, 17 showed signs of chloracne, 
which is attributed to the presence of the contaminants 3,3' ,4,4' -tetrachloroazo
benzene or 3,3',4,4' -tetrachloroazoxybenzene (9). 

15.27.7 Guideline value 

Propanil is not considered to be genotoxic. However, at least one of its environ
mental metabolites (tetrachloroazobenzene) is genotoxic. Data from a limited 
study in rats do not provide evidence of carcinogenicity. 

Long-term exposure to propanil results in red blood cell toxicity. A TDI of 
5 J.Ig/kg of body weight was established, based on the NOAEL of 5 mg/kg of 
body weight per day from the 3-month rat feeding study ( 4) and applying an un
certainty factor of 1000 (lOO for intra- and interspecies variation and 10 for the 
short duration of the study and the limitations of the database). 

Based on an allocation of 10% of the TDI to drinking-water, the guideline 
value is 20 J.Ig!litre (rounded figure). In applying this guideline, authorities 
should consider the possible presence in water of more toxic environmental 
metabolites. 
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15.28 Pyridate 

15.28.1 General description 

Identity 

CAS no.: 
Molecular formula: 

55512-33-9 
C1 9H 230 2N 2SCl 

Pyridate is the common name for 0-(6-chloro-3-phenyl-4-pyridazinyl)S-octyl 
carbonothioate. 

Physicochemical properties (1) 

Property 
Physical state 
Melting point 
Boiling point 
Vapour pressure 
Water solubility 

Value 
Colourless crystalline solid 
27"C 
220 oc 
1.33 x 10-7 Pa at 25 oc 
1.5 mg!litre at 20 oc 
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Major uses 

Pyridate is a foliar-acting contact herbicide used for the control of annual dicoty
ledonous plants and some grassy weeds. It controls weeds selectively in cereals, 
maize, rice, and other crops (1). 

Environmental fate 

Pyridate has low water solubility and relatively low mobility. It is not persistent 
and is rapidly hydrolysed, photodegraded, and biodegraded. Its primary environ
mental metabolite (6-chloro-4-hydroxy-3-phenylpyridazine) is also not persis
tent but is more mobile. Under favourable conditions, the environmental 
half-life is of the order of a few days (2). Pyridate is rapidly metabolized and in
activated in plants that have a high tolerance for the active ingredient (3). 

15.28.2 Analytical methods 

The main pyridate metabolite, 6-chloro-4-hydroxy-3-phenylpyridazine, may be 
determined by high-performance liquid chromatography followed by ultraviolet 
absorption at 254 or 280 nm ( 4). 

15.28.3 Environmental levels and human exposure 

Water 

This compound has rarely been found in water supplies (2). 

15.28.4 Kinetics and metabolism in laboratory animals and 
humans 

After oral administration to rats, pyridate is rapidly absorbed by the gut and dis
tributed to the organs. It is quickly excreted, mainly in the urine (5, 6). Three 
metabolites have been identified in the urine of rats, the most important being 
the hydrolysis product 6-chloro-4-hydroxy-3-phenylpyridazine (7). Pyridate is 
hydrolysed in the blood and in artificially prepared intestinal juices of rats ( 8, 9). 

15.28.5 Effects on laboratory animals and in vitro test systems 

Acute exposure 

The acute LD50 for rats was reported to be 2000 mg/kg of body weight (1). 
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Short-term exposure 

The technical product (purity 90.3%) was administered in the diet to pure-bred 
beagle dogs for 1 year at doses of 0, 60, 240, or 2000 mg/kg, corresponding to 
about 0, 2, 8, and 77 mg/kg of body weight per day, without causing death. 
Dose-related vomiting and diarrhoea were observed in all groups; erythemas and 
alopecia were observed in some animals. At the highest dose, decreased adrenal 
weight, increased thyroid weight, decreased alpha-globulin, albumin, and lactate 
dehydrogenase, and increased platelet number were observed. From this study, a 
NOAEL of 8 mg/kg of body weight per day has been identified ( 1 O). 

Long-term exposure 

The technical product (90.3% purity) was administered to Wistar SPF rats for 2 
years in the diet at doses of 0, 80, 400, or 2500 mg/kg, corresponding to about 0, 
3.5, 18, or 114 mg/kg of body weight per day. At the highest dose, the product 
caused reduced body growth, reduced food consumption, decreased trans
aminases of lacticodehydrogenasis and alkaline phosphatase, as well as increased 
kidney weight. At the middle dose, increased kidney weight was observed. From 
this study, a NOAEL of 3.5 mg/kg of body weight per day has been derived (11). 

In a 2-year study, the product was administered to Swiss mice in the diet at 
doses of 0, 200, 1000, or 5000 mg/kg, corresponding to about 0, 24, 120, and 
600 mg/kg of body weight per day. Mortality ranged from 24% to 52% and was 
lower in animals receiving the highest dose. The product caused decreased body 
growth in both sexes at the highest dose, as well as an increased relative weight of 
the liver in males at the middle and high doses. From this study, a NOAEL of 24 
mg/kg of body weight per day was identified (12). 

Reproductive toxicity, embryotoxicity, and teratogenicity 

In a three-generation study, Wistar rats were fed technical pyridate in their diets 
at doses ofO, 80,400, or 2500 mg/kg. No changes in the reproductive cycle were 
observed (13). In two studies conducted on rats and rabbits, pyridate was found 
not to possess teratogenic potential (14, 15). 

Mutagenicity and related end-points 

Pyridate does not induce gene mutations in bacteria, somatic mutation in mice, 
DNA repair synthesis in rat hepatocyte cultures, loss ofX and Y chromosomes in 
Drosophila, micronuclei in mice, or transformation in vitro (16-21). 

Carcinogenicity 

In a study in which the technical product (90.3% purity) was administered to 
Wistar SPF rats in the diet for 2 years at doses of 0, 80, 400, or 2500 mg/kg (0, 
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3.5, 18, or 114 mg/kg of body weight per day), non-dose-related excesses of 
benign and malignant phaeochromocytomas in males, mammary fibroadenomas 
in females, and thyroid adenomas in both sexes were observed (11). No excesses 
of tumours of any type were observed when the product was administered to 
Swiss mice at doses of 0, 200, 1000, or 5000 mg/kg in the diet (0, 24, 120, or 
600 mg/kg of body weight per day) (12). 

15.28.6 Guideline value 

IARC has not evaluated pyridate. It has been tested in long-term feeding studies 
in rats and mice; no evidence of carcinogenicity was noted in either species. The 
available evidence indicates that it is not genotoxic. 

A NOAEL of 3.5 mg/kg of body weight per day was established based on in
creased kidney weight in a 2-year study on rats (11). A TDI of 35 11g/kg of body 
weight was calculated by applying an uncertainty factor of 100 (for intra- and 
interspecies variation) to this NOAEL. An allocation of 10% of the TDI to 
drinking-water gives a guideline value of 100 11g/litre (rounded figure). 
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15.29 Simazine 

15.29.1 General description 

Identity 

CAS no.: 
Molecular formula: 

122-34-9 
C7H 12ClN5 

15. PESTICIDES 

Simazine is the common name for 6-chloro-N,N'-diethyl-1,3,5-triazine-2,4-di
ylamine. 

Physicochemical properties (1-3) 

Melting point 
Density 
Water solubility 
Vapour pressure 
Log octanol-water partition coefficient 

Major uses 

225-227 ac (decomposes) 
1.302 g/cm3 at 20 oc 
5 mg/litre at 20 ac 
8.1 X 10-4 Pa at 20 ac 
2.1 

Simazine is a pre-emergence herbicide used to control broad-leaved and grass 
weeds in artichokes, asparagus, berries, broad beans, citrus fruits, coffee, cocoa, 
hops, maize, oil palms, olives, orchards, ornamentals, sugar-cane, tea, tree nurser
ies, turf, and vineyards, as well as in non-crop areas (1). 

Environmental fate 

Under normal climatic conditions, volatilization and photodegradation are not 
expected to be important processes in the dissipation of simazine from soil (2) .1 

Its half-life in soil has been reported as 46-174 days (3). Simazine can be degrad
ed through hydrolysis and N-dealkylation ( 4, 5). It is mineralized slowly. I Even 
though it has a low solubility in water, it has been classified as a leacher (6). 

15.29.2 Analytical methods 

Simazine can be determined by a capillary column gas chromatographic method 
applicable to the determination of certain nitrogen/phosphorus-containing pesti
cides in water. In this method, the sample is extracted with methylene chloride, 
the extract is concentrated, and the compounds are separated by capillary-column 
gas chromatography, after which they are measured by means of a nitrogen
phosphorus detector. The estimated detection limit is 75 ng/litre (7). 

1 Source: Hazardous Substances Data Bank. Bethesda, MD, National Library of Medicine. 
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15.29.3 Environmental levels and human exposure 

Water 

Typical levels of 1-2 jlgflitre have been reported in groundwater in the USA (B). 
Contamination of groundwater by simazine has also been reported in Italy and 
Germany (9, IO). 

15.29.4 Kinetics and metabolism in laboratory animals and 
humans 

Simazine is absorbed by the gut of rats and mice and distributed to various tis
sues; the highest concentrations are found in the spleen, liver, and kidney (I I). 
In 24-h urine samples from female rats given simazine orally, conjugated mercap
turates of hydroxysimazine, 2-hydroxy-4-amino-6-ethylamino-s-triazine, and 2-
hydroxy-4,6-diamino-s-triazine were found, accounting for 6.8%, 6.1 o/o, and 
14% of the administered dose, respectively (12). In 24-h urine samples from 
male rats that had received simazine by gavage, the di-Ndealkylated metabolites 
were present at higher levels than the mono-Ndealkylated ones (13). Following 
oral administration in rats, most simazine was excreted within 7 days, mainly in 
the urine (I I). 

15.29.5 Effects on laboratory animals and in vitro test systems 

Acute exposure 

Oral LD50s for simazine have been reported to be greater than 5000 mg/kg of 
body weight in the rat, mouse, and rabbit (I, 2). 

Long-term exposure 

Dogs (2 per sex per dose) were treated orally for 105 weeks with 0, 15, 150, or 
1500 mg of simazine per kg of feed. No deaths or evident toxic effects were 
caused by the treatment, apart from a transitory increase in aspartate aminotrans
ferase in two out of four animals at the highest dose. The NOAEL was 150 
mg/kg, corresponding to 5 mg/kg of body weight per day ( I4). 

Dogs (4 per sex per dose) were treated for 2 years with doses of 0, 20, 100, or 
1250 mg/kg in the diet. At the highest dose, the treatment caused cachexia in one 
animal of each sex, as well as reduced weight gain in one female, accompanied by 
a transitory reduction in food consumption. There was also a reduction in eryth
rocyte parameters in both males and females and an increase in thrombocytes in 
males. At 100 mg/kg, there were both reduced weight gain and reduced erythro
cyte parameters in females. From this study, a NOAEL of20 mg/kg, correspond
ing to 0.8 mg/kg of body weight per day, can be derived (15). 
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Technical simazine (purity not specified) was administered orally for 2 years 
at doses of 0, 10, 100, or 1000 mg/kg of feed to Sprague-Dawley rats (70 per sex 
per dose; satellite groups were used in order to study chronic toxicity). The 
NOAEL for this study was 10 mg/kg (0.52 mg/kg of body weight per day), based 
on weight changes and haematological parameters ( 16). 

Reproductive toxicity, embryotoxicity, and teratogenicity 

No reproductive effects were observed in a three-generation study in which tech
nical simazine was administered to rats at doses up to 100 mg/kg of feed ( 17). In 
studies on rats and rabbits, the compound was not embryotoxic or teratogenic 
when administered at doses that were not maternally toxic (18, 21). 

Mutagenicity and related end-points 

Simazine did not induce micronuclei in mice. It induced a small increase in the 
frequency of sister chromatid exchange in human cells in vitro but not in Chinese 
hamster cells. It also induced chromosomal aberrations in plants and dominant 
lethal mutations in Drosophila, but not aneuploidy in yeast or gene conversion or 
mitotic recombination in bacteria (22). 

Carcinogenicity 

Technical simazine (purity not specified) was administered orally for 2 years at 
doses of 0, 10, 100, or 1000 mg/kg of feed to Sprague-Dawley rats (70 per sex 
per dose). At the end of the experiment, the numbers surviving were, in order of 
increasing dose, 27, 24, 31, and 42 in males and 24, 23, 17, and 14 in females. 
Mortality was frequently related to tumours of the hypophysis, which were ob
served more often in the females; there were no significant differences between 
the various treated groups and the controls. In the females treated at 100 and 
1000 mg/kg, there was an increase in mammary tumours with, in order of in
creasing dose: adenomas and fibroadenomas, 24/70, 31170, 70/70, 45/70; and 
carcinomas, 14/70, 13/70, 19/70, 35/70. In the group receiving 1000 mg/kg, an 
increase in cystic glandular hyperplasia was observed. In the males, there was an 
increase in adenomas and carcinomas of the liver: 1170, 3/70, 4/70, 6/70; a de
crease in pancreatic tumours: 4/70, 14/70, 1/70, 0/70; and a decrease in benign 
phaeochromocytomas: 12/70, 14/70, 10/70, 3/70. The NOAEL from this study 
was 10 mg/kg (0.52 mg/kg of body weight per day) (16). 

The same technical simazine was administered orally for 95 weeks at doses of 
0, 40, 1000, or 4000 mg/kg to groups of Swiss CD-I mice ( 60 per sex per dose) 
(23). At the end of the experiment, the numbers surviving were, in order of de
creasing dose, 19, 15, 13, and 15 in males and 26, 26, 35, and 25 in females. 
There were no significant differences between the treated groups and the controls 
for the various types of tumours observed. 
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15.29.6 Effects on humans 

A total of 124 cases of contact dermatitis were noted in the former USSR among 
workers manufacturing simazine and propazine. Serious cases lasting 7-10 days 
involved erythema, oedema and a vesiculopapular reaction that sometimes pro
gressed to the formation of bullae (24). One study showed an association be
tween ovarian tumours and exposure to triazine herbicides (25), but the number 
of subjects was small. IARC evaluated the carcinogenicity of simazine in humans 
and concluded that adequate data were not available (22). 

15.29.7 Guideline value 

Simazine does not appear to be genotoxic in mammalian systems. Recent studies 
have shown an increase in mammary tumours in the female rat but no effects in 
the mouse. IARC has classified simazine in Group 3 (22). 

Based on a study in the rat, a NOAEL of0.52 mg/kg of body weight per day 
has been established for carcinogenicity and long-term toxicity (1 6). By applying 
an uncertainty factor of 1000 (1 00 for intra- and interspecies variation and 10 
for possible carcinogenicity), a TDI of 0.52 rg/kg of body weight was derived. 
An allocation of 10% of the TDI to drinking-water gives a guideline value of 
2 rgllitre (rounded figure). 
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15.30 Trifluralin 

15.30.1 General description 

Identity 

CAS no.: 
Molecular formula: 

1582-09-8 
C13H16F3N304 

Trifluralin is the common name for a,a,a-trifluoro-2,6-dinitro-N,Ndipropyl-p
toluidine. 

Physicochemical properties (1) 

Property 

Melting point 
Water solubility 
Vapour pressure 
Log octanol-water partition coefficient 

Major uses 

Value 

48.5-49 ac 
<1 mg!litre at 27 ac 
1.37 x 1 Q-2 Pa at 25 oc 
4.69 

Trifluralin is a pre-emergence herbicide used for the control of annual grasses 
and broad-leaved weeds in beans, brassicas, cotton, groundnuts, forage legumes, 
orchards, ornamentals, transplanted peppers, soy beans, sugar-beet, sunflowers, 
tomatoes, and vineyards (1). 

Environmental fate 

Trifluralin has low water solubility. It is dissipated by photodecomposition, vola
tilization, and biodegradation (2-4). Trifluralin has a high affinity for soil and is 
relatively immobile (5); the half-life is 3-18 weeks, depending on soil type and 
geographical location (2). Its degradation in soil involves a series of oxidative 
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dealkylation steps, the reduction of the nitro group, and oxidative cyclization 
( 6), resulting in the formation of small quantities of several transformation prod
ucts as well as significant amounts of nonextractable soil-bound compounds that 
reside in the fulvic and humic acid fractions of soils (7). 

15.30.2 Analytical methods 

Trifluralin may be extracted with dichloromethane and determined by capillary 
gas chromatography with a nitrogen-phosphorus detector). The method sensi
tivity is 0.05 p.g/litre (8). 

15.30.3 Environmental levels and human exposure 

Water 

In the USA, trifluralin was found in 172 of 2047 surface water samples and in 
one of 507 groundwater samples analysed. The 85th percentile of the levels in all 
non-zero surface water samples was 0.54 p.g!litre (9). It was not found in 229 
drinking-water supplies (mainly groundwater) analysed in Italy (10). 

15.30.4 Kinetics and metabolism in laboratory animals and 
humans 

Oral doses of trifluralin were not readily absorbed by the gastrointestinal tract of 
the rat. About 80% of the dose was found in the faeces, the remainder appearing 
in the urine. Even though unchanged trifluralin was isolated from the faeces 
( < 8% of the administered dose), the absorbed fraction was extensively metabo
lized. N-dealkylation and nitro reduction were two of the principal metabolic 
pathways. The metabolic fate of trifluralin was similar in the rat and in the dog 
(1 1). Following intraperitoneal administration to rats, it was detected at higher 
concentrations in the fat than in the liver (12). 

15.30.5 Effects on laboratory animals and in vitro test systems 

Acute exposure 

Oral LD50s of over 10 g/kg of body weight for rats, 0.5 g/kg of body weight for 
mice, and over 2 g/kg of body weight for rabbits and dogs have been reported 
(1). 

Short-term exposure 

Beagle dogs were fed trifluralin at doses of 30, 150, or 750 mg/kg in the diet for 
12 months. Effects at the highest doses included slightly decreased mean body 
weight gain, slight changes in plasma lipids, and a statistically significant increase 
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in liver weight. A NOAEL of 30 mg/kg, equivalent to an average daily intake of 
0.75 mg/kg of body weight, was derived, based on mild hepatic effects (13). 

Long-term exposure 

The effects of trifluralin were studied in Fischer rats at doses of 813, 3250, or 
6500 mg/kg in the diet for 24 months (14); in Wistar rats at doses of200, 800, 
or 3200 mg/kg in the diet for 24 and 28 months (15); in NMRI mice at doses 
of 50, 200, or 800 mg/kg in the diet for 104 weeks (16); and in beagle dogs 
at doses of 400 or 1000 mg/kg in the diet for 3 years (17). These tests were not 
adequate by today's standards because of methodological limitations and con
tamination problems. 

Reproductive toxicity, embryotoxicity, and teratogenicity 

Trifluralin is embryotoxic in the rat (18,19) and the rabbit (21, 22) at dose levels 
that are clearly maternally toxic; however, it is not teratogenic in these species. 

Mutagenicity and related end-points 

Studies on the mutagenicity of trifluralin show that low-purity technical triflura
lin may contain nitroso contaminants and is mutagenic. High-purity trifluralin, 
in contrast, is not (20). 

Carcinogenicity 

Trifluralin containing the impurity nitrosodipropylamine was assayed for car
cinogenicity in oral experiments on the rat and mouse (15, 16, 23, 24). For each 
species, the first experiment was carried out with trifluralin that contained large 
amounts of the impurity. Carcinogenic effects on the liver, lungs, and stomach in 
female mice were observed, as well as equivocal indications of carcinogenicity in 
the rat thyroid. In the second experiment in each species, the trifluralin used 
contained the impurity at 0.4 mg/kg, two orders of magnitude less than in the 
previous studies. No carcinogenic effects were found in mice. In rats, however, 
there was an excess, limited to males treated with high doses, of granular cellular 
meningiomas (a rare benign tumour whose normal occurrence in rats is un
known). The incidence of thyroid tumours was not statistically significant and 
was not dose-related. 

On the basis of a recent evaluation, IARC concluded that there is limited 
evidence in experimental animals for the carcinogenicity of technical-grade 
trifluralin (20). 
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15.30.6 Effects on humans 

In a study in the USA, the use of trifluralin was associated with an increased risk 
for non-Hodgkin lymphoma. In contrast, a study of ovarian cancer in Italy did 
not suggest an association with trifluralin exposure. In both studies, the numbers 
of exposed subjects were smaller. A larger study in the USA showed no associa
tion with leukaemia (20). IARC concluded that there is inadequate evidence in 
humans for the carcinogenicity of trifluralin (20). 

15.30.7 Guideline value 

IARC recently evaluated technical-grade trifluralin and assigned it to Group 3 
(27). No evidence of carcinogenicity was found in a number of long-term 
toxicity/carcinogenicity studies with pure (>99%) test material. Trifluralin of 
high purity does not possess mutagenic properties. Technical trifluralin of low 
purity may contain nitroso contaminants and has been found to be mutagenic. 

A NOAEL of 0.75 mg/kg of body weight per day was selected based on a 
1-year feeding study in dogs (13). This species is the most sensitive for the mild 
hepatic effects on which the NOAEL was based. Using this NOAEL and an un
certainty factor of 100 (for inter- and intraspecies variation), a TDI of 7.5 
Jlgfkg of body weight was derived. A guideline value of 20 Jlg!litre (rounded 
figure) is recommended, based on an allocation of 10% of the TDI to drinking
water. 

Authorities should note that some impure technical grades of trifluralin 
could contain potent carcinogenic compounds and therefore should not be used. 
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15.31 Chlorophenoxy herbicides (excluding 2,4-D and 
MCPA) 

15.31.1 General description 

Identity 

Although many chlorophenoxy compounds are used in weed control, only di
chlorprop, 2,4-DB, 2,4,5-T, fenoprop, mecoprop, and MCPB will be considered 
here. 

Compound CA.S no. Molecular formula Other names 
Dichlorprop 120-36-5 C9H 8Cl20 3 2,4-dichlorophenoxypro-

pionic acid; 2,4-DP 
2,4-DB 94-82-6 C 10H 10Cl20 3 4-(2,4-dichlorophenoxy) 

butyric acid 
2,4,5-T 93-76-5 C8H 5Cl30 3 2, 4, 5 -trichlorophenoxy-

acetic acid 
Fenoprop 93-72-1 C9H7Cl303 2, 4, 5 -trichlorophenoxy-

propionic acid; 2,4,5-TP; 
silvex 

Mecoprop 93-65-2; C 10H 11Cl03 2(2-methyl-4-chlorophen-
7085-19-0 oxy)propionic acid; MCPP 
(racemic mixture) 

MCPB 94-81-5 C 11 H 13Cl03 4(2-methyl-4-chlorophen-
oxy)butyric acid 
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Physicochemical properties (1) 

Compound Melting point (°C) water solubility Vapour pressure 
(mg!litre) 

Dichlorprop 116-118 350 at 20 oc Negligible 
2,4-DB 117-119 46 at 25 oc Negligible 
2,4,5-T 153 150 at 25 oc 1 x 10-5 Pa at 25 oc 
Fenoprop 179-181.6 140 at 25 oc Practically nonvolatile 
Mecoprop 94-95 620 at 20 oc <1 x 10-5 Pa at 20 oc 
MCPB 100 44 at 20 oc <1 x 10-5 Pa at 20 oc 

Major uses 

Chlorophenoxy herbicides are used extensively throughout the world for the con
trol of broad-leaved annual and perennial weeds in a variety of agricultural crops. 
They are also used in brush control in non-agricultural areas, to control broad
leaved aquatic weeds, and as a pre-harvest treatment to reduce early drop in apple 
orchards. Chlorophenoxy herbicides are usually applied post-emergence, often in 
combination with other herbicides. 

Chlorophenoxy compounds are derived from chlorophenols, which may be 
contaminated by dioxins; the herbicide preparations, especially those containing 
the trichlorophenoxy acids, may therefore also be contaminated by dioxins. 

Environmental fate 

Residues of chlorophenoxy herbicides in the environment are the consequence of 
the direct application of these compounds to agricultural and non-agricultural 
areas. Biodegradation is the primary route of elimination from the environment; 
photolysis and hydrolysis also contribute to their removal. 

The half-life for the degradation of dichlorprop to 2,4-dichlorophenol in soil 
is estimated to be 8-12 days (2-4); disappearance is essentially complete in 14 
days (5). The degradation half-life of2,4,5-T in soil is 12-59 days (2,4); resi
dues do not usually persist beyond one growing season (3). Reported half-lives of 
fenoprop are in the range 8-17 days (2, 3, 6) to 3-4 months (7). The primary 
degradation product of 2,4,5-T and fenoprop is 2,4,5-trichlorophenol (I, 8). 
Mecoprop is broken down in soil to 4-chloro-2-methylphenol (I), with a half
life of7-9 days (9); residues of mecoprop have been reported to persist in soil for 
up to 2 months following application (10). The half-life ofMCPB in soil is 4-6 
days (3, 9), unless the soil microorganisms have been acclimatized to the herbi
cide, in which case its half-life is less than 1 day (3). MCPB degrades in soil to 
MCPA (9) and 4-chloro-2-methylphenol (I). The half-life of 2,4-DB in soil is 
less than 7 days (I). 

The chlorophenoxy herbicides are considered to have only marginal poten
tial for leaching to groundwater ( 11). In basic waters, phenoxy herbicide esters 
are hydrolysed to the anionic forms; in acidic waters, photodegradation or vapor-
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ization predominates, depending on the ester. The photolytic half-life of 2,4,5-T 
in near-surface waters has been calculated to be 15 days (12). Fenoprop was es
sentially cleared from three Louisiana ponds within 5 weeks of treatment (13). 

15.31.2 Analytical methods 

Common methods for the determination of chlorophenoxy herbicides in water 
include solvent extraction, separation by gas chromatography, gas-liquid chrom
atography, thin-layer chromatography, or high-performance liquid chromatog
raphy, with electron capture or ultraviolet detection. Detection limits range from 
1 rgllitre to 1 mg!litre ( 8, 14). Specific ion monitoring mass spectroscopy can be 
used for confirmation ( 8). Chemical derivatization of chlorophenoxy acids and 
salts is often necessary, as they are practically nonvolatile and too polar to chro
matograph directly (15). 

15.31.3 Environmental levels and human exposure 

Air 

Chlorophenoxy herbicides may be transported in the atmosphere in the form of 
droplets, vapour, or powder following application by spraying. Concentrations of 
particles of 2,4,5-T of up to approximately 0.045 rgfm3 in air have been found 
in Pullman, Washington, whereas up to 0.04 mg/kg 2,4,5-T was present in a dust 
sample collected in Cincinnati, OH (16). 

Water 

Mecoprop was not detected in a survey of 91 farm wells in Ontario (Canada) 
during 1984 (detection limit 0.1 rgllitre) (17). 2,4,5-T was not detected in 602 
samples of private and municipal drinking-water supplies in 90 communities in 
three Canadian provinces surveyed from 1978 to 1986 (detection limits 
0.005-0.05 rg/litre) (18). Fenoprop was detected in only a small number of 
drinking-water supplies in several national and regional surveys in the USA (de
tection limits not specified) (7). 

In 1984, 2,4,5-T was detected in groundwater near a dump in New Bruns
wick (Canada) at a concentration of 3.7 rg/litre (18). In other studies, 2,4,5-T 
concentrations as high as 17 rgllitre have been reported in groundwater (19). 
Groundwater in the Netherlands was found to contain a maximum concentra
tion of 2 rg of mecoprop per litre (20). Most ground waters surveyed in the USA 
contained less than 0.1 rg offenoprop per litre (7). 

In a survey of three Canadian agricultural river basins, dichlorprop, meco
prop, 2,4-DB, and MCPB were found in 4%, 3%, 0.5%, and 0%, respectively, of 
447 surface water samples at mean concentrations of 0.1-3.1 rgllitre (detection 
limits 0.1-0.5 rgllitre) (21). Concentrations of 2,4,5-T in 1548 samples of 
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Canadian surface waters surveyed from 1980 to 1985 ranged from not detectable 
to 0.04 Jlgllitre (detection limit 0.01 Jlg/litre); concentrations of fenoprop in 
1339 surface water samples from western Canada were less than 4 ng!litre (22). 
Surface water in the Netherlands has been found to contain maximum mecoprop 
and MCPB concentrations of 1-10 Jlg!litre; a maximum concentration of 0.1 Jlg 
of mecoprop per litre was found in infiltrated river bank water (20). 

Food 

Chlorophenoxy herbicides may be present in food as a result of their direct appli
cation to crops; however, concentrations are normally low (16). In a Canadian 
total diet study conducted from 1976 to 1978, MCPB, 2,4,5-T, and fenoprop 
were not detected (detection limits 300, 100, and 50 Jlglkg, respectively) (23). 
Neither 2, 4, 5-T nor 2, 4-DB was detected in a survey of 14 492 domestic and 
imported foods in the USA in 1987 (24). Dichlorprop was present at levels of up 
to 0.1 mg/kg in cereal grains at harvest time (25). 

Estimated total exposure and relative contribution of drinking-water 

Based on maximum residue limits for 2,4,5-T established by the Codex Alimen
tarius Commission (26), the theoretical maximum daily intake of2,4,5-T from 
food ranges from 10.8 to 68.8 Jlg/day, with a global mean of 24.6 Jlg!day for a 
60-kg adult. The average daily intake of 2,4,5-T in food is estimated to be 0.2 
ng/kg of body weight per day for a male or female aged 25-30, based on the con
centrations found in foods in the USA (27). 

15.31.4 Kinetics and metabolism in laboratory animals and 
humans 

In general, chlorophenoxy herbicides are rapidly absorbed from the gastrointes
tinal tract (28) and evenly distributed throughout the body; accumulation in hu
man tissues is not expected (6). A steady-state level in the human body will be 
achieved within 3-5 days of exposure (6). The herbicides are eliminated mainly 
in the urine, mostly unchanged, although fenoprop may be conjugated to a sig
nificant extent (29). Biological half-lives of chlorophenoxy herbicides in mam
mals range from 10 to 33 h; between 75% and 95% of the ingested amount is 
excreted within 96 h (28). Dogs appear to retain chlorophenoxy acids longer 
than other species as a result of relatively poor urinary clearance and thus may be 
more susceptible to their toxic effects (29). Metabolic conversions occur only at 
high doses. The salt and ester forms are rapidly hydrolysed and follow the same 
pharmacokinetic pathways as the free acids (28). 
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15.31.5 Effects on laboratory animals and in vitro test systems 

Dichlorprop 

Acute exposure 
The oral LD50s of dichlorprop in rats and mice are 800 and 309 mg/kg of body 
weight, respectively (30). 

Short-term exposure 
Slight liver hypertrophy was seen in rats receiving a dietary dose of 50 mg of 
dichlorprop per kg of body weight per day for 3 months; no adverse effects were 
noted in rats consuming 12.4 mg/kg of body weight per day (J). 

Long-term exposure 
In a 2-year study in Fischer 344 rats (80 per sex per dose), animals were fed diets 
containing 0, 100, 300, 1000, or 3000 mg of dichlorprop per kg. At 3000 
mg/kg, survival was slightly reduced in females; body weight was depressed by 
1 Oo/o in both males and females; there was diffuse hepatocellular swelling and 
deposition of brown pigment in liver cells; and rats exhibited mild anaemia, as 
indicated by decreased haematocrit, erythrocyte count, and haemoglobin. The 
incidence of brown pigment in the kidneys was increased in both sexes in the 
1000 and 3000 mg/kg groups, possibly indicative of slight degeneration of the 
tubular epithelium. Urinary specific gravity and protein were decreased in males 
exposed to 300 mg/kg and in females exposed to 1000 mg/kg. The authors con
sidered the NOAEL for renal toxicity to be 100 mg/kg (3.64 mg/kg of body 
weight per day) in males and 300 mg/kg (13.1 mg/kg of body weight per day) in 
females (31). 

Reproductive toxicity, embryotoxicity, and teratogenicity 
No adverse effects on reproduction or fertility were reported in a three-genera
tion reproduction study in which groups of rats were fed diets containing 125, 
500, or 2000 mg of dichlorprop per kg (32). In a study in which doses of 0, 100, 
200, 300, 400, or 500 mg of dichlorprop per kg of body weight were orally ad
ministered to pregnant mice on days 6-15 of pregnancy, embryotoxic effects 
were observed at 300 mg/kg of body weight, and skeletal malformations occurred 
at 400 mg/kg of body weight (33). No toxic effects were reported in a summary 
of a study in which pregnant rats were given doses of 0, 5, 30, 100, or 200 mg of 
dichlorprop per kg of body weight by gavage on days 4, 10, 13, and 18, although 
it was shown to cross the placental barrier (34). 

Mutagenicity and related end-points 
Dichlorprop was not mutagenic in eight strains of Salmonella typhimurium in the 
absence of mammalian metabolic activation (35). However, it induced respira
tion-defective mutant cells of Saccharomyces cerevisiae (36) and caused mitotic 
gene conversion and gene mutation inS. cerevisiae (37, 38) and DNA damage in 
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Escherichia coli (39) at concentrations of 4.0 mg/ml or greater. Dichlorprop did 
not significantly influence testicular DNA synthesis in male mice following a sin
gle intraperitoneal dose of 200 mg/kg of body weight ( 40). 

Carcinogenicity 
In an IS-month carcinogenicity study, Charles River CD-I mice were fed diets 
containing 0, 25, IOO, or 300 mg of dichlorprop per kg. The incidence of benign 
hepatomas was increased in males in the highest dose group, but the authors 
speculated that this was due to an increased metabolic burden on the liver, which 
impaired the metabolic process necessary for the suppression of neoplastic devel
opment; they concluded that dichlorprop was not carcinogenic at the doses ad
ministered ( 41). 

2,4-DB 

Acute exposure 
The oral LD50 of 2,4-DB in rats is 700 mg/kg of body weight (30). 

Short-term exposure 
Beagle dogs (4 per sex per dose) were fed diets containing 0, 3I6, 1000, or 3I60 
mg of 2,4-DB per kg for 2 weeks, then given the compound in capsules daily for 
7 weeks at doses equivalent to 0, 8, 25, or 80 mg/kg of body weight per day. An 
additional group of 4 males and 4 females were given capsules containing the 
equivalent of 2.5 mg/kg of body weight per day for I3 weeks. At 25 and 80 
mg/kg of body weight per day, effects on animals included diarrhoea, inactivity, 
depression, weakness, cysts, increased mortality, reduced body weight and food 
consumption, haematological effects, abnormal blood chemistry and urinalysis, 
jaundice, increased relative thyroid, liver, spleen, and kidney weights, and de
creased relative testes weight. At 8 mg/kg of body weight per day, serum alanine 
aminotransferase was elevated and nodular lymphoid hyperplasia of the gastric 
mucosa occurred in one of four males and one of four females (both with gross 
lesions). The NOAEL was considered to be 2.5 mg/kg of body weight per day 
(Department of National Health and Welfare, Canada, unpublished data, I973). 

In a study in which groups of Charles River rats were fed diets containing 0, 
IOO, 3I6, 1000, or 3I60 mg of 2,4-DB per kg for 3 months, relative liver and 
kidney weights were significantly elevated in males in the 3I60 mg/kg group and 
in females in the 1000 and 3I60 mg/kg groups; a significant decrease in the rela
tive adrenal weight in females at 3I60 mg/kg was also noted. All animals con
suming 1000 mg of 2,4-DB per kg and above had hepatocytic hypertrophy, as 
did one male and one female exposed to 3I6 mg/kg. The NOAEL for hepato
cytic hypertrophy was considered to be IOO mg/kg, equivalent to 5 mg/kg of 
body weight per day (Department of National Health and Welfare, Canada, un
published data, I973). 
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Long-term exposure 
Groups of Charles River Crl:CD (SD)BR rats were fed diets containing 0, 60, 
600, or 1800 mg of2,4-DB per kg (equivalent to doses ofO, 3, 30, or 90 mg/kg 
of body weight per day) for 2 years. Rats in the highest dose group exhibited ad
verse effects such as decreased body weight gain, lower spleen and liver weights, 
higher relative kidney weights, and altered blood chemistry and haematological 
parameters. Rats consuming 30 mg of2,4-DB per kg of body weight per day had 
decreased mean body weight gain, lower mean body weights (females only), al
tered blood chemistry and haematological parameters (although to a lesser extent 
than in the highest dose group), and slightly but not significantly lower mean 
heart weight (males only). The NOAEL was considered to be 3 mg/kg of body 
weight per day ( 42). 

Reproductive toxicity, embryotoxicity, and teratogenicity 
In a two-generation reproduction study in which rats were fed diets containing 0, 
60, 300, or 1500 mg of 2,4-DB per kg (equivalent to doses of 0, 3, 15, or 75 
mg/kg of body weight per day), effects noted in the highest dose group inclu
ded reduced ovarian weight, lower mean birth weights, slightly longer gestation 
periods, fewer total pups per litter at birth, greater numbers of dead pups at 
birth, and extremely high mortality during the lactation period. No effects on re
production were reported in the 300 mg/kg group, although offspring had in
creased mean liver, spleen, and kidney weights and decreased mean thymus, 
heart, lung, and adrenal weights ( 43). 

In a teratological study in New Zealand white rabbits, groups of pregnant 
does were given doses of 2.5, 12, or 60 mg of 2,4-DB per kg of body weight per 
day in capsules on days 5-15 or 5-20 of gestation. In the highest dose group, 
many rabbits lost weight, three rabbits aborted their litters before day 29, and 
three others resorbed their litters. No adverse effects were noted in the does in the 
low or intermediate dose groups. The mean body weight of live fetuses was sig
nificantly reduced in the group receiving 12 mg/kg of body weight per day. The 
authors concluded that 2,4-DB was not teratogenic in rabbits but had an indirect 
embryotoxic effect at 12 mg/kg of body weight per day (May and Baker Ltd, un
published data, 197 4). 

In a study in which groups of pregnant Charles River mice were fed diets 
containing 0, 400, or 2000 mg of 2,4-DB per kg on days 6-15 of gestation, the 
number of resorption sites per dam was increased in the mice consuming 2000 
mg/kg, as were the mean number of dead fetuses per female and the number of 
females with dead fetuses; the mean number of live fetuses per female was re
duced in this group. The NOAEL for fetotoxic effects in this study has been con
sidered to be 400 mg/kg (Department of National Health and Welfare, Canada, 
unpublished data, 1973), equivalent to 60 mg/kg of body weight per day ( 44). 
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Mutagenicity and related end-points 
2,4-DB did not induce point mutations in Salmonella typhimurium (35) but was 
weakly mutagenic in the CHO/HGPRT forward mutation assay (45). It caused 
a significant increase in chromosomal aberrations in Chinese hamster ovary cells, 
but only in the absence of metabolic activation ( 46). No unscheduled DNA syn
thesis was induced in rat hepatocytes ( 47). 

Carcinogemc1ty 
Tumour incidence was not increased in a 2-year study in which groups of rats 
were fed 0, 3, 30, or 90 mg of 2,4-DB per kg of body weight per day in the diet 
( 42). Except in the highest dose group, in which survival was significantly re
duced, a possible dose-response relationship in the incidence of hepatocellular 
carcinomas was reported in male mice fed 0, 25, 250, or 750 mg of 2,4-DB per 
kg of diet (equivalent to doses of 0, 3. 75, 37.5, and 112.5 mg/kg of body weight 
per day) for 78 weeks. Tumour incidence was not increased in females ( 48). 

2,4,5-T 

Acute exposure 
The oral LD50s for 2,4,5-T range from 100 mg/kg of body weight in the dog to 
300 mg/kg of body weight in the rat and 425 mg/kg of body weight in the ham
ster (30). 

Long-term exposure 
Sprague-Dawley rats (50 per sex per dose in treated groups, 86 per sex in the con
trol group) were fed 2,4,5-T (practically free from dioxin contamination) at 
doses equivalent to 0, 3, 10, or 30 mg/kg of body weight per day in the diet for 
2 years. Rats of both sexes in the highest dose group had reduced body weight 
gain, elevated urinary excretion of porphyrins, and hepatocellular swelling and 
paleness. Animals in the groups receiving 10 and 30 mg/kg of body weight per 
day had increased relative kidney and liver weights. Dose-related increases in 
mineralization in the renal pelvis were noted in the kidneys of female rats fed 
diets containing 10 and 30 mg/kg of body weight per day. The N OAEL for re
duced body weight gain, increased liver and kidney weights, and renal toxicity 
was considered to be 3 mg/kg of body weight per day ( 49). 

Reproductive toxicity, embryotoxicity, and teratogenicity 
In a three-generation reproduction study, Sprague-Dawley rats were fed dietary 
doses of dioxin-free (<0.03 Jlg!kg) 2,4,5-T equivalent to 0, 3, 10, or 30 mg/kg of 
body weight per day. Reductions were seen in neonatal survival in the F2 genera
tion and decreases in fertility in the F3b litter in the group consuming 10 mg/kg 
of body weight per day; postnatal survival, relative liver weights, and thymus 
weights were reduced in several litters in the highest dose group. The NOAEL for 
reproductive effects was 3 mg/kg of body weight per day (50). 
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Results of various reproductive studies indicate that 2,4,5-T not appreciably 
contaminated with dioxin caused teratogenic effects (cleft palate and kidney mal
formations) only in mice at doses above 20 mg/kg of body weight (51,52). Some 
skeletal anomalies (delayed ossification) were observed in rats exposed to few
toxic doses in excess of 50 or 100 mg/kg of body weight (53, 54). There was no 
teratogenic response in other studies in rats, rabbits, or monkeys (55). 

Mutagenicity and related end-points 
The results of several short-term genotoxicity tests on 2,4,5-T have been re
viewed by IARC (55, 56). Negative results were obtained for several species of 
bacteria and yeast, but mutagenicity was observed in the yeast Saccharomyces 
cerevisiae. 2,4,5-T was not mutagenic in several in vivo tests in mammalian cells, 
including a mouse micronucleus test and dominant lethal tests in mice and rats. 
Chromosomal aberrations were induced in in vitro tests in bone marrow cells of 
gerbils but not in spermatogonia of Chinese hamsters. Aneuploidy was not in
duced in Drosophila or in oocytes of rats treated in vivo. 

Carcinogenicity 
No compound-related increase in the incidence of tumours was reported in a 
study in which Sprague-Dawley rats were fed doses equivalent to 0, 3, 10, or 30 
mg of2,4,5-T per kg of body weight per day in the diet for 2 years (51). 2,4,5-T 
was not carcinogenic when administered orally or subcutaneously in mice 
(55, 57). Although a significant increase in the incidence of total tumours was 
reported in female C3Hf mice given approximately 12 mg/kg of body weight per 
day for life (58), the small number of animals employed in the tests and the high 
incidence of spontaneous tumours in the controls suggest that the evidence for 
carcinogenicity in animals is inadequate (56). 

Fenoprop 

Acute exposure 
The oral LD50 of fenoprop in rats is 650 mg/kg of body weight (30). 

Short-term exposure 
In a 90-day study in which rats were fed concentrations of 100, 300, 1000, 3000, 
or 10 000 mg of the sodium salt of fenoprop per kg in the diet, body weight gain 
was depressed at 300 mg/kg and above and liver weight was increased at 100 
mg/kg; animals in all treatment groups, except females in the lowest dose group, 
had liver and kidney damage (59). In a study in which beagle dogs were fed 
doses equivalent to 53, 160, or 530 mg offenoprop per kg of body weight for 89 
days, no adverse effects were reported except for a decrease in body weight gain in 
females in the highest dose group (59). 
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Long-term exposure 
In an 18-month study, rats were fed diets containing a potassium salt of fenoprop 
at concentrations equivalent to doses of 0, 0.26, 0.8, 2.6, or 7.9 mg/kg of body 
weight per day. Males in the highest dose group had reduced body weight and in
creased relative kidney weight. The NOAEL was considered to be 2.6 mg/kg of 
body weight per day (29). In a similar study in which male and female rats were 
fed the potassium salt of fenoprop in the diet at concentrations equivalent to 5.3, 
16, 53, or 160 mg of fenoprop per kg of diet for 2 years, increased kidney weight 
was observed in males in the 160 mg/kg group. The authors concluded that the 
NOAEL was 53 mg/kg, equal to 3.18 mg/kg of body weight per day (59). 

In a study in which beagle dogs were fed concentrations of 30, 101, or 300 
mg of fenoprop per kg of diet as the potassium salt for 2 years, severe liver pathol
ogy was reported in both sexes in the highest dose group after 1 year and in males 
consuming 101 mg of fenoprop per kg of diet after 2 years. The NOAELs were 
considered to be 30 mg/kg in male dogs and 101 mg/kg in females, equivalent to 
0.75 and 2.5 mg/kg of body weight per day, respectively (59). 

In a 2-year study in beagle dogs, animals (4 per sex per dose) were fed diets 
containing the potassium salt of fenoprop at concentrations equivalent to doses 
of 0.9, 2.6, and 8.2 (males) or 9.9 (females) mg of fenoprop per kg of body 
weight per day. Adverse effects on the liver (mild degeneration and necrosis of 
the hepatocytes and fibroblastic proliferation) were reported in both males and 
females receiving the highest dose and in males receiving the intermediate dose. 
Females in the highest dose group had altered serum enzyme levels. The NOAEL 
was considered to be 0.9 mg/kg of body weight per day for males and 2.6 mg/kg 
of body weight per day for females (29). 

Reproductive toxicity, embryotoxicity, and teratogenicity 
A decrease in fetal body weight and an increase in maternal weight (probably due 
to increased liver weight) were observed when pregnant CD-1 mice were given 
400 mg of fenoprop per kg of body weight per day by gavage or subcutaneously 
on days 12-15 of gestation; toxic effects appeared to be dependent on the vehicle 
and route of administration ( 60). 

No teratogenic effects were reported in a study in which pregnant rats were 
given 100, 150, 200, or 300 mg of fenoprop per kg of body weight per day by 
gavage on days 6-15 of gestation, based on gross examination of the fetuses 
(Dow Chemical Company, unpublished data, 1970; cited in reference 16). Feno
prop increased the incidence of cleft palate by 7% and 3%, respectively, for oral 
and subcutaneous administration ( 60). It was reported to be nonteratogenic in 
both the CD rat and the CD-1 mouse (dose not specified) (61). Significant 
effects on fetal mortality and birth weight were observed in litters of pregnant 
Sprague-Dawley rats given fenoprop (containing< 0.05 mg/kg dioxin) at doses of 
25-100 mg/kg of body weight per day on days 6-15 of gestation (62). It caused 
teratogenic effects on the fetuses (dose levels not specified), including skeletal 
anomalies such as cleft palate, retarded ossification and extra cervical ribs, 
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microphthalmia, and cardiovascular abnormalities. Similar effects were observed 
in animals treated with the propylene glycol butyl ether ester of fenoprop (62). 

Mutagenicity and related end-points 
Fenoprop was not mutagenic in the Salmonella typhimurium assay (35). 

Carcinogenicity 
No increase in the incidence of tumours was reported in a 2-year study in which 
beagle dogs were fed doses of fenoprop ranging from 0.9 to 9.9 mg/kg of body 
weight per day in the diet (29). No significant increase in the incidence of tu
mours was noted in mice given 46.4 mg of fenoprop per kg of body weight per 
day initially by gavage (28 days) and subsequently in the diet for 76-77 weeks 
(57). 

Mecoprop 

Acute exposure 
The oral LD50s for rats and mice are 650 and 369 mg/kg of body weight, respec
tively (30). 

Short-term exposure 
Weanling SPF-Wistar rats were fed diets containing 0, 50, 400, or 3200 mg of 
mecoprop per kg for 90 days; effects experienced at the highest dose included sig
nificantly decreased blood haemoglobin content and erythrocyte counts, a de
crease in neutrophils (females only), a significant increase in alkaline phosphatase 
activity, and decreased relative kidney weights. Effects at 400 mg/kg included de
creased relative kidney weights and significantly decreased numbers of erythro
cytes. The NOAEL for effects on the kidney and blood parameters was consid
ered to be 50 mg/kg, equivalent to 3 mg/kg of body weight per day (63). 

Beagle dogs were fed diets containing mecoprop at concentrations equivalent 
to doses of 0, 4, 16, or 64 mg/kg of body weight per day for 13 weeks; effects ex
perienced at the highest dose included depressed body weight gain, increased 
relative weights of heart, liver, kidney, brain, and lungs, increased blood urea lev
els, decreased blood haemoglobin levels (weeks 6 and 13), decreased packed cell 
volume and red blood cells (week 13), and decreased lymphocyte and increased 
neutrophil counts (week 6). Effects at 16 mg/kg of body weight per day included 
depressed body weight gain and a decrease in packed cell volume and red blood 
cell values (week 6). The NOAEL for blood parameters and body weight gain is 
considered to be 4 mg/kg of body weight per day (Department of National 
Health and Welfare, Canada, unpublished data, 1980). 

In a study in which rats were fed diets containing 0, 100, 400, 1000, or 2500 
mg of the diethanolamine salt of mecoprop per kg of feed for 7 months, animals 
consuming 400 mg/kg and above showed reduced erythrocyte counts, haemo
globin, and packed cell volume. Relative liver weight was increased in females in 
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the 400 mg/kg group and in males in the 2500 mg/kg group. Relative kidney 
weights were increased in rats in all treatment groups. The NOAEL for effects on 
blood parameters and organ weights was 100 mg/kg of diet for the diethanola
mine salt, equal to a dose of 67 mg of mecoprop per kg of diet, and equivalent to 
4 mg/kg of body weight per day ( 64). 

Long-term exposure 
Male Wistar rats fed mecoprop over a period of 52 weeks at doses of 20, 100, or 
400 mg/kg in the diet experienced an increase in relative kidney weights at the 
two highest doses. When the rats were fed the same doses for 24 months, there 
was a statistically significant increase in the absolute kidney weights of the males 
dosed at 100 and 400 mg/kg and in the relative kidney weights of those dosed at 
400 mg/kg. No treatment-related effects were reported in female rats. The 
NOAEL of20 mg/kg is equivalent to 1 mg/kg of body weight per day (65). 

Reproductive toxicity, embryotoxicity, and teratogenicity 
Groups of pregnant rats were given doses of 20, 50, or 125 mg of mecoprop per 
kg of body weight per day on days 6-15 of gestation. Increased intrauterine 
deaths, decreased crown-rump lengths, and an increased incidence of delayed or 
absent ossification of the sternebrae were reported in the highest dose group, al
though no toxic effects were noted in the dams (66). There were no teratogenic 
or fetotoxic effects in the offspring of groups of 15 pregnant rabbits receiving 
doses of 12, 30, or 75 mg of mecoprop per kg of body weight per day on days 
6-18 of gestation (66). In a study in which mice were given doses ofO, 100,200, 
300, 400, 500, or 700 mg of mecoprop per kg of body weight per day by the oral 
route on days 6-15 of pregnancy, doses of 300 mg/kg of body weight per day and 
above were embryotoxic, and skeletal malformations were observed at doses of 
400 mg/kg of body weight per day and above (33). In a summary of a study in 
which pregnant rats and mice were given the potassium salt of mecoprop (0-330 
mg/kg of body weight per day for rats and 0-150 mg/kg of body weight per day 
for mice) by gavage on days 4, 10, 13, and 18, a significant increase in the num
ber of fetuses with hydrometer was induced by the highest dose. Mecoprop was 
found to readily cross the placental barrier (34). 

Mutagenicity and related end-points 
Mecoprop was not mutagenic in reverse-mutation assays with Salmonella typhi
murium (35, 67) and Escherichia coli (67). It was not mutagenic in Streptomyces 
coelicolor in the forward-mutation test (68), nor did it induce point mutation, 
nondisjunction, or mitotic crossing-over in Aspergillus nidulans (69, 70). It did 
induce mitotic gene conversion in yeast cultures heteroallelic at two loci (71). 
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Carcinogenicity 
No significant increase in the incidence of tumours was reported in Wistar rats 
fed mecoprop in the diet at concentrations of 0, 20, 100, or 400 mg/kg for 2 
years (65). 

MCPB 

Acute exposure 
The oral LD50s of MCPB in rats and mice are 680 and 800 mg/kg of body 
weight, respectively (30). 

Short-term exposure 
In a 13-week study, rats were fed diets containing 0, 4, 12, or 40 mg of MCPB 
per kg of body weight per day. No effects on mortality, food intake, body weight 
gain, haematology, clinical chemistry, urinalysis, organ weights, gross pathology, 
or histopathology were reported. The NOAEL was considered to be 40 mg/kg of 
body weight per day (Department of National Health and Welfare, Canada, un
published data, 1988). It should be noted, however, that the doses administered 
did not approach the maximum tolerated dose; thus, the potential short-term 
effects of MCPB were not fully assessed. 

In a study in which beagle dogs were fed dietary concentrations of MCPB of 
0, 160, 480, or 1600 mg/kg of diet for 13 weeks, no compound-related effects 
were reported on mortality, appearance, behaviour, food intake, body weight, 
haematology, clinical chemistry, urinalysis, or gross pathology. Weights of testes 
were depressed in males in the highest dose group; spermatogenesis was absent; 
the seminiferous tubules, which appeared atrophic, and the epididymis contained 
spermatozoal precursors and/or giant cells; and the prostate was not fully devel
oped and appeared atrophic. The NOAEL for testicular effects was 480 mg/kg of 
diet, equivalent to 12 mg/kg of body weight per day (Department of National 
Health and Welfare, Canada, unpublished data, 1988). 

Mutagenicity and related end-points 
MCPB was not mutagenic in bacterial reverse-mutation assay systems in five 
strains of Salmonella typhimurium and one strain of Escherichia coli (35, 67). 
MCPB administered subcutaneously at doses of 200 mg/kg enhanced the muta
tion frequency of S. typhimurium in NMRI mice (72). It did not produce any 
deviation from normality when tested for chromosome loss, nondisjunction, or 
induced X-Y recombination in male Drosophila (73). 

15.31.6 Effects on humans 

Acute exposure 

Dichlorprop is rated as moderately to highly acutely toxic to humans (74). 
2,4,5-T is considered to be moderately acutely toxic; the symptoms produced by 
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high oral doses include nausea, vomiting, drowsiness, fever, increases in pulse and 
respiration rates, shock, coma, and death (75). No adverse effects were reported 
following the ingestion of a single dose of 1 mg of fenoprop per kg of body 
weight by eight human volunteers (76). The symptoms described in case his
tories of acute poisoning by weedkiller solutions containing mecoprop include 
coma, fever, respiratory problems, myotonia, muscle cramps, skeletal muscle 
damage, electrocardiographic changes, decreased blood pressure, distended abdo
men, and rhabdomyolysis with renal failure (77-79). 

Carcinogenicity 

Until recently, most epidemiological studies of the effects of chlorophenoxy 
herbicides dealt with populations exposed in the 1950s and 1960s, when the 
trichlorophenol-based herbicides 2,4,5-T and fenoprop were contaminated with 
polychlorinated dioxins and furans, including 2,3,7,8-tetrachlorodibenzodioxin 
(TCDD); the effects observed may therefore have been a consequence of the 
presence of the dioxin contaminants. In addition, most epidemiological studies 
on chlorophenoxy herbicides conducted to date have involved multiple exposures 
to chemical agents, including other pesticides and synthetic organic compounds. 

In a series of case-referent studies conducted in Sweden in the late 1970s and 
early 1980s, strong associations were noted between soft tissue sarcomas (STS) 
and multiple lymphomas (including Hodgkin disease (HD) and non-Hodgkin 
lymphoma (NHL)) and the use of chlorophenoxy herbicides by agricultural or 
forestry workers (80-82). Although the methodology employed has been exten
sively criticized, these studies served to focus attention on STS, NHL, and HD as 
the outcomes of interest in subsequent case-referent and cohort studies. 

The association between STS and chlorophenoxy herbicide use observed in 
the Swedish studies has not been confirmed in other case-referent studies 
(83-87). Although a number of cohort studies of occupationally exposed work
ers have been conducted, the small size of many of them limits their usefulness in 
assessing the relationship between STS and the herbicides. 

The risk for malignant lymphoma (HD + NHL) was almost five times great
er for agricultural and forestry workers exposed to a mixture of chlorophenoxy 
herbicides than for controls in the case-referent study in Sweden (81,88) but was 
not significantly elevated in a Danish cohort study of 3390 workers in a chemical 
plant manufacturing MCPA, dichlorprop, mecoprop, and 2,4-D, as well as other 
industrial chemicals and dyes ( 89). 

Several case-referent studies suggest a weak link between chlorophenoxy 
herbicide use and NHL; however, concurrent exposure to other chemicals used in 
agriculture may contribute to this risk. In a study in Washington (576 cases of 
NHL), the relative risk increased from 1.1 for subjects with any past occupa
tional exposure to chlorophenoxy herbicides, primarily 2,4-D and 2,4,5-T, to 1.7 
for people occupationally exposed to such herbicides for at least 15 years (the 
minimum latency period) (87). In a case-referent study in Kansas (200 cases), 
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farm herbicide use was marginally associated with NHL, with a relative risk of 
1.4, which rose to 2.2 for farmers who had used chlorophenoxy herbicides at any 
time (almost all2,4-D) and to 6.0 for those who had used unspecified herbicides 
for more than 20 days per year. The trend towards increasing risk with increasing 
number of days of use per year was highly significant (86). The risk for NHL (27 
cases) was not elevated in a cohort of more than 20 000 Swedish pesticide appli
cators who applied MCPA, mecoprop, dichlorprop, and smaller amounts of 
2,4-D (90). There was a slight nonsignificant trend towards a small increase in 
risk with increased number of years of exposure. 

A nonsignificant excess in the relative risk for HD was seen in a cohort of 
20 245 licensed pesticide applicators in Sweden who were exposed to MCPA, 
dichlorprop, mecoprop, and 2,4-D. There was a nonsignificant trend towards an 
increase in risk with the number of years since first licensing, with the risk in
creasing from 0.93 for those with 4 or fewer years to onset of disease to 2.2 for 
those with 10 or more years. The average follow-up time in this study was 13.9 
years, a little less than the 15-20-year latency period reported for malignant lym
phoma (90). In a study in Kansas, the relative risk for HD in people using herbi
cides (including chlorophenoxy compounds) was not elevated, nor was there 
evidence of a trend towards elevation of risk with increasing years of use of herbi
cides or frequency of use in days per year (86). 

For the three end-points examined, the studies reviewed provide limited 
evidence that exposure to chlorophenoxy herbicides is associated with NHL 
rather than with HD or STS. With the exception of the early studies in Sweden 
(81, 88), the associations seen in most studies were weak; there was usually a less 
than two-fold increase in relative risk for all three outcomes. 

Reproductive effects 

In cross-sectional epidemiological studies (91, 92), long-term maternal exposure 
to low doses of 2,4,5-T were suspected of causing miscarriages and birth defects, 
particularly cleft palate and neural tube defects. In similar cross-sectional studies 
(93-95) and a cohort study on chemical workers (96), there was no correlation 
between exposure of either parent to 2,4,5-T and these effects (97, 98). 

15.31.7 Guideline values 

Chlorophenoxy herbicides as a group, including 2,4-D and MCPA, have been 
classified by IARC in Group 2B (possibly carcinogenic to humans). However, the 
available data from studies in exposed populations and animals do not permit 
assessment of the carcinogenic potential to humans of any specific chlorophen
oxy herbicide. Therefore, drinking-water guidelines for these compounds are 
based on a threshold approach for other toxic effects. 
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Dich/orprop 

Based on the 2-year study in rats (31), the NOAEL for renal toxicity is 100 
mg/kg of diet, equal to 3.64 mg/kg of body weight per day. The TDI for dichlor
prop was calculated to be 36.4 ~g/kg of body weight by applying an uncertainty 
factor of 100 (for intra- and interspecies variation) to this NOAEL. With the al
location of 10% of the TDI to drinking-water, the guideline value is 100 ~g/litre 
(rounded figure). 

2,4-DB 

In a 2-year study in rats, the NOAEL for effects on body and organ weights, 
blood chemistry, and haematological parameters was determined to be 3 mg/kg 
of body weight per day ( 42). This value is similar to the NOAEL of 2.5 mg/kg of 
body weight per day obtained in the short-term study in beagle dogs and the 
NOAEL for hepatocytic hypertrophy of 5 mg/kg of body weight per day ob
tained in a 3-month study in rats (Department of National Health and Welfare, 
Canada, unpublished data, 1973). A TDI of 30 ~g/kg of body weight was de
rived using an uncertainty factor of 100 (for intra- and interspecies variation). 
With the allocation of 10% of the TDI to drinking-water, the guideline value is 
90 ~g!litre. 

2,4,5-T 

The NOAEL for reduced body weight gain, increased liver and kidney weights, 
and renal toxicity in a 2-year study in rats was 3 mg/kg of body weight per day 
( 49). A NOAEL of 3 mg/kg of body weight per day for reproductive effects was 
also obtained in a three-generation study in rats (50). A TDI of 3 ~g/kg of body 
weight was derived using the NOAEL from the 2-year rat study and an uncer
tainty factor of 1000 (1 00 for intra- and interspecies variation and 10 for 
the suggested association between 2,4,5-T and soft-tissue sarcoma and non
Hodgkin lymphoma in epidemiological studies). With the allocation of 10% of 
the TDI to drinking-water, the guideline value for 2,4,5-T is 9 ~g!litre. 

Fenoprop 

A NOAEL of 0.9 mg/kg of body weight per day for adverse effects on the liver 
was reported in a study in which beagle dogs were administered fenoprop in the 
diet for 2 years (29). A TD I of 3 ~g/kg of body weight was derived using an un
certainty factor of 300 (1 00 for intra- and interspecies variation and 3 for limita
tions of the database). With an allocation of 10% of the TDI to drinking-water, 
the guideline value for fenoprop is 9 ~g/litre. 
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Mecoprop 

A NOAEL of 1 mg/kg of body weight per day for effects on kidney weight in 
1- and 2-year studies in rats (65) was used with an uncertainty factor of 300 
(1 00 for intra- and interspecies variation and 3 for limitations of the database) 
to derive a TDI of 3.33 )lg/kg of body weight. With the allocation of 1 Oo/o of the 
TDI to drinking-water, the guideline value for mecoprop is 10 )lg!litre (rounded 
figure). 

MCPB 

Currently available toxicological data are insufficient to be used as the basis for a 
guideline value for MCPB in drinking-water. 
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16. 
Disinfectants and disinfectant 
by-products 

16.1 Introduction 

Disinfection is unquestionably the most important step in the treatment of water 
for public supply. The destruction of microbiological pathogens is essential and 
almost invariably involves the use of reactive chemical agents such as chlorine, 
which are not only powerful biocides but also capable of reacting with other 
water constituents to form new compounds with potentially harmful long-term 
health effects. Thus, an overall assessment of the impact of disinfection on public 
health must consider not only the microbiological quality of the treated water, 
but also the toxicity of the disinfectants and their reaction products. 

The paramount importance of microbiological quality requires some flexi
bility in the derivation of guideline values for these substances. Fortunately this 
is possible because of the substantial margin of safety incorporated into these 
values. Guideline values for carcinogenic disinfectant by-products are presented 
here for an excess lifetime cancer risk of 10-5. The conditions specified for disin
fection vary not only according to water composition and temperature but also 
with available technology and socioeconomic factors in different parts of the 
world. Where local circumstances require that a choice must be made between 
meeting either microbiological guidelines or guidelines for disinfectants or disin
fectant by-products, the microbiological quality must always take precedence, 
and where necessary, a chemical guideline value can be adopted corresponding to 
a higher level of risk. Efficient disinfection must never be compromised. 

Although not addressed with respect to the individual parameters presented 
below, it is noted that, in a number of epidemiological studies, positive associa
tions between the ingestion of chlorinated drinking-water and mortality rates 
from cancer, particularly of the bladder, have been reported. The degree of evi
dence for this association is considered inadequate by IARC (1). 

The level of disinfection by-products can be reduced by optimizing the treat
ment process (see Volume 1, section 6.3). Removal of organic substances prior to 
disinfection reduces the formation of potentially harmful by-products. 

The following guidance is provided to help authorities decide which guide
line values may be of greater or lesser importance for setting national standards: 
guideline values for chemicals of greater importance generally include those for 
chloramines and chlorine (when used as disinfectants); followed by those for 
bromoform, dibromochloromethane, bromodichloromethane, chloroform, and 
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chloral hydrate; and chlorite, bromate, dichloroacetic acid, and trichloroacetic 
acid (provisional guideline values have been established for this last group). 
Guideline values for chemicals of lesser importance generally include those for 
2,4,6-trichlorophenol, formaldehyde, dichloroacetonitrile, dibromoacetonitrile, 
trichloroacetonitrile, and cyanogen chloride. Although given less importance, it 
may be appropriate to measure their levels at least once. It should also be noted 
that a number of non-volatile, poorly characterized by-products may be formed 
as well, including those derived from humic substances. These recommendations 
are general, and local monitoring and surveillance capabilities must be consid
ered in the setting of national standards. 

Reference 

1. International Agency for Research on Cancer. Chlorinated drinking-water; chlorina
tion by-products; some other halogenated compounds; cobalt and cobalt compounds. 
Lyon, 1991:45-359 (IARC Monographs on the Evaluation of Carcinogenic Risks to 

Humans, Volume 52). 

Disinfectants 
16.2 Chloramines 

16.2.1 General description 

Identity 

CAS no.: 
Molecular formula: 

10599-90-3 
NH2Cl 

Mono-, di-, and trichloramines are formed when water containing ammonia is 
chlorinated. Only monochloramine, the most abundant chloramine, will be con
sidered here, as it has been the most extensively studied. 

Physicochemical properties (1-3)1 

Property 
Melting point 
Water solubility 

Value 
-66 oc 
Soluble 

Organoleptic properties 

Most individuals are able to taste chlorine and its by-products, including chlora
mines, at concentrations below 5 mg!litre, and some at levels as low as 0.3 mg!li
tre (I). 

1 Conversion factor m air: 1 ppm = 2.1 mg/m-1• 
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Major uses 

The chloramines are used as intermediates in the manufacture of hydrazine; 
when formed in situ from ammonia and chlorine, they are also disinfectants for 
drinking-water ( 4). 

Environmental fate 

Monochloramine is persistent in the environment. Its rate of disappearance is 
primarily a function of pH and salinity: its half-life increases with increasing pH 
and decreases with increasing salinity. It decomposes more quickly if discharged 
into receiving waters containing bromide, presumably as a result of the formation 
of bromochloramine and the decomposition of the dihalamine. Monochlora
mine is expected to decompose via chlorine transfer to give organic nitrogen
containing compounds in receiving waters (5). 

16.2.2 Analytical methods 

Chloramines can be determined by calorimetric methods; the detection limit is 
about 10 flg/litre ( 6, 7). 

16.2.3 Environmental levels and human exposure 

Water 

Inorganic chloramines are found as by-products of the chlorination of water. In 
one survey, mono- and dichloramines were found in secondary sewage effluents 
and cooling water at levels in the range of0.03-l.O and 0.002-0.70 mgllitre, re
spectively (8). Many water companies have begun to use chloramines for disin
fection instead of chlorine to prevent the formation of trihalomethanes. Typical 
chloramine concentrations of 0.5-2 mg/litre are found in drinking-water sup
plies where chloramine is used as a primary disinfectant or to provide a chlorine 
residual in the distribution system (9). 

16.2.4 Kinetics and metabolism in laboratory animals and 
humans 

Monochloramine administered by the oral route in the rat is readily absorbed 
from the gastrointestinal tract, the highest concentration 5 days after administra
tion being found in plasma followed by whole blood, skin, testes, packed cells, 
bone marrow, kidney, lung, stomach, thyroid and thymus, carcass, liver, ileum, 
and fat. Monochloramine is metabolized to the chloride ion, which is excreted 
mainly in the urine and to a lesser extent in the faeces ( 1 0). 
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16.2.5 Effects on laboratory animals and in vitro test systems 

Short-term exposure 

Male A/JAX mice (12 per dose) were exposed to monochloramine at concentra
tions ofO, 2.5, 25, 50, 100, or 200 mg/litre (approximately 0, 0.4, 4, 8, 15, or 30 
mg/kg of body weight per day) for 30 days. No significant adverse effects on var
ious haematological parameters, including blood cell counts, haemoglobin, GSH 
levels, and glucose-6-phosphate dehydrogenase activity, were reported at any 
dose level tested. The NOAEL in this study was 30 mg/kg of body weight per day 
(1 1). 

Monochloramine was administered to Fischer 344 rats and B6C3F 1 mice in 
drinking-water at concentrations ofO, 25, 50, 100, 200, or 400 mg!litre (approx
imately 0, 2.5, 5, 10, 20, or 40 mg/kg of body weight per day in rats and 0, 4, 8, 
15, 30, or 60 mg/kg of body weight per day in mice) for 13 weeks. Decreased 
body weight gain and liver damage (e.g. cellular hypertrophy) were reported in 
mice exposed at concentrations of 100, 200, and 400 mg/litre. The authors also 
reported decreased body weight gain and decreased relative liver weight in male 
and female rats and increased protein excretion in male rats given 200 and 400 
mg/litre. The NOAELs in this study were 50 mg/litre (8 mg/kg of body weight 
per day) for mice and 100 mg/litre (10 mg/kg of body weight per day) for rats 
(12). 

Monochloramine at 0, 25, 50, 100, or 200 mg/litre was administered in 
drinking-water to male and female Sprague-Dawley rats for 90 days, correspond
ing to 0, 1.8, 3.4, 5.8, and 9.0 mg/kg of body weight per day for males and 0, 
2.6, 4.3, 7. 7, and 12.1 mg/kg of body weight per day for females. The authors 
considered the highest dose a LOAEL for both sexes, based on the respective re
ductions in liver and spleen weights. In addition, overall reductions in body 
weight gain were observed at 50 mg/litre and higher, but significant reductions 
only at 200 mgllitre. The authors concluded that 100 mg/litre (7.7 and 5.8 
mg/kg of body weight per day for female and male rats, respectively) can be con
sidered a NOAEL (13). 

Long-term exposure 

Monochloramine was administered for 2 years to male and female F344/N rats at 
0, 50, 100, or 200 mgllitre in the drinking-water, corresponding to average doses 
of 2.9, 5.2, and 9.4 mg/kg of body weight per day in males and 3.1, 5.7, and 
10.2 mg/kg of body weight per day in females. The authors failed to find any 
clinical changes attributable to the consumption of chloraminated water. Mean 
body weights of rats given the highest dose were lower than those of their respec
tive control groups. Significant decreases in liver and kidney weights in high-dose 
males and increases in brain- and kidney-weight-to-body-weight ratios in high
dose rats of both sexes were related to the lower body weights in these groups. 
Based on these considerations, the authors considered the NOAELs for this study 
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to be 5.2 and 5. 7 mg/kg of body weight per day for male and female rats, respec
tively. However, it is probable that the observed weight decreases were a direct re
sult of the unpalatability of the drinking-water (14). 

In a second bioassay, B6C3F 1 mice were exposed for 2 years to monochlora
mine in their drinking-water at levels of 0, 50, 100, or 200 mg/litre, correspond
ing to average doses of 0, 5.4, 9.8, and 17.0 mg/kg of body weight per day for 
males and 0, 5.8, 10.6, and 19.0 mg/kg of body weight per day for females. The 
authors reported that there were no clinical changes attributable to the consump
tion of chloraminated water. Based on changes in body weight at the highest 
dose, the NOAELs were 9.8 and 10.6 mg/kg of body weight per day for male and 
female mice, respectively (14). 

Reproductive toxicity, embryotoxicity, and teratogenicity 

Chloramine was administered by gavage at doses of 0, 2.5, 5.0, or 10 mg/kg of 
body weight per day to male and female Long-Evans rats for 66-76 days before 
and during mating and throughout gestation and lactation. No significant differ
ences were observed between controls and exposed rats in fertility, viability, litter 
size, mean weight of pups, or day of eye opening. There were no alterations in 
sperm count, direct progressive sperm movement, percentage mobility, or sperm 
morphological characteristics in adult males. The weights of male and female re
productive organs were not significantly different between the test and control 
groups, and no significant anatomical changes were seen on tissue examination. 
A NOAEL of 10 mg/kg of body weight per day was identified (15). 

In a study in which monochloramine was administered to female Sprague
Dawley rats (6 per dose) at 0, 1, 10, or 100 mg/litre daily (approximately 0, 0.1, 
1, or 10 mg/kg of body weight per day) in drinking-water before mating and 
throughout gestation, it was found not to be teratogenic or embryotoxic. The 
reliability of these findings is reduced because of the small number of dams 
exposed and the lack of data on maternal toxicity (16). 

Mutagenicity and related end-points 

Monochloramine was reported to be weakly mutagenic at the trpC locus of 
Bacillus subtitis (11). It did not increase the number of revertant colonies above 
the levels in untreated controls in assays employing Salmonella typhimurium 
strains TA97, TAlOO, and TA102 (18), nor did it significantly increase bone 
marrow chromosomal aberrations or micronuclei in CD-1 mice, or cause sperm
head abnormalities in B6C3F1 mice (19). 

Carcinogenicity 

In 2-year bioassays, mice and rats were exposed to chloramine at 0, 50, 100, or 
200 mg!litre in drinking-water, the highest doses being equivalent to 9.4 and 
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10.2 mg/kg of body weight per day for male and female rats, respectively, and 
17.0 and 19.0 mg/kg of body weight per day for male and female mice, respec
tively. The studies provided equivocal evidence of the carcinogenic activity of 
chloraminated drinking-water in female F344/N rats, as indicated by an increase 
in comparison with concurrent controls, in the incidence of mononuclear-cell 
leukaemia. This increase, however, was within the range observed in historical 
controls. There was no evidence of carcinogenic activity in male rats or male and 
female mice ( 14). 

16.2.6 Effects on humans 

Chloramine was administered at increasing doses (approximately 0.0001, 0.01, 
0.11, 0.26, or 0.34 mg/kg of body weight per day) to five groups of 10 human 
subjects each, over a 16-day period. There were no adverse effects on clinical 
signs, urinalysis, haematology, and clinical chemistry in comparison with con
trols. In a second phase of the study, 10 healthy adult males were given a chlora
mine solution of concentration 5 mg/litre (0.04 mg/kg of body weight per day). 
There were no adverse effects on physical condition, urinalysis, or clinical chem
istry and no serious objections to the taste of chloramine at the dose tested (20). 

Acute haemolytic anaemia, characterized by the denaturation of haemoglo
bin and the lysis of red blood cells, was reported in haemodialysis patients when 
tapwater containing chloramines was used for dialysis (21). 

In epidemiological studies, no association was found between the ingestion 
of chloraminated drinking-water and increased mortality rates for bladder cancer 
(22, 23). 

16.2.7 Guideline value 

IARC has not evaluated the carcinogenic potential of inorganic chloramines. In 
the National Toxicology Program (NTP) bioassay in two species (14), the inci
dence of mononuclear cellleukaemias in female F344/N rats was increased, but 
no other increases in tumour incidence were observed. Although monochlora
mine has been shown to be mutagenic in some in vitro studies, it has not been 
found to be genotoxic in vivo. 

The guideline value for monochloramine is 3 mg/litre (rounded figure), 
based on a TDI of 94 rglkg of body weight, calculated from a NOAEL of 
9.4 mg/kg of body weight per day (the highest dose administered to males in the 
2-year NTP rat drinking-water study, chosen because of the probability that the 
lower body weights were caused by the unpalatability of the drinking-water) 
(14). An uncertainty factor of 100 (for intra- and interspecies variation) is incor
porated, and 100% of the TDI is allocated to drinking-water. An additional un
certainty factor for possible carcinogenicity was not applied because equivocal 
cancer effects reported in the NTP study in only one species and in only one sex 
were within the range observed in historical controls. 
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Available data are insufficient for the establishment of guideline values for 
dichloramine and trichloramine. The odour thresholds of dichloramine and tri
chloramine are much lower than that for monochloramine. 
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16.3 Chlorine 

16.3.1 General description 

Identity 

Element or compound 
Chlorine 
Hypochlorous acid 
Sodium hypochlorite 

CAS no. 
7782-50-5 
7790-92-3 
7681-52-9 

Molecular formula 
Cl2 
HO Cl 
NaOCl 

Physicochemical properties of chlorine (1, 2) 1 

Property 
Boiling point 
Melting point 
Density 
Vapour pressure 
Water solubility 

Value 
-34.6 oc 
-101 oc 
3.214 g!litre at 0 ac and 101.3 kPa 
480 Pa at 0 ac 
14.6 g!litre at 0 ac 

Organoleptic properties 

The taste and odour thresholds for chlorine in distilled water are 5 and 2 rug/li
tre, respectively. In air, chlorine has a pungent and disagreeable odour (2). 

Major uses 

Large amounts of chlorine are produced for use as disinfectants and bleach for 
both domestic and industrial purposes, and it is also widely used to disinfect 
drinking-water and swimming-pool water and to control bacteria and odours in 
the food industry (3, 4). 

Environmental fate 

In water, chlorine reacts to form hypochlorous acid and hypochlorites. All three 
species exist in equilibrium with each other, the relative amounts varying with 
the pH. In dilute solutions and at pH levels above 4.0, very little molecular 
chlorine exists in solution. The concentrations of hypochlorous acid and the 
hypochlorite ion are approximately equal at pH 7.5 and 25 ac. Chlorine can 
react with ammonia or amines in water to form chloramines ( 4, 5). 

1 Conversion factor in air: 1 ppm = 2.9 mg/m3. 
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16.3.2 Analytical methods 

A calorimetric method can be used to determine free chlorine in water at concen
trations of 0.1-10 mg/litre. Other methods allow for the determination of free 
chlorine, chloramines, other chlorine species, and total available chlorine, and are 
suitable for total chlorine concentrations up to 5 mg/litre. The minimum detect
able concentration of chlorine is about 0.02 mg!litre (6). 

16.3.3 Environmental levels and human exposure 

Air 

A mean ambient air level of 1 mgfm3 was reported for chlorine (7). 

Water 

Chlorine is present in most disinfected drinking-water at concentrations of 0.2-1 
mg/litre (3). 

Food 

Cake flour bleached with chlorine contains chloride at levels in the range 1.3-1.9 
g/kg. Unbleached flour may contain small amounts of chlorite (400-500 mg/kg) 
(8). 

Estimated total exposure and relative contribution of drinking-water 

The major routes of exposure to chlorine are through drinking-water, food, and 
contact with items either bleached or disinfected with it. 

16.3.4 Kinetics and metabolism in laboratory animals and 
humans 

Most studies on the pharmacokinetics of chlorine, hypochlorous acid, or hypo
chlorites employ reactive 36Cl-labelled compounds and probably reflect the fate 
of the chloride ion or other reaction products generated from the parent mole
cules. In rats, hypochlorous acid was readily absorbed through the gastrointes
tinal tract, distribution being highest in the plasma; smaller amounts were found 
in bone marrow, kidney, testes, lung, skin, duodenum, spleen, liver, and bone (9, 
10). In vivo, sodium hypochlorite was metabolized to trichloroethanoic acid, 
dichloroethanoic acid, chloroform, and dichloroacetonitrile (11). Hypochlorous 
acid administered to rats was excreted primarily in the urine and faeces, mostly in 
the form of chloride ion (10). None was excreted in expired air (9). 
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16.3.5 Effects on laboratory animals and in vitro test systems 

Acute exposure 

Calcium hypochlorite has an oral LD50 in the rat of 850 mg/kg of body weight (2). 

Short-term exposure 

No consistent effects on organ weights or histopathology of tissues were noted in 
Sprague-Dawley rats (10 per sex per dose) given chlorine in drinking-water at 0, 
25, 50, 100, 175, or 200 mg!litre (males: 0, 2, 7.5, 12.8, or 16.7 mg/kg of body 
weight per day; females: 0, 3.5, 12.6, 19.5, or 24.9 mg/kg of body weight per 
day) for 90 days (12) or in rats fed flour containing 1257 or 2506 mg of chlorine 
per kg ( 63 or 125 mg/kg of body weight per day) for 28 days (I 3). 

Enhanced weight gain was observed in all male rats (10 per dose) given 
drinking-water containing chlorine at 0, 20, 40, or 80 mg/litre (0, 4.1, 8.1, or 
15.7 mg/kg of body weight per day) for 6 weeks (14). The results of a 4-week 
study in which female C57BL/6N mice were given hyperchlorinated tapwater 
(4.8-5.8 mg/kg of body weight per day) suggested an adverse effect on the mac
rophage defence mechanisms of mice. The LOAEL in this study was 4.8 mg/kg 
of body weight per day (15). 

In a study in which male CR-1 :CD-1 mice (30 per dose) received chlori
nated drinking-water (0.02, 0.2, 2.9, or 5.8 mg/kg of body weight per day) for 
120 days, none of the mice showed evidence of a statistically significant change 
in humoral or cell-mediated immune response. A NOAEL of 5.8 mg/kg of body 
weight per day was identified (I 6). 

Long-term exposure 

F344 rats (50 per sex per dose) were given sodium hypochlorite in drinking
water (males: 0.05% or 0.1 o/o, 75 or 150 mg/kg of body weight per day; females: 
0.1 o/o or 0.2%, 150 or 300 mg/kg of body weight per day) for 2 years. Effects in
cluded a dose-related depression in body weight gain in all groups, depressed liv
er, brain, and heart weights in males given a 0.05% dose, decreased salivary gland 
weights in both female groups, and decreased kidney weights in females given 
0.2% (17). 

In a 2-year bioassay, F344 rats and B6C3F 1 mice were given chlorine in 
drinking-water at levels of up to 275 mg/litre (up to 24 mg/kg of body weight 
per day for male rats and male mice, 15 mg/kg of body weight per day for female 
rats, and 22 mg/kg of body weight per day for female mice). There was a dose
related decrease in water consumption for both mice and rats. No effects on body 
weight or survival were observed in any of the treated animals (I 8). 

Wistar rats were fed cake prepared from flour treated with 1250 or 2500 mg 
of chlorine per kg (males: 12.8 or 25.3 mg/kg of body weight per day; females: 
17.0 or 35.0 mg/kg of body weight per day) for 104 weeks. A dose-related reduc-
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tion in spleen weight was seen in females, and dose-related haematological effects 
were observed in both sexes. A LOAEL of 12.8 mg/kg of body weight per day was 
identified in this study (19). 

Reproductive effects, embryotoxicity, and teratogenicity 

C3H/HeJ and C57BLI6J mice given drinking-water containing 10 mg of resid
ual chlorine per litre (1.9 mg/kg of body weight per day) for 6 months showed no 
adverse reproductive effects (20). In a seven-generation study in which rats were 
given drinking-water chlorinated at 100 mg/litre (1 0 mg/kg of body weight per 
day), no treatment-related effects on fertility were found (21). 

Oral administration of hypochlorite ion or hypochlorous acid at 100, 200, 
or 400 mg of chlorine per litre (1.6, 4.0, or 8.0 mg/kg of body weight per day) 
resulted, in the case of hypochlorite, in dose-related increases in the number of 
sperm-head abnormalities in male B6C3F1 mice. A NOAEL of 8.0 mg/kg of 
body weight per day was identified for hypochlorous acid and a LOAEL of 1.6 
mg/kg of body weight per day for hypochlorite ion (22). 

Mutagenicity and related end-points 

Sodium hypochlorite has been found to be mutagenic in Salmonella typhimurium 
TA1530 and TA100 but not TA1538 (23, 24). Calcium and sodium hypochlor
ite both produced chromosomal aberrations in Chinese hamster fibroblast cells 
without metabolic activation (24). Hypochlorite ion and hypochlorous acid were 
negative in the in vivo erythrocyte micronucleus assay and in bone marrow aber
ration studies (22). 

Carcinogenicity 

F344 rats (50 per sex per dose) were given sodium hypochlorite in drinking
water (males: 0.05% or 0.1 o/o, 75 or 150 mg/kg of body weight per day; females: 
0.1% or 0.2%, 150 or 300 mg/kg of body weight per day) for 2 years. Experi
mental groups did not differ from controls with respect to total tumour inciden
ces or mean survival times, and most of the tumours found were of types that 
commonly occur spontaneously in F344 rats. The authors concluded that sodi
um hypochlorite was not carcinogenic in rats (16). 

In a seven-generation toxicity study, the incidence of malignant tumours in 
rats consuming drinking-water with a free chlorine level of 1 00 mg/litre (1 0 
mg/kg of body weight per day) did not differ from that in controls (21). The in
cidence of tumours in treated animals was not significantly elevated in F344 rats 
and B6C3F1 mice (50 per sex per dose) given solutions of sodium hypochlorite 
(70 or 140 mg/kg of body weight per day for male rats, 95 or 190 mg/kg of body 
weight per day for female rats, 84 or 140 mg/kg of body weight per day for male 
and female mice) in their drinking-water for 103-104 weeks (25). 
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In a 2-year bioassay, F344 rats and B6C3F 1 mice were given chlorine in 
drinking-water at levels of 0, 70, 140, or 275 mg/litre (8, 13, or 24 mg/kg of 
body weight per day for male rats; 5, 7, or 15 mg/kg of body weight per day for 
female rats; 8, 15, or 24 mg/kg of body weight per day for male mice; and 1, 13, 
or 22 mg/kg of body weight per day for female mice). Although there was a mar
ginal increase in mononuclear-cell leukaemia in the groups of female rats given 
140 and 275 mg!litre, it was considered to be equivocal evidence of carcinogenic 
activity because the incidence was significantly elevated compared with controls 
only for the middle dose and the incidence of leukaemia in the concurrent con
trols was lower than the mean in historical controls (1 8). 

16.3.6 Effects on humans 

Exposure to chlorine, hypochlorous acid, and hypochlorite ion through ingestion 
of household bleach occurs most commonly in children. Intake of a small quanti
ty of bleach generally results in irritation of the oesophagus, a burning sensation 
in the mouth and throat, and spontaneous vomiting. In these cases, it is not clear 
whether it is the sodium hypochlorite or the extremely caustic nature of the 
bleach that causes the tissue injury. 

The effects of heavily chlorinated water on human populations exposed for 
varying periods were summarized in a report that was essentially anecdotal in 
character and did not describe in detail the health effects observed (26). In a 
study on the effects of progressively increasing chlorine doses (0, 0.001, 0.014, 
0.071, 0.14, 0.26, or 0.34 mg/kg of body weight) on healthy male volunteers (10 
per dose), there was an absence of adverse, physiologically significant toxico
logical effects in all of the study groups (27). It has been reported that asthma 
can be triggered by exposure to chlorinated water (28). Episodes of dermatitis 
have also been associated with exposure to chlorine and hypochlorite (29, 30). 

In a study of 46 communities in central Wisconsin where chlorine levels in 
water ranged from 0.2 to 1 mg/litre, serum cholesterol and low-density lipo
protein levels were higher in communities using chlorinated water. Levels of 
high-density lipoprotein (HDL) and the cholesterol:HDL ratio were significantly 
elevated in relation to the level of calcium in the drinking-water, but only in 
communities using chlorinated water. The authors speculated that chlorine and 
calcium in drinking-water may interact in some way that affects lipid levels (31). 

An increased risk of bladder cancer appeared to be associated with the con
sumption of chlorinated tapwater in a population-based, case-control study of 
adults consuming chlorinated or non-chlorinated water for half of their lifetimes 
(32). 

16.3.7 Guideline value 

In humans and animals exposed to chlorine in drinking-water, specific adverse 
treatment-related effects have not been observed. IARC has concluded that hypo-
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chlorites are not classifiable as to their carcinogenicity to humans (Group 3) (17). 
The guideline value for free chlorine in drinking-water is derived from a 

NOAEL of 15 mg/kg of body weight per day, based on the absence of toxicity in 
rodents that received chlorine as hypochlorite in drinking-water for up to 2 years 
( 18). Application of an uncertainty factor of 100 (for inter- and intraspecies vari
ation) to this NOAEL gives a TDI of 150 ).lg/kg of body weight. With an alloca
tion of 100% of the TDI to drinking-water, the guideline value is 5 mg!litre 
(rounded figure). It should be noted, however, that this value is conservative, as 
no adverse effect level was identified in this study. Most individuals are able to 
taste chlorine or its by-products (e.g. chloramines) at concentrations below 5 
mg/litre, and some at levels as low as 0.3 mg/litre. 
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16.4 Chlorine dioxide, chlorite, and chlorate 

16.4.1 General description 

Identity 

Compound 
Chlorine dioxide 
Chlorite (sodium salt) 
Chlorate (sodium salt) 

CAS no. 
10049-04-4 
7758-19-2 
7775-09-0 
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Molecular formula 
Cl02 
NaC102 
NaC103 
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Physicochemical properties {1-3) 

Property Chlorine dioxide1 Sodium chlorite Sodium chlorate 
Boiling point (QC) 11 >300 (decomposes) 

Melting point (QC) -59 180-200 248 
(decomposes) 

Density at 0 QC 1.64 (liquid) 2.5 
(g/cm3) 
Vapour pressure Negligible 
at 25 QC 
Water solubility 3.0 (25 QC) 390 (17 QC) 
(g!litre) 

Organoleptic properties 

The taste and odour threshold for chlorine dioxide in water is 0.4 mg!litre (3). 

Major uses 

Chlorine dioxide is used for disinfection and odour/taste control of water; as a 
bleaching agent for cellulose, paper pulp, flour, and oils; and for cleaning and de
tanning leather. Sodium chlorite is used in on-site production of chlorine diox
ide; as a bleaching agent in production of paper, textiles, and straw products; and 
in the manufacture of waxes, shellacs, and varnishes. Sodium chlorate is used in 
the preparation of chlorine dioxide; in the manufacture of dyes, matches, and ex
plosives; for tanning and finishing leather; and in herbicides and defoliants 
(1-3). 

Environmental fate 

Chlorine dioxide rapidly decomposes into chlorite, chlorate, and chloride ions in 
treated water, chlorite being the predominant species. The reaction is favoured by 
alkaline conditions. 

16.4.2 Analytical methods 

Methods are available for the determination of chlorine dioxide, chlorite, and 
total available chlorine ( 4, 5). The limits of detection for these methods are 8 
p.g/litre for chlorine dioxide, 4 p.g/litre for total chlorine, and 10 p.g!litre for 
chlorite and chlorate. 

I Conversion factor in air: 1 ppm = 2.8 mg/m3. 
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16.4.3 Environmental levels and human exposure 

Water 

Chlorite occurs in drinking-water when chlorine dioxide is used for purification 
purposes. The levels of chlorite in water reported in one study ranged from 3.2 to 

7.0 mg/litre (6). 

Food 

Chlorine dioxide, chlorite, and chlorate may occur in foodstuffs as a result of 
their use in flour processing, as a decolorizing agent for carotenoids and other 
natural pigments (chlorine dioxide), as a bleaching agent in the preparation of 
modified food starch (sodium chlorite), as an indirect additive in paper and 
paperboard products used for food packaging (sodium chlorite), and as a defoli
ant, desiccant, and fungicide in agriculture (sodium chlorate) (7-9). 

Estimated total exposure and relative contribution of drinking-water 

The major route of environmental exposure to chlorine dioxide, sodium chlorite, 
and sodium chlorate is through drinking-water. 

16.4.4 Kinetics and metabolism in laboratory animals and humans 

Chlorine dioxide is rapidly absorbed from the gastrointestinal tract. No particu
lar organ appears to selectively concentrate the dose following exposure (I 0). Fol
lowing oral ingestion by monkeys, chlorine dioxide was rapidly converted into 
chloride ion and, to a lesser extent, chlorite and chlorate (1 1). Excretion is main
ly via the urine, smaller amounts being excreted in faeces (12). 

Chlorite was readily absorbed when administered to rats, then randomly dis
tributed throughout the tissues (12). It was transformed mainly into chloride in 
rats, smaller amounts appearing as unchanged chlorite. Excretion was mainly via 
the urine, followed by faeces (13). 

Chlorate was readily absorbed and randomly distributed throughout the tis
sues of rats (12). It was excreted mainly in the form of chloride in the urine, 
smaller amounts appearing as chlorite and chlorate (13). 

16.4.5 Effects on laboratory animals and in vitro test systems 

Chlorine dioxide 

Short-term exposure 
Drinking-water containing 0, 10, or 100 mg of chlorine dioxide per litre (equiva
lent to approximately 0, 1.5, or 15 mg/kg of body weight per day) was adminis-
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tered to mice (1 0 per dose) for 30 days with no apparent effects on blood param
eters. The NOAEL for this study was 15 mg/kg of body weight per day (14). 

A total of 12 African green monkeys were exposed to water containing chlo
rine dioxide at concentrations of 0, 30, 100, or 200 mg!litre (corresponding to 

measured doses ofO, 3.5, 9.5, or 11 mg/kg of body weight per day) using a rising 
dose protocol. Each dose was maintained for 30-60 days. A slight suppression of 
thyroid function (decreased thyroxine) was observed in monkeys receiving the 
two highest doses. No other effects were noted. The NOAEL was 3.5 mg/kg of 
body weight per day ( 11). 

Six monkeys were treated for 8 weeks with drinking-water containing chlo
rine dioxide at 100 mg!litre, corresponding to an average measured dose of about 
4.6 mg/kg of body weight per day. Thyroxine level was reduced after 4 weeks of 
treatment but rebounded after a further 4 weeks. In the same study, drinking
water containing chlorine dioxide at 0, 100, or 200 mg!litre was administered to 

male rats (12 per dose) (equivalent to 0, 10, or 20 mg/kg of body weight per 
day). A dose-dependent decrease in thyroxine levels was observed after 8 weeks of 
treatment; there was no rebound. The exposure level of 100 mg!litre, equivalent 
to a dose of approximately 10 mg/kg of body weight per day, was the LOAEL in 
this study (15). 

Sprague-Dawley rats (10 per sex per dose) were exposed to 0, 25, 50, 100, or 
200 mg of chlorine dioxide per litre in drinking-water for 90 days (approximate 
dose levels of 0, 2, 4, 6, or 12 mg/kg of body weight per day for males and 0, 2, 5, 
8, or 15 mg/kg of body weight per day for females). Water consumption was de
creased in both sexes at the three highest dose levels, probably because of its re
duced palatability. Food consumption was decreased in males receiving the 
highest dose. Goblet-cell hyperplasia was significantly increased in the nasal tur
binates of females given 100 or 200 mg!litre and males at all doses. Inflammation 
of the nasal cavity was observed in males at 25 mg!litre and in both sexes at high
er doses. The authors concluded that the lowest dose (2 mg/kg of body weight 
per day) was a LOAEL (16). 

Long-term exposure 
In a drinking-water study, chlorine dioxide was administered to rats (7 per sex 
per dose) at concentrations of 0, 0.5, 1, 5, 10, or 100 mg!litre (highest dose 
equivalent to about 13 mg/kg of body weight per day) for 2 years. At the highest 
dose level, survival rate was substantially decreased in both sexes, and mean life 
span was reduced compared with that for control animals. No correlation was 
observed between treatment and histopathological findings. In this study, a 
NOAEL of 10 mg!litre (1.3 mg/kg of body weight per day) was identified (17). 

Reproductive tox1c1ty, embryotoxicity, and teratogemc1ty 
Female rats were exposed to 0, 1, 10, or 100 mg of chlorine dioxide per litre in 
drinking-water (equivalent to 0, 0.1, 1, or 10 mg/kg of body weight per day) for 
2.5 months before mating and throughout gestation. At the highest dose, there 
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was a slight reduction in the number of implants and live births per pregnancy. 
No effects were observed at 1 mg/kg of body weight per day, which was identified 
as the NOAEL (18). 

Female Sprague-Dawley rats (13-16 per dose) were supplied with drinking
water containing 0, 2, 20, or 100 mg of chlorine dioxide per litre from 2 weeks 
before mating to gestation and lactation until pups were weaned on postnatal day 
21. No significant effect on the body weight of either the dams or the pups was 
observed at any dose tested. At 100 mg/litre (14 mg/kg of body weight per day 
for the pregnant dam), a significant depression of serum thyroxine and an in
crease in serum triiodothyronine were observed in the pups at weaning, but not 
in the dams. Neurobehavioural exploratory and locomotor activities were de
creased in pups born to dams exposed to 100 mg/litre bur not to those exposed to 
20 mg/litre (3 mg/kg of body weight per day), which was considered a NOAEL 
(19). 

In a second experiment, rat pups were exposed directly (by gavage) to 14 mg 
of chlorine dioxide per kg of body weight per day (equivalent to the dose received 
by a pregnant dam drinking water containing 100 mg of chlorine dioxide per li
tre) on postnatal days 5-20. In this study, serum thyroxine levels were depressed, 
a somewhat greater and more consistent delay in the development of exploratory 
and locomotor activity was seen, and pup body weight gain was reduced. The de
crease in serum triiodothyronine levels was not statistically significant. Based on 
decreased pup development and decreased thyroid hormone levels, a LOAEL of 
14 mg/kg of body weight per day (the only dose tested) was identified (19). 

Cell number was significantly depressed in the cerebellum of 21-day-old rat 
pups born to dams supplied during gestation and lactation with water containing 
100 mg of chlorine dioxide per litre (about 14 mg/kg of body weight per day to 
the dam). A group of 12 rat pups dosed directly by gavage with 14 mg/kg of body 
weight per day had depressed cell numbers in both the cerebellum and forebrain 
at postnatal day 11 and displayed decreased voluntary running-wheel activity at 
postnatal days 50-60, despite the fact that chlorine dioxide treatments were ter
minated at 20 days of age. These data suggest that chlorine dioxide is capable of 
influencing brain development in neonatal rats. In this study, a LOAEL of 
14 mg/kg of body weight per day, the only dose tested, was identified (20). 

The developmental neurotoxic potential of chlorine dioxide was evaluated in 
a study in which it was administered to rat pups by oral intubation at 14 mg/kg 
of body weight per day on postnatal days 1-20. Forebrain cell proliferation was 
decreased on postnatal day 35, and there were decreases in forebrain weight and 
protein content on postnatal days 21 and 35. Cell proliferation in the cerebellum 
and olfactory bulbs was comparable to that in untreated controls, as were migra
tion and aggregation of neuronal cells in the cerebral cortex. Histopathological 
examination of the forebrain, cerebellum, and brain stem did not reveal any le
sions or changes in these tissues. In this study, a LOAEL of 14 mg/kg of body 
weight per day (the only dose tested) was identified (18). 
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Mutagenicity and related end-pomts 
Chlorine dioxide was mutagenic in Salmonella typhimurium strain TAl 00 in the 
absence of a metabolic activation system (21). No sperm-head abnormalities were 
observed in male mice following chlorine dioxide gavage (22). No chromosomal 
abnormalities were seen in either the micronucleus test or a cytogenetic assay in 
mouse bone marrow cells following gavage dosing with chlorine dioxide (22). 

Carcinogen1city 
Tumours were not observed in rats following 2-year exposures to chlorine dioxide 
in drinking-water (17). 

Chlorite 

Acute exposure 
An oral LD50 of 105 mg/kg of body weight has been reported in rats (23). Quail 
were more resistant than rats; the LD50 was 493 mg/kg of body weight (24). 

Short-term exposure 
Single doses of sodium chlorite administered orally to cats produced methaemo
globinaemia (25). A dose of 20 mg of chlorite per litre (equivalent to approxi
mately 1.5 mg of chlorite per kg of body weight) caused up to 32% of the 
haemoglobin to be in the methaemoglobin state and was considered to be the 
LOAEL. A dose-dependent increase in methaemoglobinaemia and anaemia was 
observed in 12 African green monkeys treated with sodium chlorite at 0, 25, 50, 
100, or 400 mg!litre in drinking-water using a rising dose protocol. Doses of 
chlorite were approximately 0, 3, 6, 13, and 50 mg/kg of body weight per day, 
and each dose level was maintained for 30-60 days (1 I). 

Rats were exposed to chlorite ion at 0, 10, 50, 100, 250, or 500 mg/litre in 
drinking-water (equivalent to 0, 1, 5, 10, 25, or 50 mg/kg of body weight per 
day) for 30-90 days. Haematological parameters were monitored, and the three 
highest concentrations produced transient anaemia. At 90 days, red blood cell 
glutathione levels in the 100 mg!litre group were 40% below those of controls; 
there was at least a 20% reduction in the rats receiving 50 mg/litre. In this study, 
a NOAEL of 1 mg/kg of body weight per day was identified (25). 

Long-term exposure 
The effect of sodium chlorite in drinking-water at 0, 1, 2, 4, 8, 100, or 1000 
mg/litre on the survival and postmortem pathology of albino rats (7 per sex per 
dose) was examined in a 2-year study. The life span of the animals was not sig
nificantly affected at any dose. No effects were observed in animals exposed to 
8 mg!litre (0.7 mg/kg of body weight per day) or less. Animals exposed to 100 
or 1000 mg!litre (9.3 or 81 mg/kg of body weight per day) exhibited treatment
related renal pathology; the author concluded that this was the result of a non
specific salt effect (17). 
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Reproductive toxicity, embryotoxicity, and teratogemcity 
Female mice (10 per dose) were treated with sodium chlorite at 0 or 100 mg!litre 
in drinking-water (equivalent to 0 and 72 mg/kg of body weight per day) from 
day 1 of gestation and throughout lactation. Conception rates were 56% for con
trols and 39% for treated mice. The body weights of pups at weaning were re
duced in treated mice relative to controls, so that 72 mg/kg of body weight per 
day is the LOAEL for this study ( 14). 

In a series of experiments, sodium chlorite was administered to male rats (12 
rats per dose) in drinking-water for 66-76 days at concentrations of 0, 1, 10, 
100, or 500 mg/litre (equivalent to 0, 0.1, 1, 10, or 50 mg/kg of body weight per 
day). No compound-related abnormalities were observed on histopathological 
examination of the reproductive tract. Abnormal sperm morphology and de
creased sperm motility were seen at the two highest dose levels, but no sperm ef
fects were observed at 1 mg/kg of body weight per day, which can be identified as 
the NOAEL. In another part of the same study, male rats were bred with female 
rats treated at the same dose levels for 2 weeks before and throughout a 1 0-day 
breeding period. Females were exposed to sodium chlorite throughout gestation 
and lactation until the pups were weaned on day 21. There was no evidence of 
any adverse effects on conception rates, litter size, day of eye opening, or day of 
vaginal opening. Based on reproductive effects, a NOAEL of 10 mg/kg of body 
weight per day, the highest dose tested, was identified (26). 

Treatment of maternal mice with 100 mg of sodium chlorite per litre in 
drinking-water (equivalent to 14 mg of chlorite per kg of body weight per day) 
throughout gestation and lactation resulted in pups with decreased body weights 
(14% below those of controls) at weaning. In this study, a LOAEL for develop
mental effects of 14 mg/kg of body weight per day was identified ( 14). 

Fetuses from maternal rats exposed to chlorite ion via drinking-water at lev
els of up to 10 mg/litre (about 1 mg/kg of body weight per day) were examined. 
No compound-related skeletal or soft-tissue anomalies were observed. A NOAEL 
of 1 mg/kg of body weight per day was identified (27). 

Mutagenicity and related end-pomts 
No chromosomal abnormalities were seen in either the micronucleus test or a cy
togenetic assay in mouse bone marrow cells following gavage dosing with chlorite 
(22). 

Carcmogemcity 
In a long-term study in which mice received sodium chlorite in drinking-water 
for 85 weeks, there was no significant increase in tumours as compared with con
trols at a dose of 250 mg/litre (about 36 mg of chlorite ion per kg of body weight 
per day). Although treated male mice exhibited an increased incidence of lung 
and liver tumours, tumour rates were within historical ranges for control mice, 
increases in liver tumours did not display a typical dose-response pattern, and 

809 



GUIDELINES FOR DRINKING-WATER QUALITY 

significant increases were seen only for benign tumours (28). Tumours were not 
observed in rats following 2-year exposures to sodium chlorite in drinking-water 
(17). 

Ch/orate 

Acute exposure 
An acute oral dosing study in dogs demonstrated lethality at levels of sodium 
chlorate as low as 600 mg of chlorate ion per kg (29). 

Short-term exposure 
Beagle dogs (4 per sex per dose) were exposed by gavage to sodium chlorate at 
doses ofO, 10, 60, or 360 mg/kg of body weight per day for 3 months. There was 
no significant effect at any dose level on body weight, food consumption, clinical 
chemistry, organ weights, ophthalmic effects, gross necropsy, or tissue histo
pathology. Haematological changes were limited to a slight elevation in met
haemoglobin level in the highest-dose animals, but this appeared to be within 
normal limits and was not judged to be treatment-related. In this study, a 
NOAEL of 360 mg/kg of body weight per day in dogs was identified (30). 

Sprague-Dawley rats (14 per sex per dose) were exposed by gavage to sodium 
chlorate at doses ofO, 10, 100, or 1000 mg/kg of body weight per day for up to 3 
months. No treatment-related effects were observed on mortality, physical ap
pearance or behaviour, body weight, food consumption, clinical chemistry, gross 
necropsy, or organ histopathology. At the highest dose, haematological changes 
indicative of anaemia included decreases in erythrocyte count, haemoglobin con
centration, and erythrocyte volume fraction (haematocrit). In this study, a 
NOAEL of 100 mg/kg of body weight per day was identified (31). 

ReproductiVe toxicity, embryotoxicity, and teratogenic1ty 
Sodium chlorate was administered to pregnant CD rats by gavage at doses of 0, 
10, 100, or 1000 mg/kg of body weight per day on days 6-15 of gestation. 
There were no maternal deaths in treated animals or treatment-related effects on 
maternal body weight gain, food consumption, clinical observations, number of 
implantations, or gross necropsy. Examination of fetuses on day 20 revealed no 
effects on fetal weight or sex ratio, and no external, visceral, or skeletal abnor
malities were detected. In this study, a developmental NOAEL of 1000 mg/kg 
of body weight per day in rats was identified (32). 

Mutagemcity and related end-points 
No chromosomal abnormalities were seen in either the micronucleus test or a 
cytogenetic assay in mouse bone marrow cells following gavage dosing with 
chlorate (22). 
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16.4.6 Effects on humans 

Chlorine dioxide 

Six different doses of chlorine dioxide (0.1, 1, 5, 10, 18, or 24 mg!litre) in drink
ing-water were administered to each of 10 male volunteers using a rising dose 
protocol. Serum chemistry, blood count, and urinalysis parameters were moni
tored. A treatment-related change in group mean values for serum uric acid was 
observed, which the authors concluded was not physiologically detrimental. The 
highest dose tested, 24 mg/litre (about 0.34 mg/kg of body weight per day), can 
be identified as a single-dose NOAEL (33). 

The same male volunteers drank 0.5 litres of water containing 5 mg of chlo
rine dioxide per litre each day for approximately 12 weeks, and were then kept 
under observation for 8 weeks. Serum chemistry, blood counts, and urinalysis re
vealed no abnormalities, except for a slight change in blood urea nitrogen, which 
the authors concluded was of doubtful physiological or toxicological significance. 
This exposure, equivalent to 36 jlg/kg of body weight per day, can be considered 
a NOAEL (33). 

In a prospective study of 197 persons, a portion of the population of a rural 
village exposed for 12 weeks to a chlorine dioxide-treated water supply (contain
ing 0.25-1.1 mg of chlorine dioxide per litre and 0.45-0.91 mg offree chlorine 
per litre) experienced no significant changes in haematological parameters, 
serum creatinine, or total bilirubin ( 6). 

Chlorite 

The effects of sodium chlorite on humans were evaluated in 10 male volunteers 
on a rising dose protocol. Single doses of0.01, 0.1, 0.5, 1.0, 1.8, and 2.4 mg of 
chlorite ion in 1 litre of drinking-water were ingested by each subject. Changes in 
group mean values for serum urea nitrogen, creatinine, and urea nitrogen/crea
tinine ratio were observed, which the authors concluded were not adverse physio
logical effects. The highest dose tested, 2.4 mg/litre (0.034 mg/kg of body weight 
per day), can be identified as a single-dose NOAEL (33). 

The same volunteers ingested 0.5 litres of water per day containing 5 mg of 
sodium chlorite per litre for approximately 12 weeks, and were then kept under 
observation for 8 weeks. Treatment was associated with a change in group mean 
corpuscular haemoglobin; however, as there was no trend over time for this 
change and values were within the normal ranges, the authors were reluctant to 
attach physiological significance to the observation. The dose tested, equivalent 
to 36 jlg!kg of body weight per day, was identified as the N OAEL (33). 

Chlorate 

Because of its use as a weed killer, a large number of cases of chlorate poisoning 
have been reported (3). Symptoms include methaemoglobinaemia, anuria, ab-
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domina! pain, and renal failure. For an adult human, the oral lethal dose is esti
mated to be as low as 20 g of sodium chlorate (230 mg of chlorate per kg of body 
weight) (34). 

Ten male volunteers were given six separate doses of sodium chlorate follow
ing a rising dose protocol, single doses of0.01, 0.1, 0.5, 1.0, 1.8, and 2.4 mg of 
chlorate ion in 1 litre of drinking-water being ingested by each volunteer. Very 
slight changes in group mean serum bilirubin, iron, and methaemoglobin were 
observed, but the authors concluded that they were not adverse physiological ef
fects. The highest dose tested, 2.4 mg!litre (34 flg/kg of body weight per day), 
can be identified as a single-dose NOAEL (33). 

The volunteers also ingested 0.5 litres of water per day containing 5 mg of 
sodium chlorate per litre (36 flg/kg of body weight per day) for approximately 12 
weeks, and were then kept under observation for 8 weeks. Treatment was asso
ciated with slight changes in group mean serum urea nitrogen and mean corpus
cular haemoglobin, but the authors concluded that these were not physiologically 
significant as values remained within the normal range for each parameter. The 
NOAEL was 36 flg/kg of body weight per day (33). 

16.4.7 Guideline values 

Chlorine dioxide 

Chlorine dioxide has been shown to impair neurobehavioural and neurological 
development in rats exposed perinatally. Significant depression of thyroid hor
mones has also been observed in rats and monkeys exposed to it in drinking
water studies. 

A guideline value has not been established for chlorine dioxide because of its 
rapid breakdown and because the chlorite provisional guideline value (see below) 
is adequately protective for potential toxicity from chlorine dioxide. The taste 
and odour threshold for this compound is 0.4 mg!litre. 

Ch/orite 

Chlorite affects the red blood cells, resulting in methaemoglobin formation in 
cats and monkeys. IARC has concluded that chlorite is not classifiable as to its 
carcinogenicity to humans (Group 3) (35). 

The TDI for chlorite is 10 flg/kg of body weight, based on the NOAEL of 
1 mg/kg of body weight per day for decreased red blood cell glutathione levels in 
a 90-day study in rats exposed to chlorite in their drinking-water (25) and apply
ing an uncertainty factor of 100 (to account for inter- and intraspecies variation). 
Owing to the acute nature of the response and the existence of a 2-year rat study, 
an additional uncertainty factor of 10 was not incorporated to account for the 
short duration of the key study. The TDI derived in this manner is consistent 
with the NOAEL (36 fig/kg of body weight per day) in a 12-week clinical study 
in a small number of human volunteers (33). 
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On the assumption that drinking-water contributes 80% of the total expo
sure, the provisional guideline value is 0.2 mgllitre (rounded figure). This guide
line value is designated as provisional because use of chlorine dioxide as a 
disinfectant may result in the chlorite guideline value being exceeded, and diffi
culties in meeting the guideline value must never be a reason for compromising 
adequate disinfection. 

Chlorate 

Available data on the effects of chlorate in humans and experimental animals are 
considered insufficient to permit the development of a guideline value. Data on 
accidental poisonings indicate that the lethal dose to humans is about 230 mg/kg 
of body weight per day. This is of the same order of magnitude as the NOAELs 
identified from studies in rats and dogs. Although no effects were observed in a 
12-week clinical study in a small number of human volunteers ingesting 36 
)lg/kg of body weight per day, a guideline value was not derived from these results 
because no adverse effect level was determined. 

Further research is needed to characterize the nonlethal effects of chlorate. 
Until data become available, it may be prudent to try to minimize chlorate levels. 
However, adequate disinfection should not be compromised. 
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16.51odine 

16.5.1 General description 

Identity 

CAS no.: 
Molecular formula: 

7553-56-2 
I2 

Physicochemical properties (1, 2)1.2 

Property 
Boiling point 
Melting point 
Density 
Vapour pressure 
Water solubility 
Log octanol-water 
partition coefficient 

Value 
184.4 ac 
113.5 oc 
4.93 g/cm3 at 25 ac 
40 Pa at 25 ac 
0.34 g/litre at 25 ac 

2.49 

Organoleptic properties 

The taste and odour thresholds for iodine are 0.147-0.204 mg/litre in water and 
9 mgfm3 in air (3). 

Major uses 

Iodine is used as an antiseptic for skin wounds, as a disinfecting agent in hospi
tals and laboratories, and for the emergency disinfection of drinking-water in 
the field. Iodide is used in pharmaceuticals and in photographic developing 
materials. 

Environmental fate 

Iodine occurs naturally in water in the form of iodide (I-), which is largely oxi
dized to iodine during water treatment. 

1 Also includes data from the Hazardous Substances Data Bank of the National Library of Medi
cine, Bethesda, MD. 
ConversiOn factor in air: 1 ppm = 10 mg/m-1. 
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16.5.2 Analytical methods 

Iodide in water is normally determined by a titrimetric procedure which can be 
used for solutions containing 2-20 mg of iodide per litre. A leuco crystal violet 
method may be used for the determination of iodide or molecular iodine in 
water. This photometric method is applicable to iodide concentrations of 
50-6000 )lgflitre; the detection limit for iodine is 10 )lg!litre ( 4, 5). 

16.5.3 Environmental levels and human exposure 

Water 

The mean concentration of total iodine in drinking-water in the USA is 4 )lgfli
tre, and the maximum concentration is 18 )lg/litre (2). This is presumably pre
dominantly iodide. 

Food 

The main natural sources of dietary iodide are seafood (200-1 000 )lg/kg) and 
seaweed (0.1-0.2% iodide by weight). Iodide is also found in cow's milk (20-70 
)lgflitre) and may be added to table salt (1 00 )lg of potassium iodide per gram of 
sodium chloride) to ensure an adequate intake of iodine (2, 6). The estimated 
dietary iodine requirement for adults ranges from 80 to 150 )lg/day (7). 

Estimated total exposure 

Exposure to iodine may occur through drinking-water, pharmaceuticals, and 
food. At a concentration of 4 )lg!litre in drinking-water, adult human daily in
take will be 8 )lg of iodine, on the asssumption that 2 litres of drinking-water are 
consumed per day. 

16.5.4 Kinetics and metabolism in laboratory animals and humans 

Molecular iodine is rapidly converted into iodide following ingestion and this is 
efficiently absorbed throughout the gastrointestinal tract (8). Molecular iodine 
vapour is converted into iodide before absorption (2). The highest concentration 
of iodine in the human body is found in the thyroid, which contains 70-80% of 
the total iodine content (15-20 mg). Muscle and eyes also contain high iodide 
concentrations ( 6, 8). 

Iodine is an essential element in the synthesis of the thyroid hormones thy
roxine (T 4) and triiodothyronine (T 3) through the precursor protein thyro
globulin and the action of the enzyme thyroid peroxidase. Iodide is excreted 
primarily by the kidneys and is partially reabsorbed from the tubules following 
glomerular filtration ( 8). Smaller amounts of iodine are excreted in saliva, sweat, 
bile, and milk (9). 
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16.5.5 Effects on laboratory animals and in vitro test systems 

Acute exposure 

The acute oral LD50 for potassium iodide in rats was 4340 mg/kg of body weight 
(3320 mg of iodide per kg of body weight), and the lowest oral lethal dose in 
mice was 1862 mg/kg of body weight (1425 mg of iodide per kg of body weight) 
(9). 

Short-term exposure 

The effects of iodide on autoimmune thyroiditis were investigated in two strains 
of chickens (CS and OS) known to be genetically susceptible to this disease. Ad
ministration of iodide in drinking-water (20 or 200 mg/litre, as potassium 
iodide) during the first 1 0 weeks of life increased the incidence of the disease, as 
determined by histological examination of the thyroid and measurement ofT 3, 

T 4, and thyroglobulin antibodies. Excessive iodide consumption may increase 
the incidence of this disease in humans (10). 

Reproductive toxicity, embryotoxicity, and teratogenicity 

No effects were observed on ovulation rate, implantation rate, or fetal develop
ment in female rats given doses of 0, 500, 1000, 1500, or 2000 mg of iodide (as 
potassium iodide) per kg of diet during gestation and lactation. The dose-related 
survival rate for pups ranged from 93% (controls) to 16% (2000 mg/kg). Milk 
secretion was absent or greatly diminished in females exposed to iodide and the 
high mortality in pups was attributed to the dams' lactational failure (1 1). 

The effects of iodide on brain enzymes in rat pups born to females given 1.1 
mg of iodide per day as potassium iodide (about 37 mg/kg of body weight per 
day) in drinking-water were studied. Transient increases in glutamate dehydroge
nase and decreases in succinate dehydrogenase were observed. Increases in phos
phofructokinase and malate enzymes were also noted, but no changes in 
hexokinase were reported. Serum T 4 levels did not differ significantly from con
trol values (12). 

Metabolism was severely disturbed in foals born to mares receiving excess 
iodine (48-432 mg of iodine per day) in the diet during pregnancy and lactation. 
The long bones of the legs of foals showed osteopetrosis (abnormally dense 
bones); phosphorus and alkaline phosphatase levels in the blood were elevated 
(13). 

Carcinogenicity 

In a study on the tumorigenic effects of iodide on the thyroid, groups of 20 rats 
were fed diets containing 0 or 1000 mg of iodide per kg as potassium iodide (0 or 
39 mg of iodide per kg of body weight per day) for 19 weeks. No tumours were 
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found on histopathological examination of the thyroid in either the treated or 
untreated groups (14). The exposure period may have been too short for a car
cinogenic effect to be detected. 

16.5.6 Effects on humans 

Short-term exposure 

Oral doses of 2000-3000 mg of iodine (about 30-40 mg/kg of body weight) are 
estimated to be lethal to humans, but survival has been reported after ingestion 
of 10 000 mg. Doses of 30-250 ml of tincture of iodine (about 16-130 mg of 
total iodine per kg of body weight) have been reported to be fatal. Acute oral tox
icity is primarily due to irritation of the gastrointestinal tract, marked fluid loss 
and shock occurring in severe cases. Exposure to iodine vapour results in lung, 
eye, and skin irritation, while high concentrations rapidly lead to pulmonary 
oedema (2). 

In rare instances, a hypersensitization reaction may occur immediately after 
or within several hours of oral or dermal exposure to iodide. The most striking 
symptoms are angio-oedema (acute, transitory swelling of the face, hands, feet, or 
viscera) and swelling of the larynx, which may cause suffocation (8). Iodide has 
been used in the past as an expectorant in the treatment of asthma and related 
conditions at a typical dose of 3.3 mg/kg of body weight (2). 

Long-term exposure 

Chronic iodide exposure results in iodism; the symptoms resemble those of a 
sinus cold but may also include salivary gland swelling, gastrointestinal irritation, 
acneform skin, metallic or brassy taste, gingivitis, increased salivation, conjuncti
val irritation, and oedema of eyelids ( 8). Chronic ingestion of 2 mg of iodide per 
day (0.03 mg/kg of body weight per day) is considered by some authors to be ex
cessive, but daily doses of 50-80 mg (0.8-1.3 mg/kg of body weight per day) are 
consumed by some Japanese without ill effect ( 6). 

Chronic consumption of iodinated drinking-water has not been shown to 
cause adverse health effects in humans although some changes in thyroid status 
have been observed. In a 5-year study of prison inmates consuming water con
taining iodine at a concentration of 1 mg/litre (approximately 0.03 mg/kg of 
body weight per day), no cases of hyper- or hypothyroidism, urticaria, or iodism 
were seen. However, a small but statistically significant decrease in radioactive 
iodine uptake by the thyroid and an increase in protein-bound iodine concen
trations were reported (15). No adverse health effects were reported in men who 
drank water providing iodide at doses of 0.17-0.27 mg/kg of body weight per 
day for 26 weeks ( 16). 

In one study, the rate of radioactive iodide uptake by the thyroid was meas
ured in 22 individuals with thyroid disease and 10 with normal thyroid function, 
before and after administration of 2.0 mg of iodide. Radioactive iodine uptake 

819 



GUIDELINES FOR DRINKING-WATER QUALITY 

decreased by 54-99% in patients with thyroid disease but only by 8-54% in nor
mal controls. These results suggest that iodide may aggravate certain pre-existing 
thyroid disease conditions (1 7). 

Eight cases of congenital goitre and hypothyroidism in children were report
ed to be associated with maternal ingestion of iodide ( 18). Estimates of maternal 
iodide exposure ranged from 12 to 1650 mg/day (about 0.2-27 mg/kg of body 
weight per day) in individuals taking iodide as an expectorant in the treatment of 
asthma. No direct evidence of a cause-and-effect relationship between iodide ex
posure and health effects during pregnancy was reported. 

Hypothyroidism has also been reported in infants of mothers receiving 
multiple topical applications of povidone-iodine (about 1 o/o free iodine) during 
pregnancy and lactation (19). 

16.5.7 Conclusions 

In 1988, JECFA set a PMTDI for iodine of 1 mg/day (17 Jlg/kg of body weight 
per day) from all sources, based mainly on data on the effects of iodide (20). 
However, recent data from studies in rats indicate that the effects of iodine in 
drinking-water on thyroid hormone concentrations in the blood differ from 
those of iodide (21, 22). 

Available data therefore suggest that derivation of a guideline value for iodine 
on the basis of information on the effects of iodide is inappropriate, and there are 
few relevant data on the effects of iodine. Because iodine is not recommended for 
long-term disinfection, lifetime exposure to iodine from water disinfection is un
likely. For these reasons, a guideline value for iodine has not been established at 
this time. 
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Disinfectant by-products 
16.6 Bromate 

16.6.1 General description 

Identity 

Compound 
Potassium bromate 
Sodium bromate 

CAS no. 
7758-01-2 
7789-38-0 

Molecular formula 
KBr03 
NaBr03 

The bromate ion (Br03-) may exist in a number of salts, the most common of 
which are potassium and sodium bromate. 

Physicochemical properties ( 1) 

Property 
Boiling point (aC) 
Melting point (0C) 
Density at 20 ac (g/cm3) 
Water solubility (g!litre) 

Major uses 

Sodium bromate 

381 
3.34 
275 (8 OC) 
909 (100 ac) 

Potassium bromate 
Decomposes at 370 ac 
350 
3.27 
133 (40 OC) 
498 (lOO aq 

Bromate is used in home permanent wave neutralizing solutions (2). Small 
amounts may be added to flour as a maturing agent, to dough as a conditioner, 
and to fish paste. It may also be added to beer or cheese (3). 

Environmental fate 

Its properties suggest that bromate will not volatilize and will be adsorbed only 
slightly on to soil or sediment. Because it is a strong oxidant, its commonest fate 
is probably reaction with organic matter, ultimately leading to the formation of 
bromide ion. 
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16.6.2 Analytical methods 

Bromate may be determined by several different methods, including iodometric 
titration and high-performance liquid chromatography. Detection limits range 
from 0.05 to 1 mg/litre (3). Ion chromatography with conductivity detection has 
a detection limit of 5 pg/litre (US EPA draft method, available from Environ
mental Monitoring and Support Laboratory, Cincinnati, OH, USA). 

16.6.3 Environmental levels and human exposure 

Water 

Bromate is not normally present in water bur may be formed from bromide dur
ing ozonation. Concentrations of 60-90 pg/litre have been reported in ozonated 
water ( 4, 5). 

Food 

Small amounts of bromate may be added to flour or dough during the prepara
tion of bread, bur this is broken down to bromide during baking (3). 

Estimated total exposure and relative contribution of drinking-water 

For most people, exposure to bromate is unlikely to be significant. If ozone is 
used to disinfect drinking-water, intake of bromate might range from 120 to 180 
pg/day (5). 

16.6.4 Kinetics and metabolism in laboratory animals and humans 

Following oral administration, bromate is rapidly absorbed from the gastrointes
tinal tract ( 6). It was not detected in rat tissues following a single intragastric 
dose, but was significantly increased in plasma, red blood cells, pancreas, kidney, 
stomach, and small intestine (7). 

Bromate may be converted into hydrobromic acid by hydrochloric acid in 
the stomach (6). Liver and kidney tissues may degrade bromate to bromide by a 
process involving glutathione ( 8), although only small amounts appear to be re
duced in this way (6). Bromate is excreted mainly in the urine as bromate and 
bromide; some may also be eliminated in the faeces (7). 

16.6.5 Effects on laboratory animals and in vitro test systems 

Acute exposure 

Potassium bromate administered orally (9) and intraperitoneally ( 1 O) to mice 
gave LD50s of 223-363 and 136 mg of bromate per kg of body weight, respec-
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tively. LD50s of280-495 mg/kg of body weight were obtained for rats, mice, and 
hamsters given potassium bromate by gavage (I 1). 

Short-term exposure 

Potassium bromate was administered to groups ofF344 rats (10 per sex per dose) 
in water at concentrations of 0, 150, 300, 600, 1250, 2500, 5000, or 10 000 
mg/litre (approximately 16, 32, 63, 140, 270, 540, or 1080 mg of bromate per 
kg of body weight per day) for 13 weeks. All animals exposed to 2500 mg/litre or 
more died within 7 weeks. Observed signs of toxicity included significant inhibi
tion of body weight gain in males at 600 mg/litre or above and significant in
creases in serum parameters in both sexes at 600 mg/litre (I 1). 

Long-term exposure 

Male Wistar rats were exposed to 0.04% potassium bromate in drinking-water 
(approximately 30 mg of bromate per kg of body weight per day) for up to 15 
months. Effects included markedly inhibited body weight gain in all exposed 
animals, karyopyknotic foci in tubules of the inner kidney medulla, increased 
blood urea nitrogen (BUN), and marked structural abnormalities of the cortical 
tubules. Based on body weight and renal effects, a LOAEL of 30 mg of bromate 
per kg of body weight per day was identified in this study (12). 

Reproductive toxicity, embryotoxicity, and teratogenicity 

The reproductive effects of potassium bromate were evaluated in a study in 
which rats and mice were fed flour treated with 15 mg of potassium bromate per 
kg over five and eight generations, respectively. No effects on reproductive per
formance or survival were observed in either species (I 1). 

Mutagenicity and related end-points 

Positive results were obtained for the mutagenicity of potassium bromate in Sal
monella typhimurium strain TA100 using the Ames test and for chromosomal 
aberrations in cultured Chinese hamster fibroblast cells (13). Positive results were 
also obtained in an in vivo study of the acute cytogenetic effect of potassium bro
mate on rat bone marrow cells (14) and in the mouse micronucleus test (9, 10). 
Some evidence of DNA damage in rats given potassium bromate has been ob
served ( 15). 

Carcinogenicity 

F344 rats (50 per sex per dose) were given drinking-water containing 0, 250, or 
500 (reduced to 400 at week 60) mg of potassium bromate per litre (average 
doses 0, 9.6, and 21.3 mg of bromate per kg ofbodyweight per day in males and 

824 



16 DISINFECTANTS AND DISINFECTANT BY-PRODUCTS 

0, 9.6 or 19.6 mg of bromate per kg of body weight per day in females) for 
110 weeks. The incidence of renal tumours in the three groups was 6%, 60%, 
and 88% in males and 0, 56%, and 80% in females. The incidence of peritoneal 
mesotheliomas in dosed males was also significantly elevated (11 %, 33%, and 
59%). The authors concluded that potassium bromate was carcinogenic in both 
male and female rats (16). 

In a subsequent study, male F344 rats were given water containing potassium 
bromate at 0, 15, 30, 60, 125, 250, or 500 mg/litre (equivalent to 0, 0.7, 1 .3, 
2.5, 5.6, 12, or 33 mg of bromate per kg of body weight) for 104 weeks. The in
cidence of renal cell tumours in these dose groups was 0, 0, 0, 4%, 21%, 25%, 
and 45% and was significantly elevated at 12 mg/kg of body weight per day and 
above. The incidence of dysplastic foci (considered to be preneoplastic lesions) 
was 0, 5%, 25%, 25%, 50%, 95%, and 95% and was significantly elevated at 
5.6 mg/kg of body weight per day and above (I 7). 

The carcinogenic potential of potassium bromate was investigated in 
B6C3F 1 female mice (50 per dose) supplied with water containing 0, 500, or 
1000 mg of potassium bromate per litre (average dose 0, 43.5, or 91.6 mg of bro
mate per kg of body weight per day) for 78 weeks. Based on the histological 
examination of tissues at week 104, no significant difference in tumour incidence 
as between exposed and control animals was apparent (16). 

Male F344 rats were supplied with water containing 500 mg of potassium 
bromate per litre (average dose 32.3 mg of bromate per kg of body weight per 
day) for up to 104 weeks to assess the time-course of renal cell tumour induction. 
Dysplastic foci and renal adenomas were first observed after 26 weeks of treat
ment, but the incidence was not statistically significant. Renal dysplastic foci 
(62%) and adenomas (52% were significantly increased as compared with con
trols by 52 weeks of treatment. After 104 weeks, renal adenocarcinomas were ob
served in 3 of 20 rats (15%) and adenomas in 6 of 20 (30%). The combined 
incidence of follicular adenomas and adenocarcinomas of the thyroid (7/35) was 
significantly increased in rats receiving treatment for 104 weeks. The authors 
concluded that the minimum induction time for renal adenoma development 
was 26 weeks (I 8). 

In a related study, the incidence of renal cell tumours was investigated in 
F344 rats exposed to water containing 500 mg of potassium bromate per litre 
(29.6-35.5 mg of bromate per kg of body weight per day) for up to 104 weeks. 
The incidence of renal dysplastic foci was 65% in animals exposed for 1-13 
weeks and increased to 100% in animals exposed for 39-52 weeks (0% in con
trols). The combined incidence of adenomas and adenocarcinomas in rats ex
posed for 13-52 weeks ranged from 47% to 74%, which is similar to or higher 
than that in animals exposed continuously for 104 weeks (45%). The authors 
concluded that the minimum total cumulative dose necessary for the induction 
of renal adenomas and adenocarcinomas was 4 g of potassium bromate per kg 
(3.1 g of bromate per kg) and the minimum treatment period for the induction 
of these tumours was 13 weeks (18). 
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No significant differences were observed in the incidence of tumours in male 
or female newborn F344 rats or ICR mice when potassium bromate was adminis
tered subcutaneously (19). 

16.6.6 Effects on humans 

Most cases of human poisoning from bromate are due to the accidental or inten
tional ingestion of home permanent wave solutions, which can contain 2-10% 
bromate. In children, serious poisonings have been reported following ingestion 
of 60-120 ml of 2% potassium bromate (equivalent to 46-92 mg of bromate per 
kg of body weight per day for a 20-kg child). Lethal oral doses of potassium bro
mate are estimated to be 200-500 mg/kg of body weight (150-385 mg of bro
mate per kg of body weight) (2). 

Toxic effects of bromate salts include nausea, vomiting, abdominal pain and 
diarrhoea, varying degrees of central nervous system depression, seizures, respira
tory depression, and pulmonary oedema, most of which are reversible. Irrever
sible effects include renal failure and deafness, both of which have been observed 
following the ingestion of 240-500 mg of potassium bromate per kg of body 
weight (185-385 mg of bromate per kg of body weight) (2). 

16.6.7 Provisional guideline value 

JECFA evaluated bromate and recommended that there should be no residues in 
food when bromate is used in food processing (20). IARC has concluded that 
there is sufficient evidence for the carcinogenicity of potassium bromate in ani
mals (3) and has classified it in Group 2B (possible human carcinogen). Bromate 
is mutagenic both in vitro and in vivo. 

To estimate cancer risks, the linearized multistage model was applied to the 
incidence of renal tumours in male rats given potassium bromate in drinking
water (16), although it was noted that, if the mechanism of tumour induction is 
oxidative damage in the kidney, application of the low-dose cancer risk model may 
not be appropriate. The concentrations in drinking-water associated with excess 
lifetime cancer risks of 10-4, I0-5, and 10-6 are 30, 3, and 0.3 jlg!litre, respectively. 

Because oflimitations in available analytical and treatment methods, a provi
sional guideline value of 25 jlg!litre is recommended. This value is associated 
with a lifetime excess cancer risk of7 X I0-5. 
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16.7 Chlorophenols 

16.7.1 General description 

Identity 

Compound 
2-Chlorophenol 
2,4-Dichlorophenol 
2,4,6-Trichlorophenol 

CAS no. 
95-57-8 
120-83-2 
88-06-2 

Molecularforrnula 
ClC6H 40H 
Cl2C6H 30H 
Cl3C6H 20H 

A total of 19 possible chlorinated phenols exist, but only 2-chlorophenol (2-CP), 
2,4-dichlorophenol (2,4-DCP), and 2,4,6-trichlorophenol (2,4,6-TCP) will be 
evaluated here, as these are the most likely to occur in drinking-water as possible 
by-products of disinfection. 

Physicochemical properties (1-3) 

Property 2-CP 1 

Boiling point (QC) 175-176 
Melting point (QC) 8.7 
Density (g/cm3) 1.24 
Vapour pressure (kPa) 0.133 (12.1 QC) 
Water solubility (mgllitre) 28 000 
Log octanol-water 2.15 
partition coefficient 

1 Conversion factor in air: 1 ppm = 5.26 mg/m·'. 
Conversion factor m air: 1 ppm = 6.67 mgfmJ. 

' Conversion factor in air: 1 ppm = 8.08 mg/m·'. 
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2,4-DCP2 
210-211 
43-44 
1.38 
0.133 (53 QC) 
4500 
3.06 

2,4,6-TCP3 
246 
68 
1.49 
0.133 (76 QC) 
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Organoleptic properties 

Chlorophenols generally have very low organoleptic thresholds. The taste thresh
olds in water for 2-CP, 2,4-DCP, and 2,4,6-TCP are 0.1, 0.3, and 2 )lg/litre, 
respectively. Odour thresholds are 10, 40, and 300 pg/litre, respectively (2). 

Major uses 

2-CP is used as a precursor in the production of higher chlorophenols and dye
stuffs, and as a preservative. 2,4-DCP is used as a mothproofing agent, germicide 
and antiseptic, and in the production of the pesticide 2,4-D. 2,4,6-TCP is used 
in the production of 2,3,4,6-tetrachlorophenol and pentachlorophenol, and as a 
germicide, glue and wood preservative, and antimildew agent ( 4, 5). 

16.7.2 Analytical methods 

EPA methods 604 (6, 7), 525 (8), and 8270 (9) are used for the determination 
of chlorophenols. The most sensitive technique involves the formation of the 
pentafluorobenzyl ether derivatives (an option in method 604); the method has a 
detection limit of 0.5-5 )lg!litre. Chlorophenols can also be determined by gas 
chromatography with an electron-capture detector. The detection limits are 1-10 
)lg!litre for monochlorophenols, 0.5 )lg/litre for dichlorophenols, and 0.01 )lg/li
tre for trichlorophenols (I). 

16.7.3 Environmental levels and human exposure 

Water 

Chlorophenols are present in drinking-water as a result of the chlorination of 
phenols during disinfection, as by-products of the reaction of hypochlorite with 
phenolic acids, as biocides, or as degradation products of phenoxy herbicides. 
Data from 40 Canadian treatment plants indicate that chlorophenol levels in 
drinking-water are generally quite low but vary considerably from one location to 

another (1 0). Chlorination increased the concentrations of 2-CP (maximum 65 
ng!litre), 2,4-DCP (72 ng!litre), and 2,4,6-TCP (719 ng!litre). Drinking-water 
from the Ruhr area of Germany contained 2,4-DCP at 3-6 ng/litre and 2,4,6-
TCP at 1 ng/litre (1). Several chlorophenols were present in Finnish tapwater at 
levels roughly one order of magnitude higher than those found in Germany (I 1). 

16.7.4 Kinetics and metabolism in laboratory animals and humans 

Chlorophenols are well absorbed after oral administration ( 12), and they readily 
penetrate the skin (13). They do not appear to accumulate in body tissues in rats 
but are rapidly metabolized and eliminated from the body (14-16). The major 
metabolite is the glucuronide conjugate of the parent chlorophenol. Less abun-
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dant metabolites include sulfate conjugates and possibly chloromethoxyphenol 
isomers of the parent compounds (12, 14, 16, 17). Chlorophenols are readily ex
creted as glucuronide conjugates in urine and, to a lesser extent, faeces (12, 16, 
18). 

16.7.5 Effects on laboratory animals and in vitro test systems 

2-Ch/oropheno/ 

Acute exposure 
The oral LD50 for 2-CP in mice was reported to be 670 mg/kg of body weight 
(19). 

Long-term exposure 
Immunological (e.g. humoral and cell-mediated immunity, macrophage func
tion) and haematological (e.g. red and white blood cell count, haematocrit, hae
moglobin) effects were assessed in groups of 12-20 weanling female Sprague
Dawley rats exposed to 0, 5, 50, or 500 mg of 2-CP per litre in drinking-water 
(0, 0.5, 5, or 50 mg/kg of body weight per day) in a reproductive study. Females 
were exposed from 3 weeks of age until breeding at 90 days, and throughout 
gestation to parturition. No treatment-related differences were found. A NOAEL 
of 50 mg/kg of body weight per day can be identified ( 15, 20). 

Reproductive toxtctty, embryotoxtctty, and teratogenicity 
Groups of 12-20 weanling female Sprague-Dawley rats were exposed to 0, 5, 50, 
or 500 mg of 2-CP per litre in drinking-water (0, 0.5, 5, or 50 mg/kg of body 
weight per day) for 10 weeks, then bred. Treatment was continued during breed
ing, gestation, and weaning. Parameters evaluated included percentage con
ception, litter size, birth weight, number of stillbirths, weanling weight, and hae
matology in weanling rats. A treatment-related increase in conception rate, an in
crease in the number of stillbirths, and a decrease in the size of the litters were 
observed at the highest dose (15, 21). 

Carcmogenicity 
In a 24-month experiment, female Sprague-Dawley rats (12-22 per dose) were 
given 2-CP in drinking-water at 0, 5, 50, or 500 mg/litre (0, 0.5, 5, or 50 mg/kg 
of body weight per day) for 10 weeks, then bred. Ethyl urea and nitrite, precur
sors of the transplacental carcinogen nitrosoethylurea (NEU), were administered 
to females on days 14-21 of pregnancy. The effects on tumour incidence and 
latency were most evident in male progeny that received 2-CP with NEU, both 
pre- and postnatally. The lowest level of 2-CP appeared to exert the greatest 
effect. The authors suggested that 2-CP is a eo-carcinogen (21). 
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Acute exposure 
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The acute oral LD50s for 2,4-DCP in rats ranged from 580 to 4000 mg/kg of 
body weight (22, 23). Acute oral LD50s were I276 and I352 mg/kg of body 
weight for male and female CD-I mice, respectively (24). 

Short-term exposure 
CD-I mice (20 per sex per dose) were exposed to 2,4-DCP in drinking-water for 
90 days at concentrations of 0.2, 0.6, or 2.0 g/litre (mean daily doses of 50, I43, 
and 49I mg/kg of body weight for females and 40, II4, and 383 mg/kg of body 
weight for males). There were no significant differences in body weight gain and 
no differences in terminal organ weights or organ weight ratios. Haematological 
differences, namely an increase in leukocytes (high dose) and in polymorpho
nuclear leukocytes (low dose), were observed only in males. Changes in clinical 
chemistry parameters, namely a decrease in creatinine (low dose), an increase in 
BUN/creatinine ratios (mid-dose), and an increase in alkaline phosphatase (high 
dose), were significant in females. These changes were not consistently dose
related, and a LOAEL cannot be established (24). 

ICR mice of both sexes were fed 2,4-DCP in the diet at 0, 0.05%, O.I %, or 
0.2% (0, 45, I 00, or 230 mg/kg of body weight per day) for 6 months. Hyper
plasia of hepatic cells was reported in one of seven animals receiving 0.2%. There 
were no other significant differences in histopathology, organ or body weight 
gains, red or white blood cell counts, or alanine aminotransferase and aspartate 
aminotransferase activities at any dose. The authors identified a N OAEL of 1 00 
mg/kg of body weight per day (23). 

Pre- and postnatal treatment of rats with 300 mg of 2,4-DCP per litre of 
drinking-water for I47 days significantly increased liver and spleen weights and 
enhanced humoral immune responsiveness. Cell-mediated immunity was de
pressed at 30 and 300 mg/litre. No histopathological changes were reported. 
Based on these findings, a NOAEL of 3 mg/litre (0.3 mg/kg of body weight per 
day) and a LOAEL of 30 mg/litre (3 mg/kg of body weight per day) can be iden
tified (25). 

Long-term exposure 
Investigations of the effects of long-term exposure to 2,4-DCP have been de
signed primarily to test its carcinogenic properties and are described below. 

Reproductive toxicity, embryotoxicity, and teratogenicity 
Administration of 2,4-DCP (0, 50, I 50, or 500 mg/kg of body weight per day) 
in drinking-water to male CD-I mice for 90 days had no effect on sperm motili
ty or ability to penetrate ova (26). Exposure of female rats to 0, 3, 30, or 300 mg 
of 2,4-DCP per litre in drinking-water from 3 weeks of age and throughout par-
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turition and lactation had no significant effect on conception, litter size and 
weight, number of stillborn pups, or survival of weanlings continued on treat
ment for 5 weeks (25). 

Mutagenicity and related end-pomts 
2,4-DCP did not show mutagenic potential in Salmonella typhimurium strains 
TA98, TAIOO, TA1535, and TA1537 with and without metabolic activation 
(27). In eukaryotic test assays, 2,4-DCP was not mutagenic in primary hepato
cyte cultures, as shown by the absence of unscheduled DNA synthesis (28). 

Carcinogenicity 
F344 rats and B6C3F1 mice were given 2,4-DCP in feed for 2 years at dietary 
concentrations of 0, 5000, or 10 000 mg/kg (mice and male rats) and 0, 2500, or 
5000 mg/kg (female rats) (male rats: 0, 210, or 440 mg/kg of body weight per 
day; female rats: 0, 210, or 250 mg/kg of body weight per day; male mice, 0, 
800, or 1300 mg/kg of body weight per day; female mice, 0, 430, or 820 mg/kg 
of body weight per day). There was no evidence of carcinogenicity in either 
species. The maximum tolerated dose was probably reached, judging from the 
lower body weight in the treated animals, especially at the high dose. Survival was 
not affected in either species (29). 

2,4,6-Trichlorophenol 

Acute exposure 
The oral LD'io for 2,4,6-TCP has been reported as 820 mg/kg of body weight in 
rats (30). 

Short-term exposure 
2,4,6-TCP was mixed with corn oil and administered daily by gavage to Sprague
Dawley rats (1 0 per sex per dose) for 90 consecutive days at 0, 80, 240, or 720 
mg/kg of body weight per day. At 240 mg/kg of body weight per day, liver weight 
increased in males and adrenal gland weight increased in females. At the highest 
dose, treatment-related effects included salivation, increased weights of the kid
neys, liver, adrenal glands, and testes, and an increase in serum albumin, total 
protein, and serum alanine aminotransferase, as well as a decrease in urinary pH. 
No gross or histopathological changes were seen. In this study, a LOAEL of 240 
mg/kg of body weight per day and a NOAEL of 80 mg/kg of body weight per 
day were identified (Bercz JP et al., unpublished data, 1989). 

Long-term exposure 
Female Sprague-Dawley rats (12-14 per dose) were exposed to 2,4,6-TCP in 
drinking-water at 0, 3, 30, or 300 mg!litre from 3 weeks of age and throughout 
breeding, gestation, parturition, and lactation. Ten pups from each dose group 
were weaned at 3 weeks and continued on treatment for 12-15 weeks. A dose
related increase in the liver weight of the pups reached statistical significance at 
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30 and 300 mg/litre. At 300 mg/litre, the spleen weight of the pups also in
creased significantly. No treatment-related changes in cell-mediated immunity, 
humoral immunity, or macrophage function were seen in the treated groups. In 
this study, a LOAEL of 30 mg/litre (3 mg/kg of body weight per day) and a 
NOAEL of 3 mg/litre (0.3 mg/kg of body weight per day) were identified (21). 

F 344 rats (50 per sex per dose) were given 2,4,6-TCP in their feed at 0, 
5000, or 10 000 mg/kg (0, 250, or 500 mg/kg of body weight per day) for 
106-107 weeks. Mean body weights of both dosed groups were lower than those 
of corresponding controls and were dose-related throughout the study. Other 
clinical signs were common to both the dosed and the control groups. There was 
no significant dose-related trend in mortality. In a similar experiment in B6C3F 1 
mice, dose-related decreases in mean body weights were seen in male and female 
mice. Other clinical signs were common to both dosed and control groups. There 
was no statistically significant dose-related trend in mortality in either sex (30). 

Reproductive tox1c1ty, embryotoxic1ty, and teratogenicity 
Sprague-Dawley rats were exposed to 2,4,6-TCP at 0, 30, or 300 mg!litre in 
drinking-water from 3 weeks of age to parturition. There were no statistically sig
nificant treatment-related effects on percentage conception, litter size, percentage 
stillborn, birth weight, and percentage survival to weaning (21). 

Male Long-Evans hooded rats were given 2,4,6-TCP at 0 or 1000 mg/kg of 
body weight in corn oil by gavage, 5 days per week for 11 weeks (average 0 
or 714 mg/kg of body weight per day), then bred with untreated females. No 
treatment-related effects were seen in copulatory behaviour, semen characteris
tics, organ weights, fertility, or fetal outcome. Female rats were given 0, 100, 500, 
or 1000 mg/kg of body weight by gavage, 5 days per week for 2 weeks prior to 
and during mating and up to day 21 of gestation. No treatment-related effects 
were reported in litter size or pup survival at the dose levels tested (31). 

Mutagemcity and related end-points 
Mutagenic activity was not detected in S. typhimurium strains TA98, TAIOO, 
TA1535, and TA1537 with and without metabolic activation (27). 2,4,6-TCP 
showed weak but significant mutagenic activity in the MP-I strain of Saccharo
myces cerevisiae (32). There was no effect on mitotic crossing-over or mitotic gene 
conversion. Pregnant mice injected with 2,4,6-TCP displayed a slightly increased 
frequency of spotted coat in the offspring, indicative of weak mutagenic activity 
(32). 

Carcmogenicity 
Administration of 2,4,6-TCP to mice at 100 mg/kg of body weight for 72 weeks 
led to increases in the· incidences of hepatomas and reticulum-cell sarcomas. 
However, the incidences are not statistically significant if males and females are 
considered separately or if matched controls are considered (33). 
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F344 rats and B6C3F1 mice were given 2,4,6-TCP (96-97% pure) in the 
feed for over 2 years. Rats and male mice received doses of 0, 5000, or 10 000 
mg/kg of body weight and female mice received time-weighted average doses of 
0, 5214, or 10 428 mg/kg of body weight. A statistically significant dose-related 
increase in the incidence of lymphomas or leukaemias was observed in male rats 
(3/20, 23/50, and 29/50 for the control, low-, and high-dose groups, respectively). 
In addition, the combined incidence of hepatocellular carcinomas and adenomas 
was significantly increased as compared with controls in both male and female 
mice (30). The 2,4,6-TCP may have been contaminated with 1,3,6,8-tetrachlo
rodibenzo-p-dioxin (1,3,6,8-TCDD), which might also be capable of inducing 
liver tumours in mice but is not expected to induce leukaemias in male rats, as 
the 2,3,7,8-TCDD isomer does not appear to do so (34). 

16.7.6 Guideline values 

2-Chlorophenol 

Because of the limited database on the toxicity of 2-CP, no health-based guide
line value has been derived. 

2,4-Dich/oropheno/ 

Because the database for the toxicity of 2,4-DCP is limited, no health-based 
guideline value has been derived. 

2,4,6-Trichlorophenol 

2,4,6-TCP has been reported to induce lymphomas and leukaemias in male rats 
and hepatic tumours in male and female mice. IARC has concluded that 2,4,6-
TCP is possibly carcinogenic to humans (Group 2B) (35). The compound has 
not been shown to be mutagenic in the Ames test bur has shown weak mutagenic 
activity in other in vitro and in vivo assays. 

A guideline value can be derived for 2,4,6-TCP by applying the linearized 
multistage model to leukaemias in male rats observed in a 2-year feeding study 
(33). The hepatic tumours found in this study were not used for risk estimation, 
because of the possible role of contaminants in their induction. The concentra
tions of 2,4,6-TCP in drinking-water (and hence the guideline values) associated 
with 10-4, 10-5, and 10-6 excess lifetime cancer risks are 2000, 200, and 20 )lg/li
tre, respectively. 

The lowest reported taste threshold for 2,4,6-TCP is 2 )lgllitre. If water con
taining this chlorophenol is free from taste, it is unlikely to present an undue risk 
to health. 
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16.8 Formaldehyde 

16.8.1 General description 

Identity 

CAS no.: 
Molecular formula: 

The IUPAC name for formaldehyde is methanal. 
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Physicochemical properties (1-4)1 

Property 
Physical state 
Boiling point 
Melting point 
Relative density 
Vapour pressure 
Water solubility 
Log octanol-water 
partition coefficient 

Value 
Colourless gas 
-19.2°C 
-118 oc 
1.04 (air=1) 
52.6 kPa at -33 oc 
Freely miscible at 25 oc 
-1 

Organoleptic properties 

Formaldehyde has a pungent, suffocating, hay- or straw-like odour. Taste and 
odour thresholds are 50 and 25 mg/litre, respectively (3, 4). 

Major uses 

Formaldehyde's main industrial use is in the production of urea-formaldehyde, 
phenolic, melamine, pentaerythritol, and polyacetal resins. Its second largest use 
is in the industrial synthesis of a number of organic compounds. It is also used in 
cosmetics, fungicides, textiles, and embalming fluids (I). 

16.8.2 Analytical methods 

Formaldehyde in drinking-water is generally determined by a high-performance 
liquid chromatographic method following derivatization with 2,4-dinitrophenyl
hydrazine and liquid-solid extraction. The detection limit is 6.2 p.g!litre (5). 

16.8.3 Environmental levels and human exposure 

Air 

Formaldehyde is emitted into air from plastics and resin glues. Low levels in air 
may also result from the photo-oxidation of hydrocarbons derived from fossil 
fuel. Typical levels in air are a few p.gfm3. Smokers are exposed to high levels of 
formaldehyde (1, 6, 7). 

Water 

Formaldehyde in drinking-water is formed mainly by the oxidation of natural or
ganic (humic) matter during ozonation (8) and chlorination (9). It also enters 

1 Conversion factor in air: 1 ppm = 1.2 mg/m3 at 25 oc. 
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drinking-water via industrial effluents and leaching from polyacetal plastic fit
tings. Concentrations of up to 30 Jlgllitre have been found in ozonated drinking
water (1 0, 11). 

Food 

Concentrations of formaldehyde ranging from 3 to 23 mg/kg have been reported 
in a variety offoods (6). 

Estimated total exposure and relative contribution of drinking-water 

The general population is exposed to formaldehyde mainly by inhalation, smok
ers receiving about 0.38 mg/day by this route (1, 7). People are also exposed by 
ingesting contaminated drinking-water and food, and from the use of urea
formaldehyde foam in housing insulation, and of cosmetics containing formalde
hyde. 

16.8.4 Kinetics and metabolism in laboratory animals and humans 

Ingested formaldehyde is readily absorbed by the gastrointestinal tract. In dermal 
studies, it was absorbed less readily in monkeys than in rats or guinea-pigs (12). 
It appears to be distributed mainly to muscle, lower levels being found in the in
testines, liver, and other tissues (13). 

Formaldehyde is rapidly oxidized to formic acid; the subsequent oxidation to 
carbon dioxide and water is slower in monkeys than in rats (14). Other meta
bolic products, such as N,N' -bis(hydroxymethyl)urea and N-(hydroxymethyl) 
urea, have been reported in rats (15). Metabolites are eliminated in the urine, 
faeces, and expired air, the relative amounts depending on the route of adminis
tration (1, 16, 17). 

16.8.5 Effects on laboratory animals and in vitro test systems 

Acute exposure 

Oral LD50s of 800 and 260 mg/kg of body weight have been reported for the rat 
and guinea-pig, respectively (1 B). 

Short-term exposure 

In a 4-week study, Wistar rats (1 0 per sex per dose) received formaldehyde in 
drinking-water at doses ofO, 5, 25, or 125 mg/kg of body weight per day. Rats re
ceiving the highest dose showed lowered food and liquid intake, histopatho
logical changes in the stomach (focal hyperkeratosis of the forestomach, moderate 
papillomatous hyperplasia) and, in males only, lowered total protein and albumin 
levels in plasma. The NOAEL was 25 mg/kg of body weight per day (1, 19). 
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Oral doses of 0, 50, 100, or 150 mg/kg of body weight per day in rats and 0, 
50, 75, or 100 mg/kg of body weight per day in dogs for 91 days had no effect on 
haematology, clinical chemistry, urinalysis, or gross microscopic pathology. 
Depression in body weight gain was observed in both species at the highest dose 
levels and in male rats given 100 mg/kg of body weight per day (20). 

Long-term exposure 

In a 2-year study, Wistar rats were exposed to formaldehyde in drinking-water at 
mean doses of 0, 1.2, 15, or 82 mg/kg of body weight per day for males and 0, 
1.8, 21, or 109 mg/kg of body weight per day for females. Adverse effects were 
observed only in animals receiving the highest dose and included lower food and 
liquid intake, lower body weights, and pathological changes in the stomach, 
characterized by thickening of the mucosal wall. Relative kidney weights were 
increased in high-dose females, and an increased incidence of renal papillary 
necrosis was found in both sexes. Exposure did not appear to affect survival, hae
matology, or clinical chemistry. The NOAEL was 15 mg/kg of body weight per 
day (21). 

In a similar study, Wistar rats were given formaldehyde in drinking-water at 
10, 50, or 300 mg/kg of body weight per day. At the end of 12 months, rats of 
both sexes in the high-dose group were observed to have gastric erosions, ulcers, 
squamous cell hyperplasia, hyperkeratosis, and basal cell hyperplasia. Only one 
male and one female from the mid-dose group showed hyperkeratosis (1, 22). 

Reproductive toxicity, embryotoxicity, and teratogenicity 

No teratogenic effects were reported in mice given formaldehyde at oral doses of 
0, 74, 148, or 185 mg/kg of body weight per day on days 6-15 of gestation (23). 
Growth and viability of neonates from mice given oral doses of 540 mg/kg of 
body weight per day on days 8-12 of gestation were unaffected (24). No effects 
on reproductive performance or on the health of offspring were observed in bea
gle dogs fed 0, 3.1, or 9.4 mg offormaldehyde per kg of body weight per day in 
their diet on days 4-56 after mating (25). Sperm abnormalities were observed in 
male rats given single oral doses of 1 00-200 mg/kg of body weight (26). Intra
peritoneal injection of formaldehyde at 8 or 16 mg/kg of body weight per day for 
10 days resulted in degeneration of testicular tissue, inhibition of spermato
genesis, and lowered male reproductive organ weights in rats (21). 

Mutagenicity and related end-points 

Formaldehyde has shown evidence of mutagenicity in prokaryotic and eukaryotic 
cells in vitro. It has also been shown to be genotoxic in Drosophila rnelanogaster. It 
binds readily to proteins, RNA, and single-stranded DNA to induce DNA
protein cross-links and breaks in single-stranded DNA. It reacts readily with 
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macromolecules in cells, mainly at the point of exposure (28). In vivo, formalde
hyde increases both DNA synthesis (29) and the number of micronuclei and nu
clear anomalies in epithelial cells in rats (30). 

Carcinogenicity 

There is little evidence that formaldehyde is carcinogenic by the oral route. In a 
2-year study in which Wistar rats were exposed to formaldehyde in drinking
water at mean doses of 0, 1.2, 15, or 82 mg/kg of body weight per day for males 
and 0, 1.8, 21, or 109 mg/kg of body weight per day for females, exposure did 
not appear to affect tumour incidence (21). In a 2-year study in which Sprague
Dawley rats were exposed to formaldehyde in drinking-water at dose levels of 0, 
1, 5, 10, 50, 100, or 150 mg/kg of body weight per day, a dose-dependent in
crease in the incidence of leukaemia (mainly lymphoblastic) and lymphosarcoma 
was reported at dose levels of 5 mg/kg of body weight per day or greater. The in
crease in the incidence of gastrointestinal neoplasms was not dose-related. Tu
mours of this type were rare in historical controls and not detected in concurrent 
controls (31). 

In a carcinogenicity study, a group of 10 rats was given drinking-water con
taining 0.5% formalin (0.2% formaldehyde) for 32 weeks. Histopathological 
changes were observed in the stomach, as well as neoplastic changes in the fore
stomach and papillomas. In addition, the authors reported evidence that formal
dehyde had tumour-promoting activity. However, because of the presence of 
high levels of methanol in formalin, the usefulness of this information is limited 
(32). In another study, formaldehyde induced ornithine decarboxylase activity 
(an indication of tumour-promoting activity) in rats given a single oral form
aldehyde dose of up to 100 mg/kg of body weight (29). There is no evidence that 
formaldehyde acts as a carcinogen or promoter when applied to mouse skin (33). 

There is some evidence that inhalation exposure to formaldehyde causes can
cer in rats and mice by irritating the nasal epithelium. Rats exposed to 17 mg of 
formaldehyde per m3, 6 h per day, 5 days per week for 2 years, exhibited an in
creased incidence of squamous cell carcinoma of the nasal cavity. Tumours were 
also noted in mice at the same level of exposure, but this species was less sensitive 
than the rat (34, 35). 

16.8.6 Effects on humans 

Irritation and allergic contact dermatitis have been associated with exposure of 
the skin to formaldehyde at levels higher than those encountered in drinking
water (36). Its presence in some types of water filters has been associated with 
the occurrence of haemolytic anaemia in dialysis patients (1, 37). 

There is some evidence that formaldehyde is a carcinogen in humans exposed 
by inhalation. Epidemiological investigations of the mortality of factory workers 
following prolonged occupational exposure to formaldehyde showed a slight 
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excess of lung cancer that was not related to formaldehyde exposure (2, 38). An 
increase in the incidence of nasopharyngeal cancer was also noted but again did 
not appear to be related to formaldehyde (39). 

16.8. 7 Guideline value 

Rats and mice exposed to formaldehyde by inhalation exhibited an increased in
cidence of carcinomas of the nasal cavity at doses that caused irritation of the na
sal epithelium (34, 35). Ingestion of formaldehyde in drinking-water for 2 years 
caused stomach irritation in rats (21, 22). Papillomas of the stomach associated 
with severe tissue irritation were observed in one study (32). 

On the basis of studies in which humans and experimental animals were 
exposed to formaldehyde by inhalation, IARC has classified formaldehyde in 
Group 2A ( 40). The weight of evidence indicates that formaldehyde is not car
cinogenic by the oral route. A guideline value has been derived, therefore, on the 
basis of a TDI. A TDI of 150 p.g/kg of body weight was calculated based on the 
NOAEL of 15 mg/kg of body weight per day in a 2-year study in rats (21), incor
porating an uncertainty factor of 100 (for intra- and interspecies variation). No 
account was taken of potential carcinogenicity from the inhalation of form
aldehyde from various indoor water uses, such as showering. With an allocation 
of 20% of the TDI to drinking-water, the guideline value is 900 p.g/litre. 
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16.9 MX 

16.9.1 General description 

Identity 

CAS no.: 

Molecular formula: 
77439-76-0 
C5H3Cl30 3 

MX is the common name for 3-chloro-4-dichloromethyl-5-hydroxy-2(5H)-fura
none. 

Major uses 

MX does not have any commercial uses. 

Environmental fate 

In drinking-water at normal pH, MX exists in the open-ring form, i.e. as (Z)-2-
chloro-3-(dichloromethyl)-4-oxobutenoic acid. 

16.9.2 Analytical methods 

MX in drinking-water can be determined by first concentrating organics using 
XAD resins, followed by high-pressure liquid chromatography, capillary-column 
gas chromatography, and mass spectroscopy (1-3). 
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16.9.3 Environmental levels and human exposure 

Water 

MX is formed by the reaction of chlorine with complex organic matter in 
drinking-water and is present in the chlorinated effluents of pulp mills. It has 
been identified in chlorinated humic acid solutions and drinking-water in Fin
land, the United Kingdom and the USA, and was found to be present in 37 wa
ter sources at levels of 2-67 ngllitre (2, 4). Five drinking-water samples from 
different Japanese cities contained MX at concentrations ranging from <3 to 9 
ngllitre (5). 

16.9.4 Kinetics and metabolism in laboratory animals and humans 

At least 40% of a dose of MX administered by gavage to rats was absorbed, about 
5% of it being recovered in the liver, muscle, skin, kidneys, and blood ( 6). It has 
been demonstrated that MX is a substrate for direct conjugation with glutathione 
in vitro and that glutathione-S-transferase enhances the reaction (7). Cumulative 
excretion of label in 48 h by male rats given 14C-labelled MX by gavage was 
about 34% in the urine and 47% in faeces (6). No parent compound was excret
ed in the urine from rats (B). 

16.9.5 Effects on laboratory animals and in vitro test systems 

Acute exposure 

An acute oral LD50 of 128 mg/kg of body weight per day has been estimated for 
mice (9). 

Short-term exposure 

MX in distilled water was administered to Swiss-Webster mice (5 per sex per 
dose) by gavage at 10, 20, 42, 88, or 184 mg/kg of body weight per day for 2 
days. At 184 mg/kg of body weight per day, all animals died within 1 day follow
ing the second dose; enlarged stomachs and haemorrhagic areas of the forestom
ach were observed. At lower doses, no deaths occurred, no effects on body weight 
were noted during the 2-week observation period, and gross necropsy results 
were normal (9). 

Mutagenicity and related end-points 

MX was reported to be an extremely potent mutagen in Salmonella typhimurium 
strain TA100 without metabolic activation by the 59 fraction of rat liver homog
enate. The responses were also positive but not as strong in strains TA92, TA97, 
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TA98, TA102, and TA1535. No mutagenic response was found with TA1537. 
The addition of the 59 fraction dramatically decreased the responses of TA lOO, 
TA98, and TA 1535 (9, 10). 

MX has been examined for genotoxic activity in cultured mammalian cells. 
In Chinese hamster ovary cells (CHO-Kl), it induced significant increases in 
structural chromosomal aberrations with and without metabolic activation (9). It 
also induced DNA strand breaks in suspensions of rat hepatocytes, rat testicular 
cells and V79 Chinese hamster cells (1 1), but not micronuclei in mouse bone 
marrow in vivo, despite its relatively high clastogenic activity in mammalian cells 
in vitro (9). 

Carcinogenicity 

A skin tumour initiation-promotion assay was conducted in SENCAR mice 
(20-40 per dose). A single dose of MX was administered either topically in ace
tone or orally in distilled water at 5, 16, 28, or 50 mg/kg of body weight. Two 
weeks after treatment, 12-0-tetradecanoyl-phorbol-13-acetate (TPA) was ap
plied topically three times per week for 30 weeks. At 24 weeks, no tumours were 
observed in animals receiving MX alone (topically or orally) without TPA pro
motion; results in topically treated animals with TPA promotion were similar to 
those in controls. In orally treated mice, both the tumour incidence and number 
of tumours per mouse were significantly elevated at 16 mg of MX per kg of body 
weight and above. Because of disparities in the tumour incidences for the topical 
and oral control groups, the data were reanalysed at 28 weeks, when tumour inci
dence was significantly higher than for controls only in the group receiving 16 
mg/kg of body weight. The authors concluded that these results require confir
mation before MX can be considered to possess tumour-initiating activity when 
administered orally ( 4). 

16.9.6 Conclusions 

There are very limited data on the toxicity of MX. I4C-labelled MX is rapidly ab
sorbed, and most of the radioactivity is excreted in the urine within 24-48 h. It is 
unlikely to be absorbed as the parent compound because of its high reactivity. 
MX is an extremely potent mutagen in some strains of Salmonella typhimurium, 
but the addition of liver extract dramatically reduces the response. It is only 
weakly active or inactive in short-term tests for genotoxicity in vivo. Available 
data are inadequate to permit a guideline value for MX to be established. 
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16.10 Trihalomethanes 

16.10.1 General description 

Identity 

Compound 
Bromoform 
Dibromochloromethane (DBCM) 
Bromodichloromethane (BDCM) 
Chloroform 

CAS no. 
75-25-2 
124-48-1 
75-27-4 
67-66-3 

Molecular formula 
CHBr3 
CHBr2Cl 
CHBrC12 
CHC13 

Trihalomethanes are halogen-substituted single-carbon compounds with the gen
eral formula CHX3, where X may be fluorine, chlorine, bromine, or iodine, or a 
combination thereof. From the point of view of drinking-water contamination, 
only four members of the group are important, namely bromoform, DBCM, 
BDCM, and chloroform, the last of these being the one most commonly found. 
The IUPAC names of bromoform and chloroform are tribromomethane and tri
chloromethane, respectively. 

Physicochemical properties (1-7) 

Property Bromoform 1 DBCM2 
Boiling point (0 C) 149-150 119 
Melting point (°C) 8.3 
Density at 20 oc (g/cm3) 2.90 
Vapour pressure (kPa) 0.75 

Water solubility 
(mg/litre) 
Log octanol-water 
partition coefficient 

(25 °C) 
3190 
(30 oc) 
2.38 

Organoleptic properties 

2.38 
2.0 
(10 °C) 
1050 
(30 °C) 
2.08 

BDCM3 
90 
-57.1 
1.98 
6.67 
(20 °C) 
3320 
(30 oc) 
1.88 

Chloroform 4 

61-62 
-63.5 
1.48 
26.7 
(25 oc) 
7220 
(25 °C) 
1.97 

The odour threshold for bromoform in water is 0.3 mg!litre. Chloroform has a 
characteristic odour, with odour threshold values of 2.4 mg!litre in water and 
420 mgfm3 in air (2, 7). 

1 Conversion factor in air: 1 ppm = 10.34 mgfm3. 
2 Conversion factor in air: 1 ppm = 8.52 mg/m0. 
3 Conversion factor in air: 1 ppm = 6.70 mgfm3. 
4 Conversion factor in air: 1 ppm = 4.96 mgfm3. 
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Major uses 

Brominated trihalomethanes have been used as laboratory reagents, as chemical 
intermediates for the synthesis of organic compounds, and as fluids for mineral 
ore separation. They were formerly used as solvents for fats, waxes, and resins and 
as flame retardants. Bromoform has been used as a sedative and cough suppres
sant (8). 

Chloroform is used mainly as the starting material in the manufacture of the 
refrigerant fluorocarbon-22. It is an important extraction solvent for resins, 
gums, and other products. Chloroform was previously used as an anaesthetic, but 
it has been replaced by safer materials. 

Environmental fate 

In air, brominated trihalomethanes may be degraded by photo-oxidative inter
action with atmospheric hydroxyl radicals; their typical atmospheric half-life is 
about 2 months (1, 9). Chloroform can be photo-oxidized in air with a half-life 
of26-260 days (10). 

Volatilization is a major transport process for trihalomethanes. Estimated 
volatilization half-lives from rivers and streams are 1 h to 24 days for bromoform, 
0.7 h to 16 days for DBCM, and 0.5-24 h for BDCM (11, 12). Volatilization 
half-lives for chloroform are 1-2 days for ponds ·and rivers and 9-10 days for 
lakes (13, 14). 

Under anaerobic conditions, brominated trihalomethanes are readily bio
degraded within days in the presence of methane-producing bacteria and under 
denitri£Ying and sulfate-reducing conditions (15, 16). Chloroform can be bio
degraded in groundwater with a half-life ranging from weeks to years (13). Hy
drolysis of brominated trihalomethanes in aqueous media is very slow; estimated 
half-lives are 1000, 274, and 686 years for BDCM, DBCM, and bromoform, 
respectively (17). Based on partition coefficients, bioaccumulation of trihalo
methanes in aquatic organisms may occur, but only to a limited degree (8, 13). 

Chloroform is not strongly absorbed by soil or sediments (13). Brominated 
trihalomethanes are expected to be mobile in soil, based on their partition coeffi
cients and data from percolation studies (B). Studies in aqueous media suggest 
that anaerobic biodegradation could be a major removal process in soil if volatili
zation is restricted. Chloroform can be biodegraded in soil with a half-life of 
4-24 weeks (13). 

16.10.2 Analytical methods 

The preferred technique for the determination of trihalomethanes is gas chroma
tography, with detection by flame ionization, electron capture, or mass spectros
copy (18). The purge-and-trap gas chromatographic procedure is well suited to 
biological and environmental samples that are soluble in water; it has a detection 
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limit of approximately 0.5 )lg/litre (19). The detection limit for chloroform in 
biological materials (e.g. blood, tissue, and food) when the purge-and-trap tech
nique is used is in the range 0.1-1 flg/kg (13). 

16.10.3 Environmental levels and human exposure 

Air 

Ambient air concentrations at several urban locations in the USA averaged 37 
ngfm3 for bromoform, 32 ngfm3 for DBCM, and 7.4 ngfm3 for BDCM (highest 
values reported were 0.73, 0.23, and 1.3 )lgfm3, respectively). The maximum 
concentration of bromoform in the air sampled in Toronto (Canada) was 0.1 
)lgfm3 (54 samples) (20, 21 ). Typical background levels of chloroform in 
outdoor air in rural/remote, urban/suburban, and source-dominated areas are 
0.02-0.2, 0.2-3.4, and 0.2-13 )lgfm3, respectively (13, 22-24). Typical concen
trations of chloroform in indoor air range from 0.07 to 3.6 )lgfm3 (23, 25, 26). 

Water 

Trihalomethanes are generated principally as by-products of the chlorination of 
drinking-water. Hypochlorous acid oxidizes bromide ion to form hypobromous 
acid, which reacts with endogenous organic materials (e.g. humic or fulvic acids) 
to form brominated trihalomethanes (1). Chlorine reacts with the same organic 
substances in water to form chloroform. The amount of each trihalomethane 
formed depends on the temperature, pH, and chlorine and bromide ion concen
trations (27). Trihalomethanes are rarely found in raw water but are often 
present in finished water (28, 29). 

In a Canadian survey of the water supplies of 70 communities, the average 
concentrations of bromoform, DBCM, BDCM, and chloroform were 0.1, 0.4, 
2.9, and 22.7 flg/litre, respectively (30). In a survey of 105 systems in the USA 
using surface water, bromoform was found in 14 supplies at <1.0-5.7 flg/litre 
(median 1.3 flg!litre), DBCM in 70 supplies at <0.5-45 flg/litre (median 3.2 
flg/litre), and BDCM in 99 supplies at <0.5-62 )lg/litre (median 8.2 )lgllitre). In 
a survey of 315 systems using groundwater, bromoform was found in 81 supplies 
at < 1.0-110 )lg!litre (median 3.0 flg!litre), DBCM in 107 supplies at <0.5-32 
)lg/litre (median 4.1 )lg/litre), and BDCM in 104 supplies at <0.5-51 )lg/litre 
(median 3.5 flg/litre) (31). Chloroform was found in 99.5% of finished drink
ing-water samples in two surveys in the USA at concentrations ranging from the 
detection limit to 311 flg/litre; in most samples, concentrations were between 32 
and 68 )lgllitre (32, 33). 

Trihalomethanes can be found in chlorinated swimming pools, total concen
trations ranging from 120 to 660 flg/litre (34). BDCM concentrations were 
about the same in saltwater as in freshwater pools (13-34 )lg/litre) (35). 
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Food 

BDCM is not a common food contaminant but has been found in trace amounts 
in some samples: 1.2 p.g/kg in one dairy composite and 7 p.g/kg in butter (36). 
Chloroform has been found in various foods, including seafood (3-180 p.g/kg), 
dairy products (1-33 p.g/kg), meat (1-4 p.g/kg), oil and fat (2-10 p.g/kg), bever
ages (0.4-18 p.g/kg), fruit and vegetables (2-18 p.g/kg), and bread (2 p.g/kg) (37). 
Many drugs contain residual amounts of chloroform as a result of its use as a sol
vent or formation as a by-product in the manufacturing process (38). 

Estimated total exposure and relative contribution of drinking-water 

The major routes of exposure to trihalomethanes are via drinking-water and in
halation. If it is assumed that the average human intake of air is 20 m3fday, the 
average daily intake of chloroform by inhalation in urban areas can be estimated 
to be 4-68 p.g. Indoor air contamination from such sources as volatilization from 
household uses of chlorinated water (e.g. showers, cleaning) probably contri
butes more to human exposure than outdoor air. It has been estimated that the 
ingestion of 2 litres of drinking-water per day by the average adult results in an 
exposure of 4-88 p.g of chloroform (13). 

16.10.4 Kinetics and metabolism in laboratory animals and 
humans 

Available studies indicate that gastrointestinal absorption is high for all trihalo
methanes, while chloroform is also rapidly and extensively absorbed through the 
lungs (39-42). Because of their high lipophilicity, accumulation is higher in tis
sues of high lipid content, including body fat, liver, and kidneys ( 41, 42). 

In rats, trihalomethanes are oxidized by the hepatic cytochrome P-450 
mixed-function oxidase system to trihalomethanols, which then decompose to 
yield highly reactive dihalocarbonyls ( 43, 44). The amount metabolized depends 
on the species, being higher in mice than in rats (39, 42). Under anaerobic con
ditions, chloroform is reduced by cytochrome P-450 to yield the dichloromethyl 
radical ( 45). As the reactive metabolites of trihalomethanes may be responsible 
for their toxicity or carcinogenicity (14), interspecies differences in metabolic 
patterns should be taken into account in the extrapolation of toxicity or carcino
genicity data from experimental animals to humans ( 46). 

Excretion of unchanged compounds and carbon dioxide occurs primarily in 
exhaled air, only small amounts being excreted in urine (39, 42). 
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16.10.5 Effects on laboratory animals and in vitro test systems 

Bromoform 

Acute exposure 
The oral LD10s for bromoform administered in an aqueous vehicle to male and 
female mice ~ere 1400 and 1550 mg/kg of body weight, respectively (47). For 
male and female rats given bromoform in corn oil, LD50s were 1388 and 1147 
mg/kg of body weight, respectively ( 48). 

Short-term exposure 
Bromoform was administered in drinking-water at levels of 0, 5, 50, 500, or 
2500 mg!litre (0, 0.6, 7, 52, or 250 mg/kg of body weight per day) to Sprague
Dawley rats (20 per sex per dose) for 90 days. Mild to moderate histological 
changes in the liver and thyroid and a significant increase in the severity of hepat
ic lesions were observed at the highest dose, and lactate dehydrogenase activity 
was significantly reduced. Based on the observed liver effect, the NOAEL was 52 
mg/kg of body weight per day ( 49). 

Young adult rats (1 0 per sex per dose) were given bromoform by gavage in 
corn oil at doses of 0, 12, 25, 50, 100, or 200 mg/kg of body weight per day, 5 
days per week for 13 weeks. Male and female mice were given doses of 0, 25, 50, 
100, 200, or 400 mg/kg of body weight per day. Growth was not affected except 
at the highest dose in male mice, in which it was slightly suppressed. Male mice 
at the two highest dose levels showed "minimal to moderate" hepatocellular 
vacuolation in a few cells. Male rats showed a dose-related increase in hepatocel
lular vacuolation, which became statistically significant at 50 mg/kg of body 
weight per day. The NOAELs for hepatocellular vacuolation were 25 and 100 
mg/kg of body weight per day in male rats and male mice, respectively (50). 

Long-term exposure 
The effect of feeding bromoform (microencapsulated and mixed in the diet) was 
evaluated in Wistar SPF rats (40 per sex) dosed for 2 years at 0.04%, 0.16%, or 
0.65% (18, 71, or 480 mg/kg of body weight per day for males and 30, 120, or 
870 mg/kg of body weight per day for females). Animals given the highest dose 
exhibited body weight depression; decreases in serum triglycerides, nonesterified 
fatty acids, glucose, and cholinesterase activity; elevated y-glutamyl transpepti
dase activity; and yellowing and roughening of the liver surface. Similar but less 
severe effects were seen in the mid-dose groups. Based on body weight depression 
and serum enzyme changes, the authors considered the NOAELs to be 18 and 30 
mg/kg of body weight per day for male and female rats, respectively (51). 

Rats of both sexes and female mice (50 per dose) were given bromoform by 
gavage in corn oil at doses of 100 or 200 mg/kg of body weight per day, 5 days 
per week for 2 years. Male mice received 50 or 100 mg/kg of body weight per 
day. Survival was reduced relative to controls in male rats in the high-dose group. 
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A dose-related suppression of growth was also noted in male rats, but female rats 
showed an adverse effect on growth only at the high dose level. Male mice at the 
lower dose showed no effect on growth, but female mice showed a slight suppres
sion that was not clearly related to dose. Rats of both sexes and female mice 
showed a dose-related increased incidence of fatty change (or vacuolation) in the 
liver. An increased incidence of mild fatty changes was noted in both low-dose 
and high-dose female mice but not in male mice. The LOAEL was 100 mg/kg of 
body weight per day for hepatocellular vacuolation and suppression of weight 
gain in rats and female mice (50). 

Reproductive toxicity, embryotoxic1ty, and teratogenicity 
The effect of bromoform on fertility and reproduction was investigated in Swiss 
CO-l mice (20 pairs per dose) dosed for 105 days at 0, 50, 100, or 200 mg/kg of 
body weight per day in corn oil by gavage. No apparent effect on fertility or re
production (e.g. litters per pair, live pups per litter, pup body weights) was re
ported in either the parental or the F1 generation, and a reproductive NOAEL of 
200 mg/kg of body weight per day was identified (52). 

Mutagemc1ty and related end-points 
Bromoform was positive in the Ames test in Salmonella typhimurium strain 
TA100 without activation (53, 54) and negative or equivocal in strains TA1535 
or TA1937 with and without activation (50). Bromoform gave positive results in 
the following assays: chromosomal aberration in CHO cells with activation (54) 
and in mouse bone marrow cells in vivo (50), sister chromatid exchange in hu
man lymphocytes (55), in CHO cells without activation (50), and in mouse 
bone marrow cells in vivo (50, 55), and gene mutation in mouse lymphoma cells 
(50). It was negative for sister chromatid exchange in CHO cells with activation 
(50), and results were equivocal in the micronucleus assay (50, 54). 

Carcinogenicity 
When bromoform (4, 48, or 100 mg/kg of body weight) was administered intra
peritoneally to male strain A mice (20 per dose) 3 times per week for 8 weeks, 
and they were kept under observation for 16 additional weeks, an increased inci
dence oflung tumours was seen at the intermediate dose (56). 

Groups of 50 male B6C3F1 mice were given bromoform by gavage in corn 
oil at doses of 0, 50, or 100 mg/kg of body weight per day, 5 days per week for 
105 weeks. Females received doses of 0, 100, or 200 mg/kg of body weight per 
day. No increase in tumours was reported in any tissue in any group. In a similar 
study, Fischer 344/N rats (50 per sex per dose) were also exposed to bromoform 
by gavage in corn oil at doses of 0, 100, or 200 mg/kg of body weight per day, 5 
days per week for 105 weeks. Adenomatous polyps or adenocarcinoma (com
bined) of the large intestine (colon or rectum) were induced in three male rats 
given the highest dose and in eight female rats given the highest dose. The in
crease was considered to be significant, as these tumours are rare in control ani-
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mals. On the basis of these data, it was concluded that there was "some evidence" 
of carcinogenic activity in male rats and "clear evidence" in female rats. There 
were no tumours in the control rats and one in a mid-dose female rat (50). 

Dibromochloromethane 

Acute exposure 
The oral L050s for DBCM administered in an aqueous vehicle to male and fe
male mice were 800 and 1200 mg/kg of body weight, respectively ( 47). LD50s 
for male and female rats given the compound in corn oil were 1186 and 848 
mg/kg of body weight, respectively ( 48). 

Short-term exposure 
DBCM was administered in drinking-water at levels of 0, 5, 50, 500, or 2500 
mg/litre (0, 0.6, 7, 52, or 250 mg/kg of body weight per day) to Sprague-Dawley 
rats (20 per sex per dose) for 90 days. Mild to moderate histological changes in 
the liver and thyroid and a significant increase in the severity of hepatic lesions 
were observed at the highest dose. Based on the observed liver effect, the NOAEL 
was 52 mg/kg of body weight per day ( 49). 

Fischer 344/N rats and B6C3F 1 mice (1 0 per sex per dose) were given 
DBCM by gavage in corn oil at dose levels ofO, 15, 30, 60, 125, or 250 mg/kg of 
body weight per day, 5 days per week for 13 weeks. The final body weights of rats 
that received 250 mg/kg of body weight were depressed. A dose-dependent in
crease in hepatic vacuolation was observed in male rats. Based on this hepatic ef
fect, the NOAEL in rats was 30 mg/kg of body weight per day. Kidney and liver 
toxicity were observed in male and female rats and male mice at 250 mg/kg of 
body weight per day. Survival rates for treated animals and corresponding con
trols were comparable except in high-dose rats. Clinical signs in the treated ani
mals and controls were comparable. Based on the renal and hepatic lesions, a 
NOAEL of 125 mg/kg of body weight per day was identified in mice (57). 

Long-term exposure 
The effect of feeding DBCM (microencapsulated and mixed in the diet) was 
evaluated in Wistar SPF rats (40 per sex) dosed for 2 years at 0.022%, 0.088o/o, 
or 0.35% (1 0, 39, or 210 mg/kg of body weight per day for males and 17, 66, or 
350 mg/kg of body weight per day for females). Animals receiving the highest 
dose exhibited depressed body weight; decreases in serum triglycerides, nonester
ified fatty acids, glucose, and cholinesterase activity; elevated y-glutamyl trans
peptidase activity; and yellowing and roughening of the liver surface. Similar but 
less severe findings were present in the mid-dose groups. Based on the body 
weight depression and serum enzyme changes, the authors considered "the 
NOAELs to be 10 and 17 mg/kg of body weight per day for male and female 
rats, respectively (51). 

Rats (50 per sex per dose) were given DBCM by gavage in corn oil at 0, 40, 
or 80 mg/kg of body weight, 5 days per week for 104 weeks, and mice (50 per sex 
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per dose) received 0, 50, or 100 mg/kg of body weight by gavage for 105 weeks. 
Survival in rats and female mice was comparable in all dose groups, whereas it 
was decreased in high-dose male mice. An overdosing accident at week 58 killed 
35 male mice in the low-dose group, so this group was not evaluated further. 
Mean body weights of high -dose male rats and high -dose mice of both sexes were 
lower than those of the vehicle controls. The incidence of fatty metamorphosis of 
the liver was increased in male and female rats and female mice at both low- and 
high-dose levels. Male mice showed liver effects at the high dose. There was an 
increased incidence of kidney nephrosis in female rats and in male mice but not 
in male rats or female mice. Follicular cell hyperplasia of the thyroid occurred at 
increased incidence in female mice but not in males. Based on the hepatic 
lesions, LOAELs of 50 and 40 mg/kg of body weight per day for mice and rats, 
respectively, were identified (57). 

ReproductiVe toxicity, embryotoxicity, and teratogemc1ty 
In a multigeneration reproductive study, groups of 10 male and 30 female ICR 
mice were treated with DBCM in emulphor at 0, 0.1, 1.0, or 4.0 g/litre (0, 17, 
171, or 685 mg/kg of body weight per day) in drinking-water for 35 days, then 
mated; subsequent re-matings occurred 2 weeks after weaning. The F 1 mice were 
treated with the same test solution for 11 weeks after weaning and then mated; 
re-mating occurred 2 weeks after weaning. At 17 mg/kg of body weight per day, 
there was only a slight depression in the body weight of the newborn pups in the 
F2b generation. At 171 mg/kg of body weight per day, there was a significant de
crease in female body weight and an increase in the occurrence of gross liver pa
thology ofF0 and F1b mice; the lesions varied in severity from fat accumulation 
to distinct masses on the liver surface. Although not occurring in every genera
tion, there were significant decreases in litter size, pup viability, postnatal body 
weight, and lactation index. At 685 mg/kg of body weight per day, the effects 
were of the same types but more severe. Body weight gain was significantly re
duced in both males and females at the highest dose (685 mg/kg of body weight 
per day) and in females at the middle dose (171 mg/kg of body weight per day). 
Animals in both these groups exhibited enlarged livers with gross morphological 
changes. In addition, the gestation index, fertility, and survival of the F 1 genera
tion were significantly reduced. Based on maternal toxicity and fetotoxicity, a 
NOAEL of 17 mg/kg of body weight per day was identified (58). 

Mutagemc1ty and related end-points 
DBCM was positive in the Ames test with 5. typhimurium strain TA100 without 
activation (53, 54) but negative in strains TA98, TA1535, and TA1537 with or 
without activation (58). It gave positive results for chromosomal aberration in 
CHO cells with activation (54) and for sister chromatid exchange in human lym
phocytes and mouse bone marrow cells in vivo (55); it was negative in the micro
nucleus assay (54). 
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CarcinogentcJty 
DBCM was administered to rats and mice (50 per sex per dose) in corn oil by 
gavage at doses of 0, 40, or 80 mg/kg of body weight per day for rats and 0, 50, 
or 100 mg/kg of body weight per day for mice, 5 days per week for 104-105 
weeks. An overdose killed 35 of the 50 low-dose male mice, so that this group 
could not be used for the study of carcinogenicity. DBCM significantly increased 
the incidence of hepatocellular adenomas and the combined incidence of hepato
cellular adenomas and carcinomas in high-dose female mice. The incidence of 
hepatocellular carcinomas was significantly increased in high-dose male mice; the 
combined incidence of hepatocellular adenomas and carcinomas was marginally 
significant by the life-table test but not by the incidental tumour test. DBCM 
did not produce an increased incidence of tumours in treated rats. There was "no 
evidence" of carcinogenic activity in male or female rats, "equivocal evidence" of 
carcinogenicity in male mice, and "some evidence" of carcinogenicity in female 
mice under the conditions of this study (57). 

Bromodichloromethane 

Acute exposure 
Oral LD50s for BDCM administered in an aqueous vehicle to mice were 450 and 
900 mg/kg of body weight for males and females, respectively ( 47). Male and fe
male rats given the compound in corn oil had LD50s of 916 and 969 mg/kg of 
body weight, respectively ( 48). 

Short-term exposure 
BDCM was administered in drinking-water at levels of 0, 5, 50, 500, or 2500 
mg!litre (0, 0.6, 7, 52, or 250 mg/kg of body weight per day) to Sprague-Dawley 
rats (20 per sex per dose) for 90 days. Mild to moderate histological changes in 
the liver and thyroid and a significant increase in the severity of hepatic lesions 
were observed at the highest dose. Based on the observed liver effect, the NOAEL 
was 52 mg/kg of body weight per day ( 49). 

Fischer 344/N rats and B6C3F 1 mice were given BDCM by gavage in corn 
oil 5 days per week for 13 weeks. Rats (10 per sex per dose) were given 0, 19, 38, 
75, 150, or 300 mg/kg of body weight per day. Male mice (10 per dose) were giv
en 0, 6.3, 12.5, 50, or 100 mg/kg of body weight per day, and female mice were 
given 0, 25, 50, 100, 200, or 400 mg/kg of body weight per day. Of the male and 
female rats that received the highest dose, 50% and 20% respectively died before 
the end of the study. None of the mice died. Body weights decreased significantly 
in male and female rats given BDCM at 150 and 300 mg/kg of body weight per 
day. Centrilobular degeneration of the liver was observed at 300 mg/kg of body 
weight per day in male and female rats and at 200 and 400 mg/kg of body weight 
per day in female mice. Degeneration and necrosis of the kidney were observed at 
300 mg/kg of body weight per day in male rats and at 100 mg/kg of body weight 
per day in male mice. The NOAELs in rats were 75 and 150 mg/kg of body 
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weight per day for body weight reduction and for hepatic and renal lesions, re
spectively. The NOAEL for renal lesions in mice was 50 mg/kg of body weight 
per day (59). 

Long-term exposure 
The effect of feeding BDCM (microencapsulated and mixed in the diet) was 
evaluated in Wistar SPF rats (40 per sex) dosed for 2 years at 0.014%, 0.055%, 
or 0.22% ( 6, 24, or 130 mg/kg of body weight per day for males and 11, 41, or 
220 mg/kg of body weight per day for females). Animals receiving the highest 
dose exhibited depressed body weight; decreases in serum triglycerides, nonester
ified fatty acids, glucose, and cholinesterase activity; elevated y-glutamyl trans
peptidase activity; and yellowing and roughening of the liver surface. Similar but 
less severe findings were present in the mid-dose groups. Based on the body 
weight depression and serum enzyme changes, the authors considered the 
NOAELs to be 6 and 11 mg/kg of body weight per day for male and female rats, 
respectively (5 I). 

Groups of Fischer 344/N rats (50 per sex per dose) were given 0, 50, or 100 
mg of BDCM per kg of body weight per day in corn oil by gavage 5 days per 
week for 102 weeks. Male B6C3F1 mice (50 per dose) were given 0, 25, or 50 
mg/kg of body weight per day, and female mice received 0, 75, or 150 mg/kg of 
body weight per day by gavage for 102 weeks. Renal cytomegaly was observed in 
male rats at 50 mg/kg of body weight per day and above and in male mice at 25 
mg/kg of body weight per day and above. Fatty metamorphosis of the liver was 
observed in male and female rats at 50 mg/kg of body weight per day and above 
and in male mice at 25 mg/kg of body weight per day and above. Compound
related follicular cell hyperplasia of the thyroid was also observed in male and 
female mice. Survival was decreased in female mice only. Mean body weights 
were decreased at 100 mg/kg of body weight per day in rats and at 50 and 150 
mg/kg of body weight per day in male and female mice, respectively. Based on 
the observed renal and liver effects, a LOAEL of 50 mg/kg of body weight per 
day was identified for rats. Based on the observed renal, liver, and thyroid effects 
in male mice and thyroid effects in female mice, a LOAEL of 2 5 mg/kg of body 
weight per day was identified for mice (59). 

Reproductive tox1c1ty, embryotoxic1ty, and teratogemc1ty 
A dose-related increased incidence in sternebra! anomalies was reported in fetuses 
from groups of 9-15 pregnant rats exposed to BDCM in corn oil by gavage at 
doses of 0, 50, 100, or 200 mg/kg of body weight per day on days 6-15 of gesta
tion. The authors interpreted the sternebra! anomalies as evidence of a fetotoxic 
(rather than a teratogenic) effect. The LOAEL based on this fetotoxic effect was 
50 mg/kg of body weight per day (60). 
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Mutagemctty and related end-points 
BDCM was positive in the Ames test with S. typhimurium strain TA lOO without 
activation (53, 54) but negative in strains TA98, TA1535, and TA1537 with or 
without activation (59). It induced gene mutations in mouse lymphoma cells 
with, but not without, activation (59). BDCM gave conflicting results for chro
mosomal aberration in CHO cells with and without activation (54, 59), positive 
results for sister chromatid exchange in human lymphocytes and in mouse bone 
marrow cells in vivo (55), and negative results for the micronucleus assay (54) 
and sister chromatid exchange in CHO cells (59). 

Carcinogemc1ty 
When BDCM (20, 40, or 100 mg/kg of body weight) was administered intra
peritoneally to male strain A mice (20 per dose) 3 times per week for 8 weeks, 
and they were kept under observation for 16 additional weeks, an increased inci
dence oflung tumours was seen at the highest dose (56). 

Fischer 344/N rats (50 per sex per dose) were given BDCM in corn oil by 
gavage at 0, 50, or 100 mg/kg of body weight, 5 days per week for 102 weeks. 
Male B6C3F1 mice (50 per dose) were given 0, 25, or 50 mg/kg of body weight 
per day by gavage, and females received 0, 75, or 150 mg/kg of body weight per 
day. BDCM caused a significant increase in tumours of the kidney in male mice, 
the liver in female mice, and the kidney and large intestine in male and female 
rats. In male mice, the incidences of tubular cell adenomas and the combined in
cidences of tubular-cell adenomas and adenocarcinomas of the kidneys were sig
nificantly increased at 50 mg/kg of body weight per day. In female mice, 
significant increases in hepatocellular adenomas occurred at 75 and 150 mg/kg of 
body weight per day, whereas hepatocellular carcinomas were significantly in
creased at 150 mg/kg of body weight per day. In male and female rats, the inci
dence of tubular cell adenomas, adenocarcinomas, and the combined incidence 
of adenomas and adenocarcinomas of the kidneys were significantly increased 
only at 100 mg/kg of body weight per day. Adenosarcomas of the large intestine 
were increased in male rats at both doses and in high-dose female rats. Adenoma
taus polyps were significantly increased in male rats in a dose-dependent manner 
but were present in females at the high dose only. Based on the data, it was con
cluded that, under the conditions of this study, there was "clear evidence" of car
cinogenic activity for male and female mice and rats (59). 

Chloroform 

Acute exposure 
Oral LD50s in rats and mice for chloroform range from 908 to 2000 mg/kg of 
body weight (14). 

Short-term exposure 
Six-week-old male Osborne-Mendel rats (30 per dose) were given chloroform in 
drinking-water at 0, 20, 38, 58, 81, or 160 mg/kg of body weight per day (based 
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on average weight and water intake) for 36, 60, or 90 days (61). A decrease in 
body weight was observed at the highest dose. No effects on percentage of kidney 
fat or serum biochemistry were observed, and gross and microscopic pathology 
findings were mild and not dose-related. 

A similar study was conducted on B6C3F 1 female mice (30 per dose) given 
chloroform in drinking-water at approximately 0, 32, 64, 97, 145, 290, or 436 
mg/kg of body weight per day ( 61). Histologically, centrilobular fatty changes in 
the liver appeared to be treatment-related. There was a statistically significant in
crease in the percentage of liver fat at the highest dose. Based on fatty changes in 
the liver, a NOAEL of 290 mg/kg of body weight per day and a LOAEL of 436 
mg/kg of body weight per day were identified. 

Chloroform was administered to weanling SD rats (20 per dose) in drinking
water at approximately 0, 0.7, 6, 50, or 180 mg/kg of body weight per day (based 
on average body weight and water intake) (62). Increased mortality, decreased 
growth rate, and decreased food intake were reported at the highest dose. Mild to 
moderate liver and thyroid lesions were observed in all groups. However, after a 
90-day recovery period, these effects were not significantly different from con
trols, except for the thyroid lesions in the highest-dose males. No significant 
changes were observed in the serum biochemical or haematological parameters. A 
NOAEL of 50 mg/kg of body weight per day was established, based on thyroid 
lesions and decreased growth. 

Chloroform was administered by gavage to B6C3F1 mice (10 per sex per 
dose) at doses of 60, 130, or 270 mg/kg of body weight per day for 90 days, 
either in corn oil or in 2% emulphor (63). When chloroform was given in corn 
oil, there was a significant increase in aspartate aminotransferase levels in both 
male and female mice at 270 mg/kg of body weight per day, as well as a signifi
cant degree of diffuse parenchyma! degeneration and mild to moderate early cir
rhosis. Significant pathological lesions were not observed in the mice receiving 
chloroform in 2% emulphor. The data suggest that administration of chloroform 
by gavage in corn oil results in more marked hepatotoxicity than administration 
of chloroform in an aqueous suspension. The study identified 270 mg/kg of body 
weight per day as a LOAEL for serum enzyme elevation and diffuse liver patholo
gy when chloroform is given in corn oil and the same level as a NOAEL when 
chloroform is given in an aqueous vehicle. 

Long-term exposure 
Male and female SD rats (50 per dose) were dosed by gavage with chloroform in 
a toothpaste-based vehicle at 0 or 60 mg/kg of body weight per day, 6 days per 
week for 80 weeks. There was a marginal but consistent and progressive retarda
tion of weight gain in both sexes. A decrease in plasma cholinesterase activity and 
a significant decrease in relative liver weight were seen in treated female rats. No 
other significant effects on the liver or kidney were observed. In this study, a 
LOAEL of 60 mg/kg of body weight per day, based on decreases in body weight, 
liver weight, and plasma cholinesterase activity, was identified ( 64). 
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Drinking-water containing chloroform at 600 or 1800 mg!litre (86 or 258 
mg/kg of body weight per day) was administered to B6C3F 1 mice (35 per dose) 
for 24 or 52 weeks. The animals in the high-dose group showed a statistically sig
nificant decrease in mean body weight. Focal areas of cellular necrosis were found 
in the kidneys and liver of treated mice, and focal areas of hepatic lipid accumu
lation were seen in the high-dose mice. A NOAEL was not identified (65). 

Chloroform was administered to Osborne-Mendel rats (50-330 per dose) 
and B6C3F 1 mice (50-430 per dose) at concentrations of 0, 200, 400, 900, or 
1800 mg!litre in drinking-water for 23 months. The time-weighted average dos
es were 0, 19, 38, 81, and 160 mg/kg of body weight per day for rats and 0, 34, 
65, 130, and 263 mg/kg of body weight per day for mice. Although various 
blood chemistry and haematological parameters differed significantly from the 
control values at some time points, these parameters were not significantly differ
ent from those of matched controls with identical water consumption, and the 
authors concluded that the effects of chloroform were probably secondary to 
those of reduced water and food consumption. There was increased mortality in 
the two highest dose groups for mice. The percentage of fat in the mouse liver 
was significantly increased in the two highest dose groups at 6 months. A 
NOAEL was not established (66). 

Chloroform was administered to beagle dogs (12-15 per dose) in a tooth
paste base in gelatin capsules at dose levels of 15 or 30 mg/kg of body weight per 
day for 7.5 years. The most significant effect was the formation of hepatic "fatty 
cysts" and nodules of altered hepatocytes at both doses. There was also a moder
ate rise in serum enzyme (e.g. alanine aminotransferase) levels, which reached a 
peak in the sixth year of the study. Based on the increased alanine aminotrans
ferase levels and increased frequency of fatty cysts, a LOAEL of 15 mg/kg of body 
weight per day was identified in this study (67). 

Reproductive toxicity, embryotoxicity, and teratogemcity 
Rats were given chloroform at doses of 0, 20, 50, or 126 mg/kg of body weight 
per day by gavage in corn oil on days 6-15 of gestation. Dams (25 per dose) re
ceiving 50 or 126 mg/kg of body weight per day displayed signs of maternal tox
icity (decreased weight gain, mild fatty changes in the liver). Reduced body 
weights were seen in the fetuses from dams dosed at the highest level. There was, 
however, no evidence of teratogenicity. The maternal and fetal NOAELs were 20 
and 50 mg/kg of body weight per day, respectively ( 68). 

In a similar study in rabbits, dams were dosed by gavage with chloroform at 
0, 20, 35, or 50 mg/kg of body weight per day on days 6-18 of gestation. Mater
nal toxicity (decreased weight gain) was observed in dams given 50 mg/kg of 
body weight per day. Fetuses from dams (15 per dose) given 20 or 50 mg/kg of 
body weight per day had slightly reduced body weights. An increased incidence 
of incompletely ossified skull bones (usually parietals) was observed at 20 and 35 
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mg/kg of body weight per day. The authors did not consider these effects to be 
evidence of teratogenicity or fetotoxicity. The maternal NOAEL identified in this 
study was 35 mg/kg of body weight per day (68). 

Mutagenicity and related end-points 
Chloroform was not mutagenic in several Ames bacterial test systems with or 
without microsomal activation (53, 69, 72). However, positive responses were 
observed in a host-mediated assay in male mice (71), a sex-linked recessive lethal 
test in Drosophila (70), an assay utilizing yeast (72), and a sperm-head abnormal
ity assay in mice (73). 

Carcmogenicity 
Osborne-Mendel rats (50 per sex per dose) were treated with chloroform in corn 
oil, 5 days per week for 78 weeks. Male rats received 90 or 180 mg/kg of body 
weight per day; females were treated with 125 or 250 mg/kg of body weight per 
day for 22 weeks and 90 or 180 mg/kg of body weight per day thereafter. Lower 
body weight gain and survival were observed in all treated groups. The most sig
nificant observation was a dose-related increase in renal epithelial tumours of 
tubular-cell origin in male rats. There was an increase in thyroid tumours in fe
male rats, but this was not considered biologically significant by the authors (74). 

B6C3F1 mice (50 per sex per dose) were given chloroform in corn oil by gav
age, 5 days per week for 78 weeks. For the first 18 weeks, dose levels were 100 or 
200 mg/kg of body weight per day for males and 200 or 400 mg/kg of body 
weight per day for females; they were then raised to 150 or 300 mg/kg of body 
weight per day for males and 250 or 500 mg/kg of body weight per day for fe
males for the rest of the study. Survival rate and weight gain were similar in all 
treated groups, except for an increase in lesions (including tumours) that tended 
to shorten the lives of the high-dose female mice. Statistically significant dose
related increases in hepatocellular carcinomas were observed in all treated groups. 
Nodular hyperplasia of the liver was observed in many male mice that had not 
developed hepatocellular carcinomas (74). ' 

Male Osborne-Mendel rats (50-330 per dose) and female B6C3F 1 mice 
(50-430 per dose) were given chloroform in drinking-water at levels of 0, 200, 
400, 900, or 1800 mg!litre (average dose 0, 19, 38, 81, or 160 mg/kg of body 
weight per day in rats and 0, 34, 65, 130, or 263 mg/kg of body weight per day 
in mice) for 104 weeks. The incidence of renal tubular adenomas and adenocar
cinomas in male rats was increased in a dose-related manner (14% in the highest
dose group compared with 2% in the control group). In the female B6C3F1 
mice, there was no statistically significant increase in the incidence of hepato
cellular carcinomas ( 66). 

It is important to note that chloroform in corn oil at a dose of 250 mg/kg of 
body weight per day promoted the development of liver tumours in B6C3F1 
mice (74), whereas in drinking-water at 263 mg/kg of body weight per day it 
failed to induce such tumours in the same strain of mice ( 66). This may be due 
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either to the toxicokinetic difference between the administration of chloroform 
as a bolus dose by gavage in corn oil as compared with continuous dosing in 
water or, alternatively, a synergistic interaction between chloroform and corn oil 
(74). 

16.10.6 Effects on humans 

In the past, orally administered bromoform was used as a sedative for children 
with whooping cough. Typical doses were around 180 mg, given 3-6 times per 
day. Deaths as a result of accidental overdose were occasionally reported. The 
clinical signs in fatal cases were central nervous system depression followed by 
respiratory failure (75, 76). Based on these clinical observations, the estimated le
thal dose for a child weighing 10-20 kg is probably about 300 mg/kg of body 
weight, and the LOAEL for mild sedation is around 54 mg/kg of body weight per 
day. 

Chloroform is a central nervous system depressant and can also affect liver 
and kidney function. Based on case reports, the mean lethal oral dose for humans 
was estimated at approximately 44 g (77), but a fatal dose may be as small as 211 
mg/kg of body weight, death being caused by respiratory or cardiac arrest ( 14). 
Workers exposed to chloroform by inhalation at levels of 112-1158 mgfm3 for 
one or more years complained of nausea, lassitude, dry mouth, flatulence, thirst, 
depression, irritability, and scalding urination (78). Workers inhaling chloroform 
at levels of 10-1000 mg/ m3 for 1-4 years had an increased incidence of viral 
hepatitis and enlarged liver (79). 

In several epidemiological studies ( 80, 81), associations between the ingestion 
of chlorinated drinking-water (which typically contains trihalomethanes) and in
creased cancer mortality rates have been reported. In one study (82), there was an 
apparent association between bladder cancer and trihalomethanes, and a higher 
degree of correlation was noted with the brominated trihalomethanes than with 
chloroform. However, as chlorinated water contains many by-products, it is not 
possible from these epidemiological studies to conclude that brominated triha
lomethanes are human carcinogens. In another study, no apparent association 
was found between chloroform ingested in drinking-water and risk of colorectal 
cancer (83). 

16.10.7 Guideline values 

The trihalomethanes may act as an indicator for the presence of other chlorina
tion by-products. Control of the four most commonly occurring trihalomethanes 
in drinking-water should help to reduce levels of other uncharacterized chlorina
tion by-products. 

Because these four compounds usually occur together, it has been the prac
tice to consider total trihalomethanes as a group, and a number of countries have 
set guidelines or standards on this basis. In the first edition of the Guidelines for 
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drinking-water quality, a guideline value was established for chloroform only; few 
data existed for the remaining trihalomethanes and, for most water supplies, 
chloroform was the most commonly encountered member of the group. In this 
edition, no guideline value has been set for total trihalomethanes; however, 
guideline values have been established separately for all four trihalomethanes. 

For authorities wishing to establish a total trihalomethane standard to ac
count for additive toxicity, the following fractionation approach could be taken: 

cbromoform + 
GV bromoform 

CDBCM 
+ 

GVDBCM 
CBDCM 

+ 
GVBDCM 

cchloroform 

GVchloroform 

where C = concentration and GV = guideline value. 

~ 1 

Authorities wishing to use a guideline value for total trihalomethanes should 
not simply add up the guideline values for the individual compounds in order to 
arrive at a standard, because the four compounds are basically similar in toxico
logical action. 

In controlling trihalomethanes, a multistep treatment system should be used 
to reduce organic trihalomethane precursors, and primary consideration should 
be given to ensuring that disinfection is never compromised. 

Bromoform 

In a bioassay carried out by the National Toxicology Program (NTP) in the USA, 
bromoform induced a small increase in relatively rare tumours of the large intes
tine in rats of both sexes but did not induce tumours in mice. Data from a varie
ty of assays on the genotoxicity of bromoform are equivocal. IARC has classified 
bromoform in Group 3. 

A TDI was derived on the basis of a NOAEL of25 mg/kg of body weight per 
day for the absence of histopathological lesions in the liver in a well-conducted 
and well-documented 90-day study in rats (50). This NOAEL is supported by 
the results of two long-term studies. The TDI is 17.9 11g/kg of body weight, cor
recting for exposure on 5 days per week and using an uncertainty factor of 1000 
(I 00 for intra- and interspecies variation and 10 for possible carcinogenicity and 
the short duration of the study). With an allocation of 20% of the TDI to drink
ing-water, the guideline value is 100 11gllitre (rounded figure). 

Dibromochloromethane 

In an NTP bioassay, DBCM induced hepatic tumours in female and possibly in 
male mice but not in rats. The genotoxicity of DBCM has been studied in a 
number of assays, but the available data are considered inconclusive. IARC has 
classified DBCM in Group 3. 
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A TDI was derived on the basis of a NOAEL of 30 mg/kg of body weight 
per day for the absence of histopathological effects in the liver in a well
conducted and well-documented 90-day study in rats (57). This NOAEL is 
supported by the results of long-term studies. The TDI is 21.4 p.g/kg of body 
weight, correcting for exposure on 5 days per week and using an uncertainty fac
tor of 1000 (1 00 for intra- and interspecies variation and 10 for the short dura
tion of the study). An additional uncertainty factor for potential carcinogenicity 
was not applied because of the questions regarding mouse liver tumours from 
corn oil vehicles and inconclusive evidence of genotoxicity. With an allocation 
of 20% of the TDI to drinking-water, the guideline value is 100 p.g/litre (round
ed figure). 

Bromodichloromethane 

In an NTP bioassay, BDCM induced renal adenomas and adenocarcinomas in 
both sexes of rats and male mice, rare tumours of the large intestine (adenoma
tous polyps and adenocarcinomas) in both sexes of rats, and hepatocellular aden
omas and adenocarcinomas in female mice. BDCM has given both positive and 
negative results in a variety of in vitro and in vivo genotoxicity assays. IARC has 
classified bromodichloromethane in Group 2B ( 84). 

Cancer risks have been estimated on the basis of increases in incidence of 
kidney tumours in male mice observed in the NTP bioassay (59), as these tu
mours yield the most protective value. Hepatic tumours in female mice were not 
considered owing to the possible role of the corn oil vehicle in their induction, al
though the estimated risks are within the same range. Using the linearized multi
stage model, the range of concentrations of BDCM in drinking-water associated 
with excess lifetime cancer risks of 10-4, 10-5, and 10-6 for kidney tumours are 
600, 60, and 6 p.g!litre, respectively. These values are supported by a recently 
published feeding study in rats that was not available for full evaluation. 

Chloroform 

IARC has classified chloroform in Group 2B as a possible human carcinogen 
(85). In long-term studies, chloroform has been shown to induce hepatocellular 
carcinomas in mice when administered by gavage in oil-based vehicles but not in 
drinking-water; it has been reported to induce renal tubular adenomas and 
adenocarcinomas in male rats regardless of the carrier vehicle. Chloroform has 
been studied in a wide variety of genotoxicity assays and has been found to give 
both positive and negative results. 

The guideline value is based on extrapolation of the observed increase in kid
ney tumours in male rats exposed to chloroform in drinking-water for 2 years 
(66), although it is recognized that chloroform may induce tumours through a 
non-genotoxic mechanism. Using the linearized multistage model, concentra
tions of chloroform in drinking-water of 2000, 200, and 20 p.g/litre were calcu-
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lated to correspond to excess lifetime cancer risks of 10-4, 10-5, and 10-6, respec
tively. The guideline value associated with an excess lifetime cancer risk of 1 Q-5 is 
also supported by a 7.5-year study in dogs, in which a LOAEL of 15 mg/kg of 
body weight per day was observed for liver effects (applying an uncertainty factor 
of 1000 (1 00 for inter- and intraspecies variation and 10 for the use of a LOAEL) 
and allocating 50% of the TDI to drinking-water). 
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Other chlorination by-products 
A number of oxidation by-products are formed when chlorine reacts with organ
ic materials, such as humic or fulvic acids, present in water as a result of the deg
radation of animal or plant matter. The following chlorination by-products are 
dealt with in this section: chlorinated acetic acids, trichloroacetaldehyde, chloro
acetones, halogenated acetonitriles, cyanogen chloride, and chloropicrin. 
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16.11 Chlorinated acetic acids 

16.11.1 General description 

Identity 

Compound 
Monochloroacetic acid 
Dichloroacetic acid 
Trichloroacetic acid 

CAS no. 
79-11-8 
79-43-6 
76-03-9 

Molecular formula 
ClCH2COOH 
Cl2CHCOOH 
Cl3CCOOH 

The IUPAC names for these compounds are mono-, di- and trichloroethanoic 
acid, respectively. 

Physicochemical properties (1-3) 

Property Monochloroacetic 
acid 1 

Boiling point (QC) 187.8 
Melting point (QC) 52.5 
Density (g/cm.'l) 1.58 at 20 QC 
Vapour pressure (kPa) 0.133 at 40 QC 
Water solubility (g/litre) Very soluble 
Log octanol-water 
partition coefficient 

Organoleptic properties 

Dichloroacetic 
acid 2 

194 
13.5 
1.56 at 20 QC 
0.133 at 44 QC 
86.3 
0.14 

Trichloroacetic 
acid3 
197.5 

1.63 at 61 QC 
0.133at51 QC 
13 
0.10 

No information is available on the odour thresholds of chlorinated acetic acids in 
water. 

Major uses 

Monochloroacetic acid is used as an intermediate or reagent in the synthesis of a 
variety of chemicals and as a pre-emergence herbicide. Dichloroacetic acid is used 
as a chemical intermediate in the synthesis of organic materials, as an ingredient 
in pharmaceuticals and medicines, as a topical astringent, and as a fungicide. Tri
chloroacetic acid is used as an intermediate in the synthesis of organic chemicals, 
and as a laboratory reagent, herbicide, soil sterilizer, and antiseptic (2-5). 

1 Conversion factor in air: 1 ppm = 3.87 mgfm3. 
2 Conversion factor in air: 1 ppm = 5.27 mgfm3. 
3 Converswn factor in air: 1 ppm = 6.68 mgfm3. 
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16.11.2 Analytical methods 

The chloroacetic acids can be determined either by EPA Method 515.1 or draft 
EPA Method 552, which was developed for non-pesticidal haloacids and phe
nols, i.e. by capillary-column/electron-capture/gas chromatography. Data from a 
monitoring study of water supplies indicate that detection levels of 1 )lgllitre are 
achievable. 

16.11.3 Environmental levels and human exposure 

Water 

Chlorinated acetic acids are formed from organic material during water chlorina
tion ( 6); typical levels in finished drinking-water supplies range from 30 to 160 
)lgflitre (7). Limited data for drinking-water supplies in the USA indicate that 
monochloroacetic acid is generally present at concentrations of less than 1.2 
)lg/litre ( 8); it was detected in the finished water at six of 10 sites at levels below 
10 )lg/litre. Dichloroacetic acid was found in the distribution systems of six 
water-supply companies at concentrations ranging from 8 to 79 )lg!litre; it was 
detected in the finished water of 10 of 10 companies surveyed and at levels of 10 
)lgllitre or higher at eight of them. Trichloroacetic acid was found in the distri
bution systems of six companies at concentrations ranging from 15 to 103 )lg/li
tre; it was detected in finished water at six of 10 companies at concentrations of 
10-100 )lg/litre (four sites) and less than 10 )lg/litre (two sites) (9). 

16.11.4 Kinetics and metabolism in laboratory animals and 
humans 

Monochloroacetic acid 

In rats given monochloroacetate subcutaneously, levels in liver and kidney were 
approximately the same and 4-5 times higher than those in plasma, brain, and 
heart. Approximately 50% of the dose was excreted in the urine within 17 h. 
Monochloroacetic acid is metabolized to oxalate and glycine. It can also be con
jugated with glutathione, phospholipids, and cholesterol. The glutathione conju
gate degrades to thiodiacetic acid (I 0, 11). 

Dichloroacetic acid 

Plasma dichloroacetic acid concentrations peaked in rats 30 min after dosing by 
gavage, suggesting rapid intestinal absorption (12). Levels in liver and muscle in
creased following administration (13). In rats, dogs, and humans given sodium 
dichloroacetate intravenously, average half-lives of the parent compound in the 
plasma were 2.97, 20.8, and 0.43 h, respectively; the apparent dose dependence 
of plasma clearance suggests that metabolic transformation becomes rate-limiting 
at high doses (14). In the rat, dichloroacetate is rapidly metabolized by dechlori-
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nation to glyoxalate, which in turn is metabolized to oxalate (15). In humans, 
urinary excretion of unchanged dichloroacetate was negligible after 8 h, and cu
mulative excretion was less than 1 o/o of the total dose in all subjects (14). 

Trichloroacetic acid 

Trichloroacetic acid appears to be rapidly absorbed from the intestinal tract, me
tabolism occurring mainly in the liver. It can be converted into carbon dioxide 
and chloride ion or reduced to the aldehyde. A comparatively small proportion of 
trichloroacetic acid is metabolized, much of this compound being excreted un
changed in the urine (1 6, 17). 

16.11.5 Effects on laboratory animals and in vitro test systems 

Monochloroacetic acid 

Acute exposure 
The acute oral LD50s for monochloroacetic acid in mice, male rats, and male 
guinea-pigs were estimated to be 255, 76, and 80 mg/kg of body weight, respec
tively (18). In other studies, oral LD50s in mice were found to be 165 mg/kg of 
body weight (19) and 260 mg/kg of body weight (20). In rats, an oral LD50 of 
2820 mg/kg ofbodyweight in males and a dermal LD 50 of8068 mg/kg of body 
weight were reported (21). 

Short-term exposure 
Mice (20 per sex per dose) received monochloroacetic acid by gavage at 0, 25, 50, 
100, 150, or 200 mg/kg of body weight per day for 13 weeks. Mortality was in
creased at the highest dose, and females in this group experienced decreased weight 
gain and increased absolute and relative liver weights. Cholinesterase levels were 
decreased in females at 150 and 200 mg/kg of body weight per day. The NOAEL 
was 100 mg/kg of body weight per day for decreased cholinesterase levels (22). 

In rats (20 per sex per dose) that received monochloroacetic acid by gavage at 
0, 30, 60, 90, 120, or 150 mg/kg of body weight per day for 13 weeks, effects 
were seen at every dose level. At 90 mg/kg of body weight per day and above, 
they included accumulations of mononuclear inflammatory cells and myofibre 
degeneration, elevated blood levels of thyroxin and segmented neutrophils, and 
increased blood urea nitrogen levels in males. At 60 mg/kg of body weight per 
day and above, effects included decreased survival, decreased absolute and rela
tive heart weights, degenerative and inflammatory changes (cardiomyopathy), 
elevated alanine and aspartate aminotransferases, increased actual liver weight 
and relative kidney weight in males, and increased blood urea nitrogen levels in 
females. At 30 mg/kg of body weight per day and above, effects included de
creased lymphocyte counts and decreased relative heart weight in females. The 
LOAEL for this study was the lowest dose tested, 30 mg/kg of body weight per 
day (22). 
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Long-term exposure 
F344/N rats (70 per sex per dose) received monochloroacetic acid by gavage at 
doses of 0, 15, or 30 mg/kg of body weight per day, 5 days per week for 2 years. 
No effects on body weight or clinical findings were observed. However, survival 
was significantly decreased in male rats at 30 mg/kg of body weight per day and 
in female rats in both dose groups. The incidence of uterine polyps was marginal
ly (nonsignificantly) increased in females at both doses. The LOAEL for this 
study was 15 mg/kg of body weight per day for reduced survival (22). 

In the same study, B6C3F1 mice (60 per sex per dose) were dosed with mono
chloroacetic acid at 0, 50, or 100 mg/kg of body weight per day, 5 days per week 
for 2 years. Effects were seen only at the highest dose and included decreased sur
vival in males, decreased mean body weight and metaplasia of the olfactory epi
thelium in females, and inflammation of the nasal mucosa and squamous 
hyperplasia of the forestomach in both sexes. The NOAEL for this study was 50 
mg/kg of body weight per day (22). 

Mutagenicity and related end-pomts 
Monochloroacetic acid was positive in the mouse lymphoma cell forward muta
tion assay without metabolic activation (23). It was positive without, and nega
tive with metabolic activation in the sister chromatid exchange assay in Chinese 
hamster ovary (CHO) cells. In the in vitro chromosomal aberration assay in 
CHO cells, monochloroacetic acid was negative both with and without metabol
ic activation (24). 

Carcinogemc1ty 
There was no evidence of carcinogenic activity in 2-year bioassays in F344/N rats 
and B6C3F 1 mice. Rats (70 per sex per dose) received monochloroacetic acid by 
gavage at 0, 15, or 30 mg/kg of body weight per day, and mice (60 per sex per 
dose) received 0, 50, or 100 mg/kg of body weight per day (22). 

Dichloroacetic acid 

Acute exposure 
LD50s of 4480 and 5520 mg of dichloroacetic acid per kg of body weight have 
been reported in rats and mice, respectively (18). 

Short-term exposure 
In a study in which Sprague-Dawley rats (5 per sex per group) were given water 
containing 0, 30, 125, 500, or 1875 mg of dichloroacetate per litre (0, 2.4, 10, 
40, or 150 mg/kg of body weight per day) for 14 days, none of the parameters 
monitored (e.g. body weight, lactate and pyruvate levels, blood glucose levels) 
was significantly altered. In this study, a NOAEL of 150 mg/kg of body weight 
per day was identified (25). 
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In a study in which sodium dichloroacetate was administered to Sprague
Dawley rats (10 per sex per dose) by gavage at dose levels ofO, 125, 500, or 2000 
mg/kg of body weight per day for 3 months, body weight gain was significantly 
depressed in a dose-dependent manner at all dose levels. Minimal effects on hae
matological parameters were observed at the two highest doses. Mean relative 
weights of liver, kidneys, and adrenals were significantly increased in a dose
dependent fashion. Brain and testes were the principal target organs; brain 
lesions characterized by vacuolation of the myelinated white tracts resembling 
oedema were observed in the cerebrum and cerebellum of treated rats of both 
sexes in all dose groups. Based on effects on organ weights and brain lesions, a 
LOAEL of 125 mg/kg of body weight per day, the lowest dose tested, was iden
tified in this study (26, 27). 

Beagle dogs were given sodium dichloroacetate by capsule at 50, 75, or 100 
mg/kg of body weight per day for 13 weeks. Both sexes exhibited dose-dependent 
weight losses. All dose levels were associated with a progressive depression in 
erythrocyte counts, erythrocyte volume fraction (haematocrit) and haemoglobin 
levels. Mean blood glucose, lactate, and pyruvate levels were significantly reduced 
in all treated animals. There was an increased incidence of lung consolidation 
among treated dogs. Histopathological examination indicated that all treated 
dogs suffered slight to moderate vacuolation of white myelinated tracts in the ce
rebrum and to a lesser extent in the cerebellum. There was an increased incidence 
of haemosiderin-laden Kupffer's cells in the liver and cystic mucosal hyperplasia 
in the gallbladder at all dose levels. A LOAEL of 50 mg/kg of body weight per 
day can be identified from this study (26, 27). 

Long-term exposure 
Male B6C3F1 mice (50 per dose) received dichloroacetate in their drinking-water 
at 0, 0.05, 0.5, 3.5, or 5.0 g/litre (0, 7.6, 77, 410, or 486 mg/kg of body weight 
per day) for 60 weeks. Other groups of mice received dichloroacetate at 7.6 or 77 
mg/kg of body weight per day for 75 weeks. In the highest-dose mice, water con
sumption was reduced to 60% of that of controls. Body weight was decreased at 
the two highest dose levels, and relative liver weight was increased at the three 
highest dose levels. An increase in kidney weight was seen only at 410 mg/kg of 
body weight per day. No effects were seen on testes or spleen weight. The 
NOAEL for the 60- and 75-week studies was 7.6 mg/kg of body weight per day 
(28). 

Mutagemcity and related end-points 
Dichloroacetic acid was reported to cause strand breaks in DNA when adminis
tered in vivo to rats and mice in one study (29) but not in a second study at high
er doses (30). 
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Carcinogentctty 
The carcinogenic potential of dichloroacetate was investigated in B6C3F 1 mice 
(50 males per dose) that received this compound in their drinking-water for 60 
weeks at concentrations ofO, 0.05, 0.5, 3.5, or 5.0 g!litre (0, 7.6, 77,410, or 486 
mg/kg of body weight per day). Other groups of mice received dichloroacetate at 
7.6 or 77 mg/kg of body weight per day for 75 weeks. Hyperplastic nodules were 
seen in 58% of the mice that received 410 mg/kg of body weight per day and in 
83% of the mice that received 486 mg/kg of body weight per day. The inciden
ces of hepatocellular adenomas were 1 00% and 80%, and those of hepatocellular 
carcinomas 67% and 83%, respectively. lncidences in the other dose groups were 
similar to those in controls (28). 

The carcinogenic potential of dichloroacetic acid in mice was investigated in 
a complex regimen that included pretreatment with nitrosoethylurea (NEU) at 
various doses. Male B6C3F 1 mice were supplied with drinking-water containing 
0, 2000, or 5000 mg of dichloroacetate per litre (0, 400, or 1000 mg/kg of body 
weight per day). Non-initiation protocols (without NEU) were used only at the 
high-dose level. The incidence of hepatocellular carcinomas was 0% in the con
trol group (no NEU or dichloroacetic acid) and 81% at 1000 mg/kg of body 
weight per day (no NEU). With dichloroacetic acid and a low dose ofNEU, the 
tumour incidences were 66-72% for the high and low doses. The authors con
cluded that dichloroacetic acid was carcinogenic at a dose of 1000 mg/kg of body 
weight per day without prior initiation (31). 

Dichloroacetic acid exposure via drinking-water resulted in the induction of 
liver tumours in male B6C3F 1 mice. Groups of mice received dichloroacetic acid 
at 0, 1, or 2 g/litre (approximately 0, 137, or 295 mg/kg of body weight per day, 
based on the authors' calculations of total dose for each group) for 37 or 52 
weeks. Hepatocellular carcinomas were seen only in 5 of 24 males (21 %) that re
ceived the highest dose for 52 weeks (32). 

Trichloroacetic acid 

Acute exposure 
The LD50 for trichloroacetic acid was 3320 mg/kg of body weight in rats and 
4970 mg/kg of body weight in mice ( 18). 

Short-term exposure 
Groups of male Sprague-Dawley rats were exposed to trichloroacetate in drink
ing-water at a concentration of 5000 mg/litre (about 312 mg/kg of body weight 
per day) for 10, 20, or 30 days. No treatment-related changes in body weight, or
gan weight, gross necropsy, or histopathology were found, and a short-term 
NOAEL of 312 mg/kg of body weight per day can be identified (33). 

Six male Fischer 344 [CDF (F-344)/CrlBR] rats and eight male B6C3F 1 
mice were given trichloroacetic acid by gavage at 500 mg/kg of body weight per 
day for 10 days. The mean liver-to-body-weight ratios were significantly in
creased in both species, but there was no effect on the mean kidney-to-body-
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weight ratio. Cyanide-insensitive palmitoyl coenzyme (CoA) oxidation was in
creased in both species. The LOAEL for liver effects identified in this study was 
500 mg/kg of body weight per day for both rats and mice (34). 

Male Sprague-Dawley rats (1 0 per dose) received trichloroacetic acid in their 
drinking-water at 0, 50, 500, or 5000 mg/litre (0, 4.1, 36.5, or 355 mg/kg of 
body weight per day) for 90 days. No effects were seen on body weight or abso
lute weight of liver or kidneys. At the highest dose level, absolute spleen weight 
was reduced and relative liver and kidney weights were increased. Liver effects 
seen at the highest dose included increased hepatic peroxisomal beta-oxidation 
activity, focal hepatocellular enlargement, intracellular swelling, and glycogen ac
cumulation. The NOAEL for this study was 36.5 mg/kg ofbodyweight per day 
(35). 

Dose-related increases in hepatic weight were associated with the administra
tion of trichloroacetic acid in drinking-water at 0, 300, 1000, or 2000 mg/litre to 
male B6C3F 1 mice for 14 days. The effect was statistically significant at 1000 
and 2000 mg/litre. The NOAEL was therefore 300 mg!litre or approximately 55 
mg/kg of body weight per day (36) . 

Long-term exposure 
Male Sprague-Dawley rats were exposed to trichloroacetate in drinking-water at 
concentrations of 0, 50, 500, or 5000 mg/litre (0, 2.89, 29.6, and 277 mg/kg of 
body weight per day at 6 months) for up to 12 months. No significant changes 
were detected in body weight, organ weight, gross necropsy, or histopathology 
during the experiment. A NOAEL of 277 mg/kg of body weight per day was 
identified in this study (33). 

In a study in which B6C3F 1 mice received trichloroacetate at 0, 1, or 2 glli
tre in drinking-water for 37 or 52 weeks, both absolute liver weights and liver-to
body-weight ratios in male and female mice were significantly increased in a 
dose-related manner relative to controls. The LOAEL in this study was 1 g/litre, 
or 178 mg/kg of body weight per day, based on the authors' calculations of total 
dose for each group (32). 

Mutagenicity and related end-points 
Trichloroacetic acid was not mutagenic in Salmonella typhimurium strain TA100 
without metabolic activation (37). It gave positive results in three in vivo chro
mosomal aberration assays in mice: the bone marrow assay, the micronucleus 
test, and the sperm-head abnormaliry assay (38). 

Carcinogemcity 
Male B6C3F 1 mice received trichloroacetic acid at 0, 1, or 2 g/litre (approxi
mately 0, 178, or 319 mg/kg of body weight per day, based on the authors' calcu
lations of total dose for each group) in drinking-water for 37 or 52 weeks. An 
increase in the incidence of hepatocellular carcinomas was seen in males in both 
treated groups, but none was seen in any of the females (32). 
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The carcinogenic potential of trichloroacetic acid in mice was investigated in 
a complex regimen that included pretreatment with NEU at various doses for 61 
weeks. Male B6C3F 1 mice were supplied with drinking-water containing tri
chloroacetate at 0, 2000, or 5000 mg/litre (0, 400, or 1000 mg/kg of body 
weight per day). Non-initiation protocols (without NEU) were used at the high
dose level only. The incidence of hepatocellular carcinomas was Oo/o in the con
trols (no NEU or trichloroacetic acid) and 32% at the highest dose level (no 
NEU). In both groups given trichloroacetic acid with a low dose ofNEU, the tu
mour incidence was 48%. The authors concluded that trichloroacetic acid was 
carcinogenic at a dose of 1000 mg/kg of body weight per day without prior initi
ation (31). 

The results of two short-term tests conducted in rats-the hepatic enzyme
altered foci bioassay and stimulation of peroxisomal-dependent palmitoyl-CoA 
oxidation in liver-suggest that trichloroacetic acid may possess weak promoting 
activity in the rat liver (33, 39). 

16.11.6 Effects on humans 

Diabetic or hyperlipoproteinaemic patients received a daily oral dose of 3-4 g of 
dichloroacetate for 6-7 days. Some patients experienced mild sedation, but no 
other laboratory or clinical evidence of adverse effects was noted during or im
mediately after the treatment phase. Biochemical effects included significantly re
duced fasting blood glucose levels, marked decreases in plasma lactate and 
alanine, significantly decreased plasma cholesterol levels, decreased triglyceride 
levels, elevated plasma ketone bodies, and elevated serum uric acid levels ( 40). 

Daily oral doses of 50 mg of dichloroacetate per kg were administered to 
two young males to treat severe familial hypercholesterolaemia ( 4 1). In both pa
tients, total serum cholesterol levels decreased significantly. No adverse clinical 
or laboratory signs were detected in one patient, but the second complained of 
tingling in his fingers and toes after 16 weeks. Physical examination revealed 
slight decreases in the strength of facial and finger muscles, diminished to absent 
deep tendon reflexes, and decreased strength in all muscle groups of the lower 
extremities. Electromyographic studies revealed denervation changes in foot and 
distal leg muscles. Mild slowing of conduction velocity was noted in both pos
terior tibial nerves, and no measurable response was obtained in the peroneal or 
sural nerves. Six months after discontinuation of the treatment the neuropathic 
effects had improved, although serum cholesterol returned to high levels ( 42). 

16.11. 7 Guideline values 

Monochloroacetic acid 

No evidence of carcinogenicity was found in a recent 2-year bioassay in rats and 
mice (22). Available toxicity data are considered insufficient for deriving a guide
line value. 
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Dichloroacetic acid 

In several bioassays, dichloroacetate has been shown to induce hepatic tumours 
in mice. No adequate data on genotoxicity are available. Because the evidence for 
the carcinogenicity of dichloroacetate is insufficient, a TDI of 7.6 flg/kg of body 
weight was calculated based on a study in which no effects were seen on the livers 
of mice exposed to dichloroacetate at 7.6 mg/kg of body weight per day for 75 
weeks (28) and incorporating an uncertainty factor of 1000 (100 for intra- and 
interspecies variation and 10 for possible carcinogenicity). With an allocation of 
20% of the TDI to drinking-water, the provisional guideline value is 50 flg/litre 
(rounded figure). 

The guideline value is designated as provisional because the data are insuffi
cient to ensure that the value is technically achievable. Difficulties in meeting a 
guideline value must never be a reason to compromise adequate disinfection. 

Trichloroacetic acid 

Trichloroacetate has been shown to induce tumours in the liver of mice. It has 
not been found to be mutagenic in in vitro assays, but has been reported to cause 
chromosomal aberrations. 

Because the evidence for the carcinogenicity of trichloroacetate is restricted 
to one species, a TDI of 17.8 fig/kg of body weight was calculated based on a 
LOAEL of 178 mg/kg of body weight per day from a study in which increased 
liver weight was seen in mice exposed to trichloroacetate in drinking-water for 52 
weeks (32) and incorporating an uncertainty factor of 10 000 ( 100 for intra- and 
interspecies variation and 100 for the use of a slightly less-than-lifetime study, use 
of a LOAEL rather than a NOAEL, and possible carcinogenicity). The NOAEL 
in a 14-day study in mice for the same effect was one-third of the LOAEL in the 
52-week study (36). Based on a 20% allocation of the TDI to drinking-water, 
the provisional guideline value is 100 flg/litre (rounded figure). 

The guideline value is designated as provisional because of the limitations of 
the available toxicological database and because there are inadequate data to 
judge whether the guideline value is technically achievable. Difficulties in meet
ing the guideline value must never be a reason for compromising adequate disin
fection. 
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16.12 Chloral hydrate (trichloroacetaldehyde) 

16.12.1 General description 

Identity 

Compound 
Trichloroacetaldehyde 
Chloral hydrate 

CAS no. 
75-87-6 
302-17-0 

Molecular formula 
Cl3CCHO 
Cl3CCH(0Hh 

The IUPAC name for trichloroacetaldehyde is trichloroethanal. 

Physicochemical properties (1-3) 

Property 
Boiling point (0 C) 
Melting point (°C) 
Density at 20 oc (g/cm3) 
Water solubility (g/litre) 

Major uses 

Trichloroacetaldehyde I 

97.8 
-57.5 
1.512 
Freely soluble 

Chloral hydrate 2 

96.3 
57 
1.908 
8300 at 25 oc 

Hydrated trichloroacetaldehyde (chloral hydrate) is used as a sedative and hyp
notic in human and veterinary medicine (3, 4). 

16.12.2 Analytical methods 

Trichloroacetaldehyde and chloral hydrate are determined by draft EPA Method 
551, i.e. by capillary-column/electron-capture/gas chromatography. Monitoring 
data indicate that a quantification limit of 0.4 rg/litre is achievable for chloral 
hydrate. 

16.12.3 Environmental levels and human exposure 

Water 

Trichloroacetaldehyde may enter water from industrial discharges or be formed 
as a by-product during the chlorination of water containing organic precursor 
molecules. Chloral hydrate is formed when trichloroacetaldehyde is dissolved in 
water; it was detected in six of 10 drinking-water supplies sampled, at concentra
tions ranging from 0.01 to 5 rg/litre (5). In another survey, chloral hydrate was 
detected in each of 10 drinking-water systems at concentrations ranging from 10 
to 100 rg/litre (6). 

1 Conversion factor in air: I ppm = 6.03 mgfm3. 
2 Conversion factor in air: I ppm = 6.77 mgfm3. 
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16.12.4 Kinetics and metabolism in laboratory animals and 
humans 

Chloral hydrate was rapidly absorbed in dogs and humans, most, if not all, being 
either oxidized to trichloroacetic acid or reduced to trichloroethanol. Most of the 
dose was excreted in the urine as trichloroethanol glucuronide, together with 
small amounts of free trichloroethanol. The remainder was excreted as trichloro
acetate (7, B). 

16.12.5 Effects on laboratory animals and in vitro test systems 

Acute exposure 

The acute oral LD50 for chloral hydrate in mice was 1265-1442 mg/kg of body 
weight (9). Rats are more sensitive than mice, acute oral LD50s ranging from 285 
mg/kg of body weight in newborn pups to 479 mg/kg of body weight in adults 
(IO). 

Short-term exposure 

Groups of male CD-1 mice were dosed with chloral hydrate by gavage at 14.4 or 
144 mg/kg of body weight per day for 14 days. No significant effect on body 
weight was observed, but a dose-dependent increase in liver weight and decrease 
in spleen weight were observed. These changes were statistically significant at the 
higher dose. No effects on haematological or serum biochemical parameters were 
noted, except for an unusual decrease in lactate dehydrogenase at the higher dose. 
A NOAEL of 14.4 mg/kg of body weight per day was identified in this study (9). 

Male and female CD-1 mice were supplied with chloral hydrate in drinking
water at 70 or 700 mg/litre (time-weighted average doses of approximately 16 or 
160 mg/kg of body weight per day) for 90 days. The liver appeared to be the tis
sue most seriously affected. In males, dose-related hepatomegaly and microsomal 
proliferation were seen, accompanied by small changes in serum chemistry values 
for potassium, cholesterol, and glutathione, but no significant changes in serum 
enzyme levels. Females did not show hepatomegaly but did display changed 
hepatic microsomal parameters. No other significant toxicological changes were 
observed in either sex. Based on hepatomegaly, a LOAEL of 16 mg/kg of body 
weight per day (the lowest dose tested) was identified for chloral hydrate in this 
study (9). 

Long-term exposure 

A chronic 2-year drinking-water study of chloral hydrate was conducted on 
groups of 40 male B6C3F 1 mice at dose levels of 0 and 1 g!litre (0 and 166 
mg/kg of body weight per day). Lesions were primarily confined to the liver and 
included hepatocellular necrosis, inflammation, and cytomegaly. Organ weight 
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changes were also evident, with increases in absolute and relative liver weights 
throughout the treatment period. Spleen, kidney, and testicular weights as well as 
pathological changes in these organs were comparable to those in controls ( 11). 

Reproductive toxicity, embryotoxicity, and teratogenicity 

Female mice were exposed to chloral hydrate in drinking-water at concentrations 
corresponding to doses of 21.3 or 204.8 mg/kg of body weight per day from be
fore breeding until weaning. No gross malformations were noted, and no signifi
cant effects were observed in gestational duration, number of pups delivered, pup 
weight, or number of stillborn pups. All pups showed the same rate of develop
ment and degree of performance on several neurobehavioural tests, except that 
pups from the high-dose group showed impaired retention in a passive avoidance 
learning task. A NOAEL of 21.3 mg/kg of body weight per day for develop
mental effects was identified in this study (12). 

Mutagenicity and related end-points 

Chloral hydrate was reported to be mutagenic in Salmonella typhimurium strain 
TA98. Both chloral hydrate and trichloroacetaldehyde were reported to be muta
genic in S. typhimurium strain TA100, with and without metabolic activation. 
Mutagenic activity was also observed for chloral hydrate in Streptomyces coelicolor 
and A)pergillus nidulans. Neither chloral hydrate nor trichloroacetaldehyde was 
mutagenic inS. typhimurium strain TA1535 (13, 14). 

Chloral hydrate administered to mice caused significant increases in the 
number of hyperhaploid cells, probably due to chromosome nondisjunction re
sulting from a disruptive effect of chloral hydrate on the mitotic spindle (15). 
Similar disruptive effects of chloral hydrate on chromosomal segregation have 
been observed in A. nidulans (I 6) and Saccharomyces cerevisiae (I 7). Chloral hy
drate did not bind to DNA in mouse liver in vivo or form DNA-protein cross
links when incubated with rat liver nuclei in vitro, which suggests that it may 
have low genotoxic potential in animals (18). 

Carcinogenicity 

The carcinogenic potential of chloral hydrate was investigated in male B6C3F 1 
mice (40 per dose) that received the compound in their drinking-water at dose 
levels of 0 or 1 gllitre (0 or 166 mg/kg of body weight per day) for up to 104 
weeks. The most prevalent lesions observed were hepatocellular carcinomas 
(46%) and hepatocellular adenomas (29%). Proliferative lesions were also ob
served in the untreated controls but at a lower incidence (2% and 1%, respective
ly). Hyperplastic nodules (4%) were observed in the treated group but not in 
untreated controls (I I). 
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A single oral dose of chloral hydrate ( 10 mg/kg of body weight) administered 
to 15-day-old male mice resulted in a significant increase in liver tumours after 
48-92 weeks (I 9). 

16.12.6 Effects on humans 

Chloral hydrate has been widely used as a sedative or hypnotic drug in humans at 
recommended oral doses of 0.25-1.0 g. Concentrated solutions are irritating to 
the gastrointestinal tract, and the ingestion of undiluted preparations causes nau
sea and vomiting. The acute oral toxic dose in humans is usually about 10 g, 
which causes severe respiratory depression and hypotension (20). 

Adverse effects in patients given either 0.5 or 1.0 g of chloral hydrate includ
ed central nervous system depression, minor sensitivity reactions, gastrointestinal 
disturbances, and central nervous system excitement (21). Cardiac arrhythmias 
induced by chloral hydrate have been described (22). 

The chronic use of chloral hydrate may result in the development of toler
ance and physical dependence. Those physically dependent on it reportedly take 
as much as 12 g per day (23). 

16.12. 7 Provisional guideline value 

Chloral hydrate causes liver tumours in mice. It has been shown to be mutagen
ic in short-term tests in vitro, but it does not bind to DNA. It has been shown to 
disrupt chromosome segregation in cell division. Because of the lack of adequate 
long-term studies, the guideline value for chloral hydrate is based on the LOAEL 
from a study in which liver effects were seen in mice that received chloral hydrate 
in drinking-water at 16 mg/kg of body weight per day for 90 days (9). A TDI of 
1.6 jlgfkg of body weight was calculated using this LOAEL and incorporating an 
uncertainty factor of 10 000 (1 00 for intra- and interspecies variation, 10 for the 
short duration of the study, and 10 for the use of a LOAEL instead of a NOAEL). 
With an allocation of 20% of the TDI to drinking-water, the provisional guide
line value is 10 ]lg/litre (rounded figure). This guideline value is designated as 
provisional because of the limitations of the available database. 
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16.13 Chloroacetones 

16.13.1 General description 

Identity 

Compound 
1,1-Dichloroacetone 
1 ,3-Dichloroacetone 

CAS no. 
513-88-2 
534-07-6 

Molecular formula 
Cl2CHCOCH3 
ClCH2COCH2Cl 

The IUPAC name for chloroacetone is chloropropanone. 

Physicochemical properties (1-3} 

Property 
Boiling point (0 C) 
Melting point (°C) 
Density at 20 oc (g/cm3) 
Water solubility at 20 oc 

I, 1-Dichloroacetone 1 

120 

1.3 
Slightly soluble 

I Conversion factor in air: 1 pmm = 5.19 mg/m-1. 
2 Conversion factor in air: 1 pmm = 5.19 mgfm3. 
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1,3-Dichloroacetone 2 

173 
45 
1.4 
Soluble 
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Major uses 

Chlorinated acetones have been proposed for use in tear gas because they are 
lachrymators. Chloroacetone is used as a reagent in the synthesis of drugs, per
fumes, insecticides, and vinyl compounds (3). 

16.13.2 Analytical methods 

Chloroacetones in water are usually determined by liquid-liquid extraction and 
gas chromatography with electron-capture detection. A detection limit of 13 
ng!litre for 1,1, 1-trichloroacetone has been achieved ( 4). 

16.13.3 Environmental levels and human exposure 

Water 

Dichloroacetones may be formed in water by the oxidation reaction between 
chlorine and large organic molecules. Concentrations in finished drinking-water 
are estimated at less than 10 11g/litre (5). Quarterly mean concentrations of 1,1-
dichloroacetone ranged from 0.46 to 0.55 11g/litre in grab samples from 35 
drinking-water treatment plants in the USA (6). 

16.13.4 Effects on laboratory animals and in vitro test systems 

Acute exposure 

Oral LD50s of 250 mg/kg of body weight for 1,1-dichloroacetone and 25 mg/kg 
of body weight for 1,3-dichloroacetone have been reported in the mouse (7). 

Short-term exposure 

The hepatotoxicity of 1,1- and 1,3-dichloroacetone was investigated in mice. 
Single oral doses of each compound were administered to CD-I mice (5-12 per 
dose). A dose of 0.25 ml/kg of body weight (325 mg/kg of body weight) of 1,1-
dichloroacetone caused significant increases in liver enzymes in serum, and histo
logical examination showed evidence of periportal necrosis. These effects were 
not observed at doses of 130 mg/kg of body weight or lower. Liver glutathione 
levels were decreased at doses of 0.1 and 0.25 ml!kg of body weight but not at 
0.05 ml!kg of body weight (65 mg/kg of body weight). Based on measurements 
of serum enzymes, liver glutathione, and histopathological examination, 1,3-
dichloroacetone did not cause liver toxicity at doses of up to 20 mg/kg of body 
weight. NOAELs of 65 and 20 mg/kg of body weight for 1,1-dichloroacetone 
and 1 ,3-dichloroacetone, respectively, were identified in this study (7). 
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Mutagenicity and related end-points 

A number of chlorinated acetones, including 1,1-, 1,3-, 1,1,1-, 1,1,3,3-, and 
pentachloroacetone, were direct-acting mutagens in one or both of Salmonella ty
phimurium strains TA98 and TA100. Mutagenic activity decreased with in
creased chlorine substitutions at the C-1 and C-3 positions, although 
1,1, 1-trichloroacetone was 25 times as potent as 1, 1-dichloroacetone ( 8). 

Carcinogenicity 

The carcinogenic activity of 1, 1-dichloroacetone and 1,1, 1-trichloroacetone was 
studied in female SENCAR mice (60 per dose) that received a single oral (200 
mg/kg) or topical ( 400 mg/kg) dose of 1, 1-dichloroacetone or a single oral (50 
mg/kg) or topical (400 mg/kg) dose of 1,1,1-trichloroacetone. The vehicle was 
0.2 ml of dimethyl sulfoxide for oral exposure and 0.2 ml of ethanol for topical 
exposure. Two weeks after dosing, a tumour promotion schedule was begun with 
1 rg of 12-0-tetradecanoyl-phorbol-13-acetate (TPA) three times per week for 
20 weeks. However, 24 weeks after the start of the promotion schedule, there was 
no evidence of an increase in skin tumours attributable to either chemical (9). 

The results of carcinogenicity studies with chlorinated acetones using the 
mouse skin assay have also been reported. Groups of 40 SENCAR mice received 
topical doses of 1, 1-dichloroacetone at 400, 600, or 800 mg/kg; 1,3-dichloro
acetone at 50, 75, or 100 mg/kg; or 1,1,3-trichloroacetone or 1,1,1-trichloro
acetone at 50 mg/kg. Doses were applied six times over a 2-week period using 0.2 
ml of ethanol as the vehicle. After 2 weeks, 1.0 rg of TPA in 0.2 ml of acetone 
was applied three times per week for 20 weeks. After 24 weeks, the percentages of 
animals with tumours in the respective dose groups were: 5% in controls; 0, 5%, 
and 5% for 1, 1-dichloroacetone; 48%, 45%, and 30% for 1 ,3-dichloroacetone; 
10%, 5%, and Oo/o for 1,1, 1-trichloroacetone; and 10% for 1,1 ,3-trichloro
acetone. The authors concluded that 1 ,3-dichloroacetone is a tumour initiator in 
mouse skin ( 1 0). 

16.13.5 Conclusions 

The toxicological data on the chloroacetones are very limited, although studies 
with single doses of 1, 1-dichloroacetone indicate that it affects the liver. There 
are insufficient data at present to permit the proposal of guideline values for any 
of the chloroacetones. 
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16.14 Halogenated acetonitriles 

16.14.1 General description 

Identity 

Compound 
Dichloroacetonitrile 
Dibromoacetonitrile 
Bromochloroacetonitrile 
Trichloroacetonitrile 

CAS no. 
3018-12-0 
3252-43-5 
83463-62-1 
545-06-2 

Molecular formula 
CHC12CN 
CHBr2CN 
CHBrClCN 
CC13CN 

The IUPAC name for acetonitrile is ethanenitrile. 

893 



GUIDELINES FOR DRINKING-WATER QUALITY 

Physicochemical properties (1-3) 

Property Dich!oro- Dibromo- Bromoch!oro- Ti·ichloro-
acetonitrile1 acetonitri!il acetonitrile3 acetonitrile 4 

Boiling point (0 C) 112.3 67-69 125-130 84.6 
Density at 20 oc 1.37 2.30 1.68 1.44 
(g/cm3) 

Major uses 

Trichloroacetonitrile has been used as an insecticide (3). 

Environmental fate 

Halogenated acetonitriles are reported to undergo hydrolysis in water, yielding 
nonvolatile products ( 4). 

16.14.2 Analytical methods 

Draft EPA Method 551 can be used for the determination of haloacetonitriles, by 
capillary-column/electron-capture/gas chromatography. Extremely low detection 
limits are achievable. Monitoring data indicate quantification limits of 0.4 rglli
tre for dichloro-, dibromo-, bromochloro-, and trichloroacetonitrile. 

16.14.3 Environmental levels and human exposure 

Water 

Halogenated acetonitriles are formed from organic precursors during the chlori
nation of drinking-water. Dihalogenated acetonitriles are present in chlorinated 
water at concentrations ranging from 0.3 to 40 rg/litre (5, 6); trichloroaceto
nitrile has been detected at a concentration of 0.1 rg/litre ( 6). 

16.14.4 Kinetics and metabolism in laboratory animals and 
humans 

Dichloroacetonitrile is well absorbed from the gastrointestinal tract. Most is ex
creted in urine, smaller amounts being eliminated in expired air and faeces. Its 
metabolites are detected in highest concentrations in liver, blood, muscle, and 
~kin. Differences in the pattern of label distribution in tissues and of label excre-

1 Conversion factor in air: 1 ppm = 4.49 mgfm3. 
2 Conversion factor m air: I pprn = 8.14 rngfm3. 
J Conversion factor in air: 1 pprn = 6.31 rngfrn3. 
4 Conversion factor in air: I pprn = 5.91 mgfrn3. 
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tion indicate that a substantial portion of dichloroacetonitrile is split into two 
one-carbon fragments that undergo different metabolic reactions (7). 

Halogenated acetonitriles may be formed in vivo following the ingestion of 
chlorinated water. Dichloro- and dibromoacetonitrile were detected in the stom
ach contents of rats following the oral administration of sodium hypochlor
ite/potassium bromide, presumably formed by reaction with organic material in 
the stomach ( 8). 

16.14.5 Effects on laboratory animals and in vitro test systems 

Acute exposure 

Acute oral LD50s for the halogenated acetonitriles in rodents range from 245 to 
361 mg/kg of body weight (9-1 I). 

Short-term exposure 

Oichloroacetonltnle 
In a 14-day toxicity study, doses of 0, 12, 23, 45, or 90 mg/kg of body weight per 
day were administered to rats (1 0 per sex per dose). In males, a slight, nonsig
nificant depression in body weight gain was observed at the three highest doses, 
whereas decreased weight gain was noted only at the highest dose in females. No 
consistent treatment-related effects were observed in any of the haematological, 
serum chemistry, or urinary parameters measured. Absolute thymus weights in 
males given 23, 45, or 90 mg/kg of body weight per day were significantly de
creased, but the thymus-to-body-weight ratio was decreased only at the highest 
dose. Based on decreased body weight as the most sensitive end-point, the 
NOAEL in this study was 45 mg/kg of body weight per day (I I). 

ln a 90-day study, doses of 0, 8, 33, or 65 mg/kg of body weight per day were 
administered to groups of rats (20 per sex per dose). No consistent compound
related effects were observed in any of the haematological, urinary, or serum 
chemistry parameters measured. Body weight gain was significantly depressed in 
females at 65 mg/kg of body weight per day and in males at 33 mg/kg of body 
weight per day. The NOAEL in this study was 8 mg/kg of body weight per day 
(I 1). 

0Jbromoacetonltnle 
The 14-day toxicity of dibromoacetonitrile was investigated in adult rats (10 per 
sex per dose) that received this compound by gavage at doses of 0, 23, 45, 90, or 
180 mg/kg of body weight per day. There was increased mortality at 90 and 180 
mg/kg of body weight per day (30% and 100%, respectively). No consistent 
compound-related effects were apparent in any of the serum chemistry, haemato
logical, or urinary parameters measured. The authors concluded that decreased 
body weight was the most sensitive indicator of toxicity. In males, dose-dependent 
decreases occurred at 45 and 90 mg/kg of body weight per day. No effect on body 
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weight was noted in females. The authors concluded that the NOAEL was 45 
mg/kg of body weight per day, but the body weight decrease in male rats exposed 
at this dose suggests that it should be 23 mg/kg of body weight per day (I I). 

In a 90-day study, dibromoacetonitrile doses ofO, 6, 23, or 45 mg/kg of body 
weight per day in corn oil were administered by gavage to rats (20 per sex per 
dose). Body weight gain was significantly depressed only in males at the highest 
dose tested. No compound-related deaths occurred, no consistent compound
related adverse effects were observed in the haematological, urinary, or serum 
chemistry parameters measured, and no remarkable findings were apparent at 
gross necropsy. The authors concluded that decreased body weight is the most 
sensitive end-point and identified a NOAEL of 23 mg/kg of body weight per day 
(11). 

Reproductive toxicity, embryotoxicity, and teratogenicity 

Oichloroacetonitrile 
Dichloroacetonitrile was administered to pregnant Long-Evans rats by gavage at 
doses of 0, 5, 15, 25, or 45 mg/kg of body weight per day on gestation days 
6-18. At the two highest dose levels, fetal resorptions were significantly increased 
and fetal weight and size were decreased. Malformations of the cardiovascular, 
digestive, and urogenital systems were observed in fetuses from dams at the two 
highest dose levels. No effects were described at lower doses. This study indicated 
that 15 mg/kg of body weight per day is a developmental and teratogenic 
N OAEL for dichloroacetonitrile ( 12). 

Pregnant Long-Evans rats were exposed via gavage to dichloroacetonitrile at 
55 mg/kg of body weight per day on days 7-21 of gestation. Dichloroacetonitrile 
decreased the percentage of females delivering litters and increased the percent
age of fetal resorptions. Mean birth weights were reduced, and postnatal survival 
was significantly reduced. A LOAEL of 55 mg/kg of body weight per day was 
identified in this study (13, 14). 

Groups of 10 male B6C3F 1 mice were dosed with dichloroacetonitrile at 0, 
12.5, 25, or 50 mg/kg of body weight by gavage for 5 consecutive days. No treat
ment-related effects were found on examination of sperm for abnormal sperm
head morphology (9). 

Dlbromoacetonitrile 
Pregnant Long-Evans rats were exposed via gavage to dibromoacetonitrile at 50 
mg/kg of body weight per day on gestation days 7-21. Maternal weight gain de
creased during gestation, and mean birth weights were reduced. A LOAEL of 50 
mg/kg of body weight per day was identified in this study ( 13, 14). 

Groups of 10 male B6C3F 1 mice were dosed with dibromoacetonitrile at 0, 
12.5, 25, or 50 mg/kg of body weight by gavage for 5 days. There were no treat
ment-related effects on sperm-head morphology (9). 
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Bromochloroacetonitrile 
In a study in which pregnant Long-Evans rats were exposed via gavage to 
bromochloroacetonitrile at 55 mg/kg of body weight per day on days 7-21 
of gestation, mean birth weights were reduced (13, 14). There were no treat
ment-related effects on sperm-head morphology when groups of 10 male 
B6C3F 1 mice were dosed with bromochloroacetonitrile at 0, 12.5, 25, or 50 
mg/kg of body weight by gavage for 5 days (9). 

Trich/oroacetonltnle 
Trichloroacetonitrile was administered to pregnant Long-Evans rats by gavage at 
doses ofO, 1, 7.5, 15, 35, or 55 mg/kg of body weight per day on gestation days 
6-18. The highest dose was lethal in four of 19 dams, and there was 100% re
sorption in most survivors. Dose-related decreases in fetal weight and fetal via
bility were observed in animals exposed at all but the lowest dose. Numerous car
diovascular and urogenital malformations were seen in surviving fetuses. The fre
quency of soft-tissue malformations was dose-dependent, ranging from 18% at 
7.5 mg/kg of body weight per day to 35% at 35 mg/kg of body weight per day. 
The malformation frequency at 1 mg/kg of body weight per day (8.4%) was not 
significantly different from that in controls (3.8%), but the authors expressed 
concern that this level of malformation could be of biological significance and 
suggested that a dose of 1 mg/kg of body weight per day might be the NOAEL or 
close to the LOAEL for teratogenic effects ( 15). 

Pregnant Long-Evans rats were exposed via gavage to trichloroacetonitrile at 
55 mg/kg of body weight per day on gestation days 7-21. Trichloroacetonitrile 
decreased the percentage of females delivering litters and increased the percent
age of fetal resorptions, while mean birth weights were reduced, and postnatal 
survival was significantly reduced. A LOAEL of 55 mg/kg of body weight per day 
was identified in this study (13, 14). 

Groups of 10 male B6C3F 1 mice were dosed with trichloroacetonitrile at 0, 
12.5, 25, or 50 mg/kg of body weight by gavage for 5 days. Examination of 
sperm for abnormal sperm-head morphology revealed no treatment-related ef
fects (9). 

Mutagemcity and related end-pomts 
No significant increase in the frequency of micronuclei was observed for any of 
the four halogenated acetonitriles in an in vivo assay in mice. All the halogenated 
acetonitriles induced sister chromatid exchanges in Chinese hamster ovary cells 
with metabolic activation and all except dichloroacetonitrile without it. Compar
isons of potencies showed the order to be as follows: dibromoacetonitrile > bro
mochloroacetonitrile > trichloroacetonitrile > dichloroacetonitrile (16). 

Results of the Salmonella/microsome assay, with and without metabolic acti
vation by the 59 fraction of rat liver homogenate, suggested that dichloro- and 
bromochloroacetonitrile were direct-acting mutagens and that dibromo- and tri
chloroacetonitrile were nonmutagenic (16). Halogenated acetonitriles reportedly 
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produced DNA strand breaks in cultured human lymphoblastic cells (17). The 
most potent initiator was trichloroacetonitrile, followed by bromochloro-, 
dibromo-, and dichloroacetonitrile. It was reported that dichloroacetonitrile 
formed a covalent adduct when incubated with calf thymus DNA (18). 

Carcinogenicity 

Groups of 40 AIJ female mice were given a single oral dose of dichloro-, 
dibromo-, bromochloro-, or trichloroacetonitrile of 10 mg/kg (4.:3 mg/kg of 
body weight per day) three times per week for 8 weeks. The incidence of lung tu
mours (adenomas) was significantly increased in the groups given trichloro- and 
bromochloroacetonitrile, while dichloro- and dibromoacetonitrile produced 
marginal and nonsignificant increases in such tumours. The authors stated that 
the results should be interpreted with caution, as there is a relatively large varia
tion in the background incidence of lung tumours in this strain of mice, and the 
dose level tested was considerably below the maximum tolerated dose (19). 

The ability of the four halogenated acetonitriles to act as tumour initiators 
was studied in mouse skin. Six topical doses of 200, 400, or 800 mg/kg of body 
weight were applied to the shaved backs of female SENCAR mice (40 per dose) 
over a 2-week period to give total doses of 1200, 2400, and 4800 mg/kg of body 
weight. Two weeks after the last dose, a tumour promotion schedule involving 
the application of 1 flg of 12-0-tetradecanoyl-phorbol-1:3-acetate (TPA) three 
times per week was begun and continued for 20 weeks. Mter 1 year, the inci
dence of squamous cell carcinomas was significantly increased relative to the 
control group in mice treated with dibromo- and bromochloroacetonitrile. An 
increase in incidence with trichloroacetonitrile at 2400 mg/kg was not reprodu
cible. No significant increases in carcinomas were observed with dichloroaceto
nitrile (16). Dichloro-, dibromo-, and trichloroacetonitrile were inactive as ini
tiators in the rat liver y-glutamyl transpeptidase foci assay (20). 

16.14.6 Guideline values 

IARC has concluded that dichloro-, dibromo-, bromochloro-, and uichloro
acetonitriles are not clas~ifiable as to their carcinogenicity to humans (Group 3) 
(5). 

Dichloroacetonitrile 

A TDI of 15 flg/kg of body weight was calculated from the NOAEL of 15 mg/kg 
of body weight per day for fetal resorptions, decreases in fetal weight and 1>iLe, and 
malformations of the cardiovascular, digestive, and urogenital systems in the off
spring of rats exposed to this compound on gestation days 6-18 (12), incorpo
rating an uncertainty factor of 1000 (I 00 for intra- and interspecies variation and 
10 for the 1>everity of the effens at doses above the NOAEL). This NOAEL i1> LOll· 
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sistent with that observed for effects on body weight in a 90-day study in rats. The 
provisional guideline value is 90 pg/litre, allocating 20% of the TDI to drinking
water. This guideline value is designated as provisional because of the limitations 
of the database (i.e. lack of long-term toxicity and carcinogenicity bioassays). 

Dibromoacetonitrile 

A TDI of 23 pg/kg of body weight was calculated based on a NOAEL of 23 
mg/kg of body weight per day for effects on body weight in a 90-day study in rats 
(11), incorporating an uncertainty factor of 1000 (1 00 for intra- and interspecies 
variation and 10 for the short duration of the study). The provisional guideline 
value is 100 pg/litre (rounded figure), allocating 20% of the TDI to drinking-wa
ter. This guideline value is designated as provisional because of the limitations of 
the database (i.e. lack oflong-term toxicity and carcinogenicity bioassays). 

Bromochtoroacetonitrile 

Available data are insufficient to serve as a basis for derivation of a guideline value 
for bromochloroacetonitrile. 

Trichtoroacetonitrile 

A TDI of 0.2 pg/kg of body weight was calculated from a NOAEL of 1 mg/kg of 
body weight per day for fetal resorption, decreased fetal weight and viability, and 
for numerous cardiovascular and urogenital malformations in a study in which 
rats were dosed on gestation days 6-18 (I 5), incorporating an uncertainty factor 
of 5000 (1 00 for intra- and interspecies variation, 10 for the severity of effects at 
doses above the NOAEL, and 5 for limitations of the database, i.e. lack of a 90-
day study). The provisional guideline value is 1 pg!litre (rounded figure), assum
ing the allocation of 20% of the TDI to drinking-water. The guideline value is 
designated as provisional because of the limitations of the database (i.e. lack of 
long-term studies). 
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16.15 Cyanogen chloride 

16.15.1 General description 

Identity 

CAS no.: 
Molecular formula: 

506-77-4 
CNCl 

Physicochemical properties (1-3) 1 

Boiling point 
Melting point 
Density 
Water solubility 

Major uses 

12.7 oc 
-6 oc 
1.186 g/cm3 at 20 oc 
Very soluble 

Cyanogen chloride is used in tear gas, in fumigant gases, and as a reagent in the 
synthesis of other compounds ( 4). 

16.15.2 Analytical methods 

EPA Method 524.2, in which purge-and-trap gas chromatography is combined 
with mass spectroscopy, can be used for the determination of cyanogen chloride. 
This method has a practical quantification limit of 0.3 11gllitre. 

1 Conversion factor in air: 1 ppm = 2.5 mgfm3. 
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16.15.3 Environmental levels and human exposure 

Water 

Cyanogen chloride may be formed as a by-product of the chloramination or 
chlorination of water. It has been found in finished water supplies at concentra
tions below 10 jlg!lirre. The concentration in water when chlorination was used 
for disinfection was reported to be 0.4 jlg/litre. The level was higher (1.6 jlg!litre) 
in chloraminated water ( 6). 

16.14.4 Kinetics and metabolism in laboratory animals and 
humans 

In an in vitro study with rat blood, cyanogen chloride was metabolized to cyanide 
ion by haemoglobin and glutathione (7). 

16.15.5 Effects on laboratory animals and in vitro test systems 

Acute exposure 

Estimates of inhalation LC50s range from 100 mgfm3 in cats to 7536 mgfm3 in 
rabbits (8). In other lethality tests, a concentration of 100 mgfm3 was fatal to 
cats within 18 min, 120 mgfm3 for 6 h was fatal to dogs, 5 mgfm3 for 2 min was 
fatal to goats, and a subcutaneous dose of 20 mg/kg of body weight was fatal to 
rabbits (9). An LD50 of 6 mg/kg of body weight was reported in rats following 
oral administration (I O). Toxic signs included irritation of the respiratory tract, 
haemorrhagic exudate of the bronchi and trachea, and pulmonary oedema. 

16.15.6 Effects on humans 

On inhalation, a concentration of 2.5 mgfm3 causes irritation. Cyanogen chlo
ride was used as a war gas in the First World War. A concentration of 120 mgfm3 
was lethal (5). 

16.15.7 Guideline value 

Cyanogen chloride is rapidly metabolized to cyanide in the body. There are few 
data on the oral toxicity of cyanogen chloride, and the proposed guideline is 
therefore based on cyanide. A guideline value of 70 jlg!litre for cyanide as total 
cyanogenic compounds is recommended (see Cyanide, p. 226). 
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16.16 Chloropicrin 

16.16.1 General description 

Identity 

CAS no.: 

Molecular formula: 

The IUPAC name for chloropicrin is trichloronitromethane. 

Physicochemical properties (1-3) 1 

Property 
Boiling point 
Melting point 
Density 
Vapour pressure 

Value 
112 oc 
-64 oc 
1.65 g/cm3 at 20 oc 
2.27 kPa at 20 oc 

I Conversion factor in air: 1 ppm = 6.68 mg/m 1. 
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Major uses 

Chloropicrin is used as a reagent in the synthesis of organic chemicals, in the 
manufacture of methyl violet, and as a fumigant for stored grain; it has also been 
used as a chemical warfare agent (3, 5). 

Environmental fate 

Chloropicrin in water is reduced to chloroform when reducing agents are added 
to remove excess chlorine ( 6). In the presence of light, it is degraded to carbon 
dioxide, chloride ion, and nitrate ion (7). 

16.16.2 Analytical methods 

Draft EPA Method 551 can be used for the determination of chloropicrin, by 
capillary-column/electron-capture/gas chromatography. Extremely low detection 
limits can be achieved. 

16.16.3 Environmental levels and human exposure 

Water 

Chloropicrin is formed in water by the reaction of chlorine with humic acids, 
amino acids, and nitrophenols. The presence of nitrates increases the amount 
formed (6). Chloropicrin has been detected in drinking-water; however, in the 
presence of reducing agents, it is converted into chloroform ( 6). In one study, the 
mean chloropicrin concentration was 0.6 llg!litre; the highest concentration ob
served was 5.6 llg!litre in 36 water supplies expected to have high concentrations 
of chlorination by-products (B). 

16.16.4 Effects on laboratory animals and in vitro test systems 

Acute exposure 

An oral LD50 of 250 mg/kg of body weight was reported in rats (9). An LC50 of 66 
mgfm3 in mice was reported following a 4-h exposure to chloropicrin aerosol (10). 

Short-term exposure 

In a 6-week range-finding test, Osborne-Mendel rats (5 per sex per group) were 
given chloropicrin by gavage at doses ofO, 16, 25, 40, 63, or 100 mg/kg of body 
weight per day, 5 days per week. Groups of B6C3F 1 mice were treated in the 
same manner with doses of 10, 16, 25, 40, or 63 mg/kg of body weight per day. 
In rats, chloropicrin produced no mortality at 40 mg/kg of body weight per day 
or less, except for one female at 25 mg/kg of body weight per day. At 40 and 63 
mg/kg of body weight per day, mean body weight was depressed by 11% and 
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38% in males and by 17% and 30% in females, respectively. In mice, there was 
no mortality at any dose tested. At 40 and 63 mg/kg of body weight per day, 
mean body weight was depressed by 12% and 20% in males and by 3% and 6% 
in females, respectively. In both species, a NOAEL of 25 mg/kg of body weight 
per day was identified (1 1). 

Long-term exposure 

The chronic toxicity of chloropicrin was investigated in a 78-week study on 
Osborne-Mendel rats and B6C3F1 mice. Chloropicrin in corn oil was adminis
tered 5 days per week by gavage to animals (50 per sex per dose) at initial doses of 
23 or 46 mg/kg of body weight per day for rats and 25 or 50 mg/kg of body 
weight per day for mice in a complex dosing regimen. Survival was decreased in 
both rats and mice. For rats, survival to the end of the study was 6% for high
dose males, 8% for low-dose males, 20% for high-dose females, and 22% for 
low-dose females. In both vehicle and untreated control groups, at least 50% of 
the animals survived past week 89. The associations between chloropicrin dose 
and accelerated mortality in mice were also significant when compared with the 
vehicle controls for both males and females (11). 

Mutagenicity and related end-points 

The mutagenicity of chloropicrin in five strains of Salmonella typhimurium and 
one strain of Escherichia coli was studied. Chloropicrin was either negative or 
weakly positive in the absence of the S9 fraction of rat liver homogenate, but pos
itive in one strain in its presence (12). Chloropicrin significantly increased the 
number of sister chromatid exchanges in cultured human lymphocytes in vitro in 
the absence of metabolic activation ( 13). 

Carcinogenicity 

Osborne-Mendel rats (50 per sex per dose) and B6C3F 1 mice (50 per sex per 
dose) were given chloropicrin by gavage in corn oil 5 days per week for 78 weeks. 
A complex dosing regimen was employed in which varying doses were adminis
tered for varying periods; there were also periods during which no chloropicrin 
was given. The overall time-weighted average doses for the 78-week period were 
25 or 26 mg/kg of body weight per day for male rats, 20 or 22 mg/kg of body 
weight per day for female rats, 66 mg/kg of body weight per day for male mice, 
and 33 mg/kg of body weight per day for female mice. Post-dosing observation 
periods were 32 weeks (rats) or 13 weeks (mice). In rats, the incidence of neo
plasms in exposed animals was not higher than that in controls. However, mor
tality in exposed rats was high, and it is likely that most animals did not survive 
long enough to be at risk from tumours with long latency periods. A rapid de
crease in survival after the first year of the study was also observed among the 
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high-dose mice of both sexes. Although the mice did not exhibit any statistically 
significant incidence of tumours, two carcinomas and a papilloma of the squa
mous epithelium of the forestomach were reported, which were rare in historical 
controls. The authors concluded that the results of tests with rats did not permit 
an evaluation of carcinogenicity because of the short survival time of dosed ani
mals, and that the results in mice did not demonstrate conclusive statistical evi
dence for carcinogenicity under the conditions of the study (11). 

16.16.5 Effects on humans 

Inhalation of chloropicrin at 2 mgfm3 caused pulmonary effects following a 1-
min exposure (9). 

16.16.6 Conclusions 

Because of the high mortality in the carcinogenesis bioassay and the limited 
number of end-points examined in the 78-week toxicity study, the available data 
are considered inadequate to support the establishment of a guideline value for 
chloropicrin. 
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17. 
Radiological aspects 

17.1 Introduction 

The guideline levels for radioactivity in drinking-water recommended in the first 
edition of Guidelines for drinking-water quality in 1984 were based on the data 
available at that time on the risks of exposure to radiation sources. Since then, ad
ditional information has become available on the health consequences of expo
sure to radiation, risk estimates have been reviewed, and the recommendations of 
the International Commission on Radiological Protection (ICRP) have been re
vised. This new information (I) has been taken into account in the preparation 
of the recommendations in this chapter. 

The purpose of these recommendations for radioactive substances in 
drinking-water is to guide the competent authorities in determining whether the 
water is of an appropriate quality for human consumption. 

17.1.1 Environmental radiation exposure 

Environmental radiation originates from a number of naturally occurring and 
man-made sources. The United Nations Scientific Committee on the Effects of 
Atomic Radiation (UNSCEAR) has estimated that exposure to natural sources 
contributes more than 98% of the radiation dose to the population (excluding 
medical exposure) (2). There is only a very small contribution from nuclear pow
er production and nuclear weapons testing. The global average human exposure 
from natural sources is 2.4 mSv/year. There are large local variations in this expo
sure depending on a number of factors, such as height above sea level, the 
amount and type of radionuclides in the soil, and the amount taken into the 
body in air, food, and water. The contribution of drinking-water to the total ex
posure is very small and is due largely to naturally occurring radionuclides in the 
uranium and thorium decay series (2). 

Levels of natural radionuclides in drinking-water may be increased by a 
number of human activities. Radionuclides from the nuclear fuel cycle and from 
medical and other uses of radioactive materials may enter drinking-water sup
plies; the contributions from these sources are normally limited by regulatory 
control of the source or practice, and it is through this regulatory mechanism 
that remedial action should be taken in the event that such sources cause concern 
by contaminating drinking-water. 

908 



17 RADIOLOGICAL ASPECTS 

17.1.2 Potential health consequences of radiation exposure 

Exposure to ionizing radiation, whether natural or man-made, can cause rwo 
kinds of health effects. Effects for which the severity of the damage caused is pro
portional to the dose, and for which a threshold exists below which the effect 
does not occur, are called "deterministic" effects. Under normal conditions, the 
dose received from natural radioactivity and routine exposures from regulated 
practices is well below the threshold levels, and therefore deterministic effects are 
not relevant to these recommendations. 

Effects for which the probability of the occurrence is proportional to dose are 
known as "stochastic" effects, and it is assumed that there is no threshold below 
which they do not occur. The main stochastic effect of concern is cancer. 

Because different types of radiation have different biological effectiveness 
and different organs and tissues in the body have different sensitivities to radia
tion, the ICRP has introduced radiation and tissue-weighting factors to provide 
a measure of equal effect. The sum of the doubly weighted dose received by all 
the tissues and organs of the body gives a measure of the total harm and is re
ferred to as the effective dose. Moreover, radionuclides taken into the body may 
persist and, in some cases, the resulting exposure may extend over many months 
or years. The committed effective dose is a measure of the total effective dose in
curred over a lifetime following the intake of a radionuclide. It is this measure of 
exposure that is relevant to the present discussion; in what follows, the term 
"dose" refers to the committed effective dose, which is expressed in sieverts (Sv). 
The risk of adverse health consequences from radiation exposure is a function of 
the total dose received from all sources. A revised estimate of the risk (i.e., the 
mathematical expectation) of a lifetime fatal cancer for the general population 
has been estimated by the ICRP to be 5 X 10-2 per sievert (1). (This does not in
clude a small additional health risk from non-fatal cancers or hereditary effects.) 

17.1.3 Recommendations 

• 

• 

The recommended reference level of committed effective dose is 0.1 mSv 
from 1 year's consumption of drinking-water. This reference level of dose 
represents less than 5% of the average effective dose attributable annually to 
natural background radiation. 
Below this reference level of dose, the drinking-water is acceptable for hu
man consumption and action to reduce the radioactivity is not necessary. 
For practical purposes, the recommended guideline activity concentrations 
are 0.1 Bq!litre for gross alpha and 1 Bq/litre for gross beta activity. 

The recommendations apply to routine operational conditions of existing or 
new water supplies. They do not apply to a water supply contaminated during an 
emergency involving the release of radionuclides into the environment. Guide
lines covering emergencies are available elsewhere (3 ). 
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The recommendations do not differentiate between natural and man-made 
radionuclides. 

17.2 Application of the reference level of dose 

For practical purposes, the reference level of dose needs to be expressed as an ac
tivity concentration of radionuclides in drinking-water. 

The dose to a human from radioactivity in drinking-water is dependent not 
only on intake but also on metabolic and dosimeuic considerations. The guide
line activity concentrations assume an intake of total radioactive material from 
the consumption of 2 litres of water per day for 1 year ahd are calculated on the 
basis of the metabolism of an adult. The influence of age on metabolism and 
variations in consumption of drinking-water do not require modification of the 
guideline activity concentrations, which are based on a lifetime exposure and 
provide an appropriate margin of safety. Metabolic and dosimetric considerations 
have been included in the development of dose conversion factors, expressed as 
sieverts per becquerel, which relate a dose expressed in sieverts to the quantity (in 
becquerels) of radioactive material ingested. 

Examples of radionuclide concentrations (reference concentrations) cor
responding to the reference level of dose, 0.1 mSv/year, are given in Table 17.1. 
These concentrations have been calculated using the dose conversion factors of 
the United Kingdom National Radiological Protection Board ( 4) from the for
mula: 

reference concentration (Bq!litre) 

1 X IQ-4 (Sv/year) 

730 (litre/year) x dose conversion factor (Sv/Bq) 

1.4 X 10-7 (Sv/litre) 
dose conversion factor (Sv/Bq) 

The previous guidelines recommended the use of an average gross alpha 
and gross beta activity concentration for routine screening. These were set at 
0.1 Bq!litre and 1 Bqllirre, respectively. The doses associated with these levels of 
gross alpha and gross beta activity for selected radionuclides are shown in Table 
17.2. For some radionuclides, such as 226Ra and 90Sr, the associated dose is much 
lower than 0.1 mSv per year. It can also be seen from this table that, if certain 
radionuclides, such as 232Th, 228Ra, or 210Pb, are singly responsible for 0.1 Bqlli
tre for gross alpha activity or 1 Bq!litre for gross beta activity, then the reference 
level of dose of 0.1 mSv per year would be exceeded. However, these radionu
clides usually represent only a small fraction of the gross activity. In addition, an 
elevated activity concentration of these radionuclides would normally be asso
ciated with high activities from other radionuclides. This would elevate the gross 
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Table 17.1 Activity concentration of various radionuclides in drinking
water corresponding to a dose of 0.1 mSv from 1 year's intake 

RadionuclideR 

3H 
14C 
60Co 
89Sr 
90Sr 
129! 

131! 

134Cs 

137Cs 
21opb 
21op0 
224Ra 

226Ra 

228Ra 

232Th 

234U 

238U 

239Pu 

Dose conversion 
factor (Sv/Bq)b 

18x10-11 

5.6 X 10-10 

7 2 X 109 
3.8 X 10-9 

2 8 X 10-8 
1.1 X 10-7 

2.2 X 10-8 
1 .9 X 10-8 

1.3 X 10 8 
1 .3 X 10-6 
6.2 X 10-7 

8.0 X 10-8 
22x10-7 

2.7 X 10-7 

1.8x 10-6 
3 9 X 10-8 
3 6 X 10-8 
5.6 X 10-7 

a For 4nK. see below For 222Rn, see sect1on 17 2 3 
b Values from reference 4 

Calculated rounded 
value (Bq/litre) 

7800 
250 
20 
37 
5 
1 
6 
7 
10 
0.1 
02 
2 
1 
1 
0.1 
4 
4 
03 

alpha or gross beta activity concentration above the investigation level and pro
voke specific radionuclide analysis. Therefore, the values of 0.1 Bq/litre for gross 
alpha activity and 1 Bq/litre for gross beta activity continue to be recommended 
as screening levels for drinking-water, below which no further action is required. 

Radionuclides emitting low-energy beta particles such as 3H and l4C, and 
some gaseous or volatile radionuclides, such as 222Rn and 13! I, will not be detect
ed by standard methods of measurement. The values for average gross alpha and 
beta activities do not include such radionuclides, so that if their presence is sus
pected, special sampling techniques and measurements should be used. 

It should not necessarily be assumed that the reference level of dose has been 
exceeded simply because the gross beta activity concentration approaches or ex
ceeds 1 Bq!litre. This situation may well result from the presence of the naturally 
occurring radionuclide 40K, which makes up about 0.01 o/o of natural potassium. 
The absorption of the essential element potassium is under homoeostatic control 
and takes place mainly from ingested food. Thus, the contribution to dose from 
the ingestion of 4°K in drinking-water, with its relatively low dose conversion fac
tor (5 X 1 O-'l Sv/Bq), will be much less than that of many other beta-emitting 
radionuclides. This situation will be clarified by the identification of the specific 
radionuclides in the sample. 
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Table 17.2. Examples of the doses arising from 1 year's consumption 
of drinking-water containing any of the given alpha-emitting radio
nuclides at an activity concentration of 0. 1 Bq/litre or of the given 
beta-emitting radionuclides at an activity concentration of 1 Bq/litre a 

Radionuclide 

Alpha em1tters (O 1 Bq/litre) 
21op0 
224Ra 

226Ra 

232Th 

234U 

23BU 

239pu 

Beta emitters (1 Bq/litre) 
GOCo 
B9Sr 

90Sr 
1291 

1311 

134Cs 

137Cs 

210pb 

22BRa 

Dose (mSv) 

0 045 
0 006 
0 016 
0.130 
0.003 
0.003 
0 04 

0.005 
0.003 
0.020 
0.080 
0.016 
0.014 
0 009 
0.95 
0.20 

a Appropnate dose conversion factors taken from reference 4 

17.2.1 Analytical methods 

The International Organization for Standardization (ISO) has published stan
dard methods for determining gross alpha (5) and gross beta ( 6) activity concen
trations in water. Although the detection limits depend on the radionuclides 
present, the dissolved solids in the sample, and the counting conditions, the rec
ommended levels for gross alpha and gross beta activity concentrations should be 
above the limits of detection. The ISO detection limit for gross alpha activity 
based on 239Pu is 0.04 Bq/litre, while that for gross beta activity based on 137Cs is 
between 0.04 and 0.1 Bq/litre. 

For analyses of specific radionuclides in drinking-water, there are general 
compendium sources in addition to specific methods in the technical literature 
(7-11). 

17.2.2 Strategy for assessing drinking-water 

If either the gross alpha activity concentration of 0.1 Bq/litre or the gross beta 
activity concentration of 1 Bq/litre is exceeded, then the specific radionuclides 
should be identified and their individual activity concentrations measured. From 
these data, a dose estimate for each radionuclide should be made and the sum of 
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Fig. 17.1. Application of recommendations on radionuclides in drinking
water based on an annual reference level of dose of 0.1 mSv 

Determine gross a and 
gross ~ activity 

Gross a::;; 0. 1 Bq/litre 
and 

Gross ~ :S 1 Bq/litre 

Water suitable; 
no further action 

necessary 

or 
Gross ~ > 1 Bq/litre 

Determine individual 
radionuclide 

concentrations and 
calculate total dose 

Consider and, 
when justified, ~ 
take remedial ~ 

action to reduce 0 

dose ~ 

these doses determined. Where the following additive formula is satisfied, no fur
ther action is required: 

~ c, 
£...;RC::;; 1 

t 

where Ci is the measured activity concentration of radionuclide i and RC1 is the 
reference activity concentration of radionuclide i that, at an intake of 2 litres per 
day for 1 year, will result in a committed effective dose of 0.1 mSv (see Table 
17.1). 

If alpha-emitting radionuclides with high dose conversion factors are sus
pected, this additive formula may also be invoked when the gross alpha and gross 
beta activity screening values of 0.1 Bq/litre and 1 Bq!litre are approached. 
Where the sum exceeds unity for a single sample, the reference level of dose of 
0.1 mSv would be exceeded only if the exposure to the same measured concentra-

913 



GUIDELINES FOR DRINKING-WATER QUALITY 

tions were to continue for a full year. Hence, such a sample does not in itself im
ply that the water is unsuitable for consumption and should be regarded only as a 
level at which further investigation, including additional sampling, is needed. 

The options available to the competent authority to reduce the dose should 
then be examined. Where remedial measures are contemplated, any strategy con
sidered should first be justified (in the sense that it achieves a positive net benefit) 
and then optimized in accordance with the recommendations ofiCRP (1, 12) in 
order to produce the maximum net benefit. The application of these recommen
dations is summarized in Fig. 17 .1. 

17.2.3 Radon 

There are difficulties in applying the reference level of dose to derive activity con
centrations of222Rn in drinking-water (2). These difficulties arise from the ease 
with which radon is released from water during handling and the importance of 
the inhalation pathway. Stirring and transferring water from one container to an
other will liberate dissolved radon. Water that has been left to stand will have re
duced radon activity, and boiling will remove radon completely. As a result, it is 
important that the form of water consumed is taken into account in assessing the 
dose from ingestion. Moreover, the use of water supplies for other domestic uses 
will increase the levels of radon in the air, thus increasing the dose from inhala
tion. This dose depends markedly on the form of domestic usage and housing 
construction (13). The form of water intake, the domestic use of water, and the 
construction of houses vary widely throughout the world. It is therefore not pos
sible to derive an activity concentration for radon in drinking-water that is uni
versally applicable. 

The global average dose from inhalation of radon from all sources is about 
1 mSv/year, which is roughly half of the total natural radiation exposure. In com
parison, the global dose from ingestion of radon in drinking-water is relatively low. 
In a local situation, however, the risks from inhalation and from ingestion may be 
about equal. Because of this and because there may be other sources of radon gas 
entry to a house, ingestion cannot be considered in isolation from inhalation expo
sures. 

All these factors should be assessed on a regional or national level by the ap
propriate authorities, in order to determine whether a reference level of dose of 
0.1 mSv is appropriate for that region, and to determine an activity concentra
tion that may be used to assess the suitability of the water supply. These judge
ments should be based not only on the ingestion and inhalation exposures 
resulting from the supply of water, but also on the inhalation doses from other 
radon sources in the home. In these circumstances, it would appear necessary to 
adopt an integrated approach and assess doses from all radon sources, especially 
to determine the optimum action to be undertaken where some sort of interven
tion is deemed necessary. 
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Tables of guideline values 

The following tables present a summary of guideline values for microorganisms 
and chemicals in drinking-water. Individual values should not be used directly 
from the tables. The guideline values must be used and interpreted in conjunc
tion with the information contained in the text. 
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Table A2.1. Bacteriological quality of drinking-watert 

Organisms 

All water intended for drinking 

E. coi1 or thermotolerant coliform 
bacteriab,c 

Guideline value 

Must not be detectable 1n any 100-ml 
sample 

Treated water entering the distribution system 

E. coi1 or thermotolerant coliform 
bacteriab 

Total coliform bacteria 

Must not be detectable 1n any 100-ml 
sample 

Must not be detectable 1n any 100-ml 
sample 

Treated water in the distribution system 

E. coli or thermotolerant col1form 
bacteriab 

Total coliform bactena 

Must not be detectable 1n any 100-ml 
sample 

Must not be detectable 1n any 100-ml 
sample In the case of large supplies, 
where suff1c1ent samples are exam1ned, 
must not be present 1n 95% of samples 
taken throughout any 12-month period 

a Immediate invest1gat1ve act1on must be taken 1f either E coli or total coliform bactena are detected 
The m1n1mum act1on 1n the case of total coliform bactena is repeat sampl1ng, 1f these bactena 
are detected 1n the repeat sample, the cause must be determined by 1mmed1ate further 
1nvest1gat1on 

b Although E coli IS the more prec1se 1nd1cator of faecal pollution, the count of thermotolerant 
coliform bacteria is an acceptable alternative. If necessary, proper confirmatory tests must be 
carried out. Total coliform bactena are not acceptable Indicators of the sanitary qual1ty of rural 
water supplieS, particularly in trop1cal areas where many bactena of no san1tary S1gn1f1cance 
occur m almost all untreated supplies 

c it IS recognized that, 1n the great majonty of rural water supplies 1n developing countnes, fae
cal contam1nat1on IS Widespread Under these cond1t1ons, the nat1onal surveillance agency should 
set med1um-term targets for the progressive Improvement of water suppl1es, as recommended 
1n Volume 3 of Guidelmes for dnnkmg-water quality 
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Table A2.2. Chemicals of health significance in drinking-water 

A. Inorganic constituents 

antimony 
arsen1c 
banum 
beryllium 
boron 
cadm1um 
chromium 
copper 
cyanide 
fluonde 

lead 

manganese 
mercury (total) 
molybdenum 
nickel 
nitrate (as N03 -) 

nitnte (as N02-) 

selen1um 
uranium 

Guideline value Remarks 
(mg/litre) 

0 005 (p)a 
0.01b(p) 
07 

0.3 
0.003 
0.05 (P) 
2 (P) 
0 07 
1.5 

0.01 

0.5 (P) 

0.001 
0.07 

0.02 } 
50 

3 (P) 

0.01 
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For excess sk1n cancer nsk of 6x1o-4 

Cl1matJc conditions, volume of water 
consumed, and 1ntake from other 
sources should be cons1dered when 
setting nat1onal standards 
lt Js recogn1zed that not all water w1ll 
meet the guJdeiJne value Immediately, 
meanwhile, all other recommended 
measures to reduce the total exposure 
to lead should be Implemented 
ATO 

The sum of the rat1o of the concentra
tion of each to its respect1ve gUJdeiJne 
value should not exceed 1 
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B. Organic constituents 

Guideline value Remarks 
1~-tg/litre) 

Chlormated alkanes 
carbon tetrachlonde 2 
dichloromethane 20 
1 ,1-dichloroethane NAD 
1 ,2-dlchloroethane 30b for excess nsk of 10-5 

1,1 ,1-tnchloroethane 2000 (P) 

Chlorinated ethenes 
VInyl chlonde 5b for excess nsk of 10-5 

1 ,1-d1chloroethene 30 
1 ,2-dlchloroethene 50 
tnchloroethene 70 (P) 
tetrachloroethene 40 

Aromatic hydrocarbons 
benzene 10b for excess nsk of 10-5 

toluene 700 ATO 
xylenes 500 ATO 
ethyl benzene 300 ATO 
sty re ne 20 ATO 
benzo[a]pyrene 0.7b for excess r1sk of 10-5 

Chlonnated benzenes 
mo noch lorobenzene 300 ATO 
1 ,2-dlchlorobenzene 1000 ATO 
1 ,3-dlchlorobenzene NAD 
1 A-dichlorobenzene 300 ATO 
tnchlorobenzenes (total) 20 ATO 

Miscellaneous 
d1 (2-ethylhexyl )ad 1 pate 80 
d1 (2-ethyl hexyl) phthalate 8 
acrylam1de 0.5b for excess nsk of 10-5 

ep1chlorohydnn 0.4 (P) 
hexachlorobutad1ene 0.6 
edetic ac1d (EDTA) 200 (P) 
n1tnlotnacetic ac1d 200 
dialkyltms NAD 
tnbutylt1n ox1de 2 
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C. Pesticides 

alachlor 
ald1carb 
aldnn/d1eldnn 
atrazme 
bentazone 
carbofuran 
chlordane 
chlorotoluron 
DOT 
1 ,2-dJbromo-

3-chloropropane 
2,4-D 
1 ,2-dJchloropropane 
1 ,3-dJchloropropane 
1 ,3-dJchloropropene 
ethylene d1brom1de 
heptachlor and 

Guideline value 
l~tg/litre) 

20b 
10 
0 03 
2 

30 
5 
0.2 

30 
2 

1 b 

30 
20 (P) 

heptachlor epox1de 0 03 
hexachlorobenzene 1 b 

1soproturon 9 
lindane 2 
MCM 2 
methoxychlor 20 
metolachlor 10 
mol1nate 6 
pend1methalm 20 
pentachlorophenol 9 (P) 
permethnn 20 
propanll 20 
pyndate 100 
S1maz1ne 2 
tnflural1n 20 

Remarks 

for excess r1sk of 10-5 

for excess nsk of 10-5 

NAD 
for excess nsk of 10- 5 

NAD 

for excess nsk of 10-5 

chlorophenoxy herb1c1des other than 2,4-D and MCPA 
2,4-DB 90 
d1chlorprop 100 
fenoprop 9 
MCPB 
mecoprop 
2,4,5-T 

10 
9 

NAD 
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D. Disinfectants and disinfectant by-products 

Disinfectants Guideline value Remarks 
(mg/litre) 

monochloramme 3 
d1- and tnchloramme NAD 
chlonne 5 ATO. For effect1ve d1S1nfect1on there 

should be a res1dual concentration of 
free chlonne of ~0.5 mg/l1tre after at 
least 30 mmutes contact t1me at pH 
<8.0 

chlonne d1ox1de A gu1deline value has not been estab-
lished because of the rap1d breakdown 
of chlorine d1ox1de and because the 
chlonte gu1delme value IS adequately 
protective for potential tox1c1ty from 
chlor1ne dioxide 

IOdine NAD 

Disinfectant Guideline value Remarks 
by-products l11g/litrel 

bromate 25b (P) for 7x1o- 5 excess r1sk 
chlorate NAD 
chlonte 200 (P) 
chlorophenols 

2-chlorophenol NAD 
2,4-dichlorophenol NAD 
2,4,6-tnchlorophenol 200b for excess nsk of 10- 5, ATO 

formaldehyde 900 
MX NAD 
tnhalomethanes The sum of the rat1o of the concentra-

t1on of each to its respective gu1del1ne 
value should not exceed 1 

bromoform 100 
d1bromochloromethane 100 
bromod1chloromethane 60b for excess nsk of 10-5 

chloroform 200b for excess nsk of 10-5 

chlorinated acet1c ac1ds 
monochloroacetic ac1d NAD 
d1chloroacet1c acid 50 (P) 
tnchloroacet1c ac1d 100 (P) 

chloral hydrate 
(tnchloroacetaldehyde) 10 (P) 

chloroacetone NAD 
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Disinfectant Guideline value Remarks 
by-products (llg/litre) 

halogenated aceton1tnles 
d1chloroaceton1tnle 90 (P) 

d1bromoaceton1tnle 100 (P) 

bromochloroaceton1tnle NAD 
tnchloroaceton1tnle 1 (P) 

cyanogen chlonde 70 
(as CN) 

chlorop1cnn NAD 

a (P) - ProviSional gu1deline value Th1s term IS used for constituents for wh1ch there 1s some 
ev1dence of a potential hazard but where the ava1lable mformat1on on health effects IS l1m1ted, 
or where an uncertainty factor greater than 1000 has been used 1n the denvat1on of the toler
able da1ly Intake (TDI) ProviSIOnal gUideline values are also recommended (1) for substances 
for wh1ch the calculated gu1delme value would be below the pract1cal quant1f1cat1on level, or 
below the level that can be ach1eved through practical treatment methods, or (2) where diSin
fection IS likely to result 1n the gu1del1ne value be1ng exceeded 

b For substances that are considered to be carcmogen1c, the gu1delme value IS the concentration 
m dnnk1ng-water assoc1ated w1th an excess l1fet1me cancer nsk of 10- 5 (one add1t1onal cancer 
per 100 000 of the population 1ngestmg dnnkmg-water contam1ng the substance at the guide
line value for 70 years) Concentrations associated With estimated excess l1fet1me cancer nsks 
of 10-4 and 10-6 can be calculated by mult1ply1ng and d1V1d1ng, respectively, the gu1delme 
value by 10 

In cases 1n wh1ch the concentration assoc1ated w1th an excess l1fet1me cancer nsk of 10-5 

IS not feas1ble as a result of Inadequate analytical or treatment technology, a prOVISional guide
line value IS recommended at a practicable level and the est1mated associated excess l1fet1me 
cancer nsk presented 

lt should be emphasized that the gu1deline values for carcmogen1c substances have been 
computed from hypothetical mathematical models that cannot be venf1ed expenmentally and 
that the values should be Interpreted differently than TDI-based values because of the lack 
of preCISIOn of the models At best, these values must be regarded as rough estimates of cancer 
nsk However, the models used are conservative and probably err on the s1de of caut1on Moderate 
short-term exposure to levels exceedmg the gu1deline value for carcmogens does not Signifi
cantly affect the nsk 

c NAD- No adequate data to perm1t recommendation of a health-based gu1delme value 

d ATO- Concentrations of the substance at or below the health-based gu1deline value may af
fect the appearance, taste, or odour of the water 
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Table A2.3. Chemicals not of health significance at concentrations 
normally found in drinking-water 

Chemical 

asbestos 
Silver 
tin 

Remarks 

u 
u 
u 

U - lt IS unnecessary to recommend a health-based gu1del1ne value for these compounds be
cause they are not hazardous to human health at concentrations normally found 1n dnnkmg-water 

Table A2.4. Radioactive constituents of drinking-water 

gross alpha activity 
gross beta act1v1ty 

Screening value Remarks 
(Bq/litrel 

0.1 
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If a screen1ng value IS exceeded, more 
detailed rad1onuclide analys1s is neces
sary H1gher values do not necessarily 
Imply that the water IS unsuitable for 
human consumption 
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Table A2.5. Substances and parameters in drinking-water that may give 
rise to complaints from consumers 

Physical parameters 
colour 
taste and odour 
temperature 
turbidity 

lnorgamc constituents 
aluminium 
ammon1a 
chlor1de 
copper 

hardness 

hydrogen sulf1de 
iron 
manganese 

d1ssolved oxygen 
pH 

sod1um 
sui fate 
total dissolved sol1ds 
ZinC 

Organic constituents 
toluene 

xylene 

ethyl benzene 

sty re ne 

Levels likely to Reasons for consumer complaints 
give rise to 
consumer 

complaints8 

15 TCUb 

5 NTUC 

0 2 mg/1 
1.5 mg/1 
250 mg/1 
1 mg/1 

0.05 mg/1 
0.3 mg/1 
0.1 mg/1 

200 mg/1 
250 mg/1 
1000 mg/1 
3 mg/1 

24-170 J.Lg/1 

20-1800 J.Lg/1 

2-200 J.Lg/1 

4-2600 J.Lg/1 
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appearance 
should be acceptable 
should be acceptable 
appearance, for effect1ve termmal diS
infection, med1an turb1d1ty :::;1NTU, 
smgle sample ::;;; 5NTU 

depOSitions, d1scolorat1on 
odour and taste 
taste, corros1on 
sta1n1ng of laundry and san1tary ware 
(health-based prov1s1onal gu1del1ne 
value 2 mg/litre) 
h1gh hardness: scale depos1t1on, scum 
format1on 
low hardness: poss1ble corrosion 
odour and taste 
sta1n1ng of laundry and sanitary ware 
stammg of laundry and sanitary ware 
(health-based prOVISIOnal guideline 
value 0 5 mg/l1trel 
1nd1rect effects 
low pH: corros1on 
h1gh pH· taste, soapy feel 
preferably < 8.0 for effective disinfec
tion with chlorme 
taste 
taste, corros1on 
taste 
appearance, taste 

odour, taste (health-based gu1del1ne 
value 700 J.Lg/1) 
odour, taste (health-based gu1del1ne 
value 500 J.Lg/1) 
odour, taste (health-based gu1delme 
value 300 J.Lg/1) 
odour, taste (health-based gUideline 
value 20 J.Lg/1) 
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Levels likely to Reasons for consumer complaints 
give rise to 
consumer 

complaints8 

monochlorobenzene 10-120 J.tg/1 

1 ,2-dichlorobenzene 1-10 J.tg/1 

1,4-dichlorobenzene 0.3-30 J.tg/1 

tnchlorobenzenes (total) 5-50 ,ug/1 

synthetic detergents 

D1smfectants and disinfectant by-products 
chlonne 600-1000 J.tg/1 

chlorophenols 
2-chlorophenol 
2,4-dichlorophenol 
2,4,6-trichlorophenol 

0.1-10 j.!g/1 
0.3-40 j.!g/1 
2-300 J.!g/1 

odour, taste (health-based guideline 
value 300 ,ug/1) 
odour, taste (health-based gu1delme 
value 1000 J.tg/1) 
odour, taste (health-based guideline 
value 300 J.!g/1) 
odour, taste (health-based gu1del1ne 
value 20 J.tg/1) 
foaming, taste, odour 

taste and odour (health-based gwde
line value 5 mg/1) 

taste, odour 
taste, odour 
taste, odour (health-based gu1del1ne 
value 200 J.tg/1) 

a The levels indicated are not prec1se numbers. Problems may occur at lower or h1gher values 
according to local Circumstances. A range of taste and odour threshold concentrations IS given 
for organ1c constituents. 

b TCU, true colour unit. 

c NTU, nephelometric turb1d1ty unit. 
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kinetics and metabolism 609-610 
mutagenicity 611 

Back-s1phonage 117 
Bacteria (see also speczfic bacteria) 

anaerobic 83-84, 88 
infective dose 14- 15 
nuisance 78, 79-80 
pathogenic 10, 11, 18-36 

excreted 18-27 
growing in supply systems 28- 36 
methods of detection 89-90 

taste/odour problems 35 7-358 
Bacteriological quality 94-96 

guideline values 95, 941 
Bacteriophages 82-83,87-88,90 
Bacteroides fragilis 83-84, 88 
Balantidiasis 59 
Balantzdium coli 10, 52, 59 
Barium 173-180 

analyucal methods 175 



animal toxicity studies 176-178 
effects on humans 178-179 
environmental levels/human exposure 

175-176 
general description 17 3 -17 4 
guideline value 179-180, 942 
kinetics and metabolism 176 

Bayley Scales of Infant Development 264-265 
BDCM see Bromodichloromethane 
Behaviour 

cyanide exposure and 227-228 
lead exposure and 260-261 
mercury-induced changes 289 

Bentazone 614-618 
analytical methods 615 
animal toxicity studies 616-617 
effects on humans 618 
environmental levels/human exposure 

615-616 
general description 614-615 
guideline value 618, 944 
kinetics and metabolism 616 
mutagenicity 617 

Benzene 461-466 
analytical methods 462 
animal toxicity studies 464 
carcinogenicity 464-46 5 
effects on humans 465 
environmental levels/human exposure 

462-463 
general description 461-462 
guideline value 465-466, 943 
kinetics and metabolism 463 
mutagenicity 464 

1,2-Benzenedicarboxylic acid bis(2-ethyl
hexyl)ester see Di(2-ethyl
hexyl)phthalate 

Benzo[a]anthracene 497, 499 
Benzo[a]pyrene (BaP) 495-502 

analytical methods 496 
animal toxicity studies 498-499 
carcinogenicity 499- 500 
effects on humans 500 
environmental levels/human exposure 

496-497 
general description 495-496 
guideline value 501-502, 943 
kinetics and metabolism 497-498 
mutagenicity 499 

Benzo[b]fluoranthene 496, 497, 499 
Benzo[k]fluoranthene 496, 497, 499 
Benzo[g,h,t}perylene 496, 497, 499 
Beryllium 183-186, 942 

analytical methods 183-184 
animal toxicity studies 18 5 

953 

carcinogenicity 18 5, 186 
effects on humans 186 

INDEX 

environmental levels/human exposure 184 
general description 183 
kinetics and metabolism 184 
mutagenicity 185 

Beta activity 
application of recommendations 910-911, 

912-913 
screening value 909, 947 

Beta-galactOsidase 85, 86 
Bifidobacteria 83-84, 88 
Biological constituents, taste and odour 

357-358 
Birth-death mutation model, two-stage 501 
Bis(2-ethylhexyl)adipate (BEHA) see 

Di(2-ethylhexyl)adipate 
Bis(2-ethylhexyl)phthalate see Di(2-ethyl-

hexyl )phthalate 
Bivalve molluscs 80 
"Biackfoot disease" 160, 161 
Bladder cancer 

chlorinated water and 788, 800, 863 
schistosomiasis and 72 

Bleach, household 800 
"Blind staggers" 3 31 
Blood pressure, raised see Hypertension 
Blue-green algae see Cyanobacteria 
Body weight 121-122 
Bones, effects of fluoride 234, 235 
Boron 188-193 

analytical methods 189 
animal toxicity studies 191-192 
carcinogenicity 192 
effects on humans 19 3 
environmental levels/human exposure 

189-190 
general description 188 -189 
guideline value 193, 942 
kinetics and metabolism 190-191 
mutagenicity 192 

Bottled water 5-6, 96 
Brain 

development, chlorine dioxide and 807 
dichloroacetic acid-induced lesions 877 

Bromate 822-826 
analytical methods 823 
animal toxicity studies 823-824 
carcinogenicity 824-826 
effects on humans 826 
environmental levels/human exposure 823 
general description 822 
guideline value, provisional 826, 945 
kinetics and metabolism 823 
mutagenicity 824 
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Bromochloroacetonitrile 893-894, 899, 946 
animal toxicity studies 897 
carcinogenicity 898 
mutagenicity 897- 898 

Bromodichloromethane (BDCM) 849-850 
animal toxicity/m vttro studies 857-859 
environmental levels/human exposure 

851-852 
guideline value 86 5, 94 5 

Bromoform 849-850 
animal toxicity/in vitro studies 853-855 
effects on humans 863 
environmental levels/human exposure 

851-852 
guidehne value 864, 945 

Bryozoa 80-81 
Buttiauxella agrestts 86 

Cadmium 195-200 
analytical methods 195 
animal toxicity studies 197-198 
carcinogenicity 198, 199, 200 
effects on humans 199 
environmental levels/human exposure 

195-197 
general description 195 
guideline value 200, 942 
kinetics and metabolism 197 
mutagenicity 198 

Caesium-134 (ll4Cs) 911, 912 
Caesium-137 (l37Cs) 911, 912 
Calcium (see also Hardness) 237, 238 

metabohsm, effects of lead 260 
Calcium carbonate, mg per !are 23 7, 238 
Calcium chloride 201, 202, 204, 357 
Caliciviridae 43, 45, 47 
Cahciviruses 43 
Campylobacter 10, 22-23, 90 

thermophilic 22 
Cancer (see also Carcinogens; specific types) 

arsenic and 160-161, 162 
asbestos and 170-171 
cadmium and 199 
carbon tetrachloride and 393 
chlorination and 788, 800, 863 
lead and 259, 261-262, 266 
nickel and 311 
nitrites and 319, 320-321, 322 
tetrachloroethene and 456, 457 
water hardness and 239 

Carbofuran 620-624 
analytical methods 621 
animal toxicity studies 622-623 
effects on humans 623-624 
environmental levels/human exposure 621 
general description 620-621 

954 

guideline value 624, 944 
kinetics and metabolism 621-622 
mutagenicity 623 

Carbon, assimilable organic (AOC) 
bacterial growth and 78 
in distribution systems 116 
Salmonella survival and 20 
treatment to remove 114 

Carbon-14 (14C) 911 
Carbon tetrachloride 6, 389-394 

analytical methods 390 
animal toxicity studies 391-392 
carcinogenicity 392-393 
effects on humans 393 
environmental levels/human exposure 

390-391 
general descnption 389-390 
guideline value 39 3- 394, 943 
kinetics and metabolism 391 
mutagenicity 392 

Carcinogens (see also spectfic substances) 
126-129 

derivation of guideline values 128-129 
genotoxic 126-128 
!ARC categories 126, 127-128 
nongenotoxic 128 
uncertainty factors 125 

Cardin-4-ene-1-ol 35 7 
Cardiovascular disease 

barium and 177, 178-179 
total dissolved solids and 368 
water hardness and 239 

Caries, dental 178, 235 
Cassava 226, 227, 228, 229 
Catharsis, sulfate-mduced 3 54 
Central nervous system depressants 

1,1-dichloroethane 408 
1,1-dichloroethene 435 
1,2-dichloroethene 441-442 
trichloroethene 448 
trihalomethanes 863 

Ceruloplasmin, serum 303-304 
Cestoda 68, 7 3 
Chelating agents (see also Edetic aCid; 

Nitrilotriacetic acid) 102 
Chemicals 1, 3, 121-130 

allocation of intake 12 5- 126 
criteria for selection 6 
format of monographs 130 
guideline values 942-947 
health risk assessment 122-129 
information sources 121 
inhalation/dermal absorpuon 122 
mixtures 129 
potential carcinogens 126-129 
tolerable daily intake approach 123-126 



used in water treatment 3, 6 
water intake/body weight and 121-122 

Chick's law 112 
Children 

exposures to chemicals 121-122 
lead toxicity 260, 262-266 
methaemoglobinaemia 320 
viral gastroenteritis 48 

Chironomid larvae 80, 106 
Chloracne 747 
Chloral hydrate 885-888 

analytical methods 885 
animal toxicity/ in vitro studies 886-888 
effects on humans 888 
guideline value, provisional 888, 945 
in water 885 
kinetics and metabolism 886 

Chloramines 789-794 
analytical methods 790 
animal toxicity studies 791- 792 
carcinogenicity 792- 79 3 
C t values 113 
effects on humans 793 
general description 789-790 
guideline value 793-794, 945 
in water 790 
kinetics and metabolism 790 
mutagenicity 792 

Chlorate 803-813 
analytical methods 804 
animal toxicity/in vitro studies 810 
effects on humans 811-812 
environmental levels/human exposure 805 
general description 803-804 
guideline value 813, 945 

Chlordane 626-630 
analytical methods 628 
animal toxicity studies 629 
carcinogenicity 630 
effects on humans 630 
environmental levels/human exposure 628 
general description 626- 62 7 
guideline value 630, 944 
kinetics and metabolism 628 
mutagenicity 629-630 

Chloride 201-205 
acceptable level 205, 948 
analytical methods 202 
animal toxicity studies 204 
effects on humans 204 
environmental levels/human exposure 

202-203 
general description 201- 202 
kinetics and metabolism 203 

Chlorinated acetic acids 873-881 
analytical methods 874 

INDEX 

animal toxicity/in vitro studies 875-880 
effects on humans 880 
general description 87 3 
guideline values 880-881, 945 
in water 874 
kinetics and metabolism 874-875 

"Chlorinated hydrocarbon insecticide rodent 
liver" 605 

Chlorination (see also Chlorine) 1 
Aeromonas control 31-32 
by-products 790, 872-907 
cancer risks 788, 800, 863 
chloride levels and 203 
nuisance organisms and 80 
taste/odour problems 358 
Yersinill eradication 21 

Chlorine 796-801 
acceptable level 801, 949 
analytical methods 797 
animal toxicity studies 798- 799 
carcinogenicity 799- 800 
C t values 113 
effects on humans 800 
environmental levels/human exposure 797 
general description 796 
guideline value 800-801, 945 
kinetics and metabolism 797 
mutagenicity 799 
reaction with ammonia 144 

Chlorine dioxide 803-813 
analytical methods 804 
animal toxicity/in vitro studies 805-808 
C t values 113 

955 

effects on humans 811 
environmental levels/human exposure 805 
general description 803-804 
guideline value 812, 94 5 
kinetics and metabolism 805 

Chlorite 803-813 
analytical methods 804 
animal toxicity/ in vitro studies 808- 810 
effects on humans 811 
environmental levels/human exposure 805 
general description 803-804 
guideline value 812-813, 945 
kinetics and metabolism 805 

1-Chloro-2,3-epoxypropane see Epichloro
hydrin 

4-Chloro-2-methylphenoxyacetic acid see 
MCPA 

3-Chloro-4-dichloromethyl-5-hydroxy-2( 5H)
furanone see MX 

Chloroacetone 890-892, 945 
analytical methods 891 
animal toxicity/ in vitro studies 891-892 
in water 891 
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Chloroethene see V my I chloride 
Chloroform (see also Trihalomethanes) 1, 

849-850 
animal toxicity/in vttro studies 859-863 
effects on humans 863 
environmental levels/human exposure 

851-852 
guideline value 865-866, 945 

2-Chlorophenol (2-CP) 
acceptable level 949 
animal toxicity/ m vitro studies 830 
general descnption 828-829 
guideline value 834, 945 
in water 829 

4-Chlorophenol 358 
Chlorophenols 828-834 

acceptable levels 949 
analytical methods 829 
antmal toxicity/in vitro studies 830-834 
general description 828-829 
guideline values 834, 945 
in water 829 
kinetics and metabolism 829-830 

Chlorophenoxy herbicides (see also 
2,4-Dichlorophenoxyacetic acid; MCPA) 

763-779 
analytical methods 765 
animal toxicity/in vitro studies 767-775 
carcinogenicity 658-659, 714, 776-777 
effects on humans 77 5 - 77 7 
environmental levels/human exposure 

765-766 
general description 763-765 
guideline values 777-779, 944 
kinetics and metabolism 766 

Chloropicrin 903-906, 946 
analytical methods 904 
animal toxicity/in vttro studies 904-906 
effects on humans 906 
in water 904 

Chloropropanone see Chloroacetone 
1-Chloropropeneoxide see Epichlorohydrin 
Chlorotoluron 633-637 

analytical methods 634 
animal toxicity studies 635-636 
carcinogenicity 63 7 
environmental levels/human exposure 

634-635 
general description 633-634 
guideline value 63 7, 944 
kinetics and metabolism 63 5 

Cholera 11, 25, 26 
toxin 26 

Cholesterol, serum 800, 880 

956 

Cholinesterase inhibitors 
aldicarb 595- 596 
carbofuran 622, 623 

Chromium 206-213 
analytical methods 207 
animal toxicity studies 210-211 
carcinogenicay 211-213 
effects on humans 212-213 
environmental levels/human exposure 

207-209 
general description 206-207 
guideline value, provisional 213, 942 
kinetics and metabolism 209-210 
mutagenicity 211, 213 

Chrysotde 168, 169, 170 
Chydorus sphaericus 80 
Cirrhosis of liver, copper-induced 223 
Citrobacter 84, 85 

fteundu 85 
Clay particles 3 71 
Cleft palate 290 
Clostridia, sulfite-reducing 83, 86, 87 
C/ostndzum perfnngens (C. we/chu) 83, 86, 

87 
Coagulation 99, 110 
Coal-tar pipe linings 501 
Cobalt-60 (60Co) 911, 912 
Codex standards 6, 96 
Coliforms 24- 2 5 

actions taken on detection 104-105 
guideline values 95-96, 941 
interference with tests 78, 105 
lactose-negative 86 
methods of detection 89 
thermotoleram (faecal) 25, 83, 84-85, 95 
total (coliform orgamsms) 85-86, 95 
turbidity and 3 72 

Coliphages 87 
Colony counts 88, 105 -106 
Colour 4, 215-218 

acceptable level 217-218, 948 
analytical methods 216 
animal toxicity studies 216-217 
effects on humans 217 
environmemallevels/human exposure 216 
general description 215 
mutagenicity 217 
nuisance organisms causing 79 
turbidity and 3 71 

Committed effective dose 909 
Communities, small remote 94, 115-116 
Congenital malformations 

2,4-D and 656 
di(2-ethylhexyl)phthalate (DEHP) and 535 
halogenated acetonitriles and 896, 897 



lead and 261 
mercury and 289, 290 
nitrate and 321 
selenium and 331 
2,4,5-T and 777 

Consumers, acceptabilay to see Acceptability 
Contact lenses 60, 61 
Copper 219-223 

acceptable level 948 
analytical methods 2 20 
animal toxicity studies 221-222 
effects on humans 222-223 
environmental levels/human exposure 220 
general description 219 
guideline value, provisional 223, 942 
kinetics and metaboltsm 221 
molybdenum interactions 300-301, 303 
organoleptic properties 216, 219, 357 
zinc interactions 384-385 

Copper sulfate 3 51 
Coronary heart disease 

banum and 177, 178-179 
copper and 223 
total dissolved solids and 368 

Corrosion 
chlonde content and 204 
microbially mediated 79 
pH and 326 
total dissolved solids and 368 
water softness and 240 

Coxsackie viruses 4 3, 44 
Crangonyx pseudogractlts 80 
Crustacea 80, 81 
Cryptosporidiosis 58 
Cryptosporidium 56-58, 90 

G- t values 113 
general description 56-57 
health effects 58 
parvum 10, 52, 56, 57 
routes of exposure 57- 58 
treatment to remove 99, 100, 113 

G- t values 113 
Culex larvae 80 
Cyanide 226-229 

analytical methods 226 
animal toxicity studies 227-228 
effects on humans 229 
environmental levels/human exposure 226 
general description 226 
guideline value 229, 942 
kinetics and metabolism 226-227 

Cyanobacteria 
blooms 75, 76 
nuisance 78-79, 357 
toxins 9, 75-76 

Cyanogen chloride 901-902 
animal toxicity studies 902 
guideline value 902, 946 

Cyclops 69, 80 
Cylindrospermum 75 

INDEX 

2,4-D see 2,4-Dichlorophenoxyacetic acid 
2,4-DB (see also Chlorophenoxy herbicides) 

ammal toxicity/m vztro studies 768-770 
effects on humans 776-777 
environmental levels/human exposure 

765-766 
general description 763-765 
guideline value 778, 944 

DBCM see Dibromochloromethane 
DBCP see 1,2-Dibromo-3-chloropropane 

(DBCP) 
DOT and its derivatives 638-644 

analytical methods 639 
animal toxicity studies 642 
carcinogenicity 643 
effects on humans 64 3 
environmental levels/human exposure 

640-641 
general description 638-639 
guideline value 643-644, 944 
kinetics and metabolism 641 

DEHA see DI(2-ethylhexyl)adipate 
DEHP see Di(2-ethylhexyl)phthalate 
Dementia 136-138 
Dental caries 178, 235 

957 

Dependovirus (adeno-associated vuus; AAV) 
43, 45, 48 

Dermal absorption, of chemicals 122 
Dermal lesions 

arsenic-induced 160 
epichlorohydrin-induced 5 51 
mercury-induced 291 

Dermatitis 
chlorinated water and 800 
contact, simazine-induced 756 

Detergents, synthetic 949 
Developing countries 103 
Dialkyltms 575-576, 580, 943 
Dialysis dementia 136 
Diarrhoea/diarrhoea! diseases 

Aeromonas-associated 31 
cryprospondiosis 58 
Escherzchia colt 2 3- 24 
Salmonella 18 
Shzgella 27 
sulfate-induced 3 53 
viral 45-46 
Yersinia 20 

Dibenzo[a,h]anthracene 497, 499 
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1,2-Dibromo-3-chloropropane (DBCP) 
645-649 

analytical methods 64 5 
animal toxicity studies 646-648 
carcinogenicity 648 
effects on humans 648- 649 
environmental levels/human exposure 646 
general description 645 
guideline value 649, 944 
kinetics and metabolism 646 
mutagenicity 648 

Dibromoacetonitrile 893-894 
animal toxicity studies 895 -896 
catcinogenicity 898 
guideline value 899, 946 
in water 894 
kinetics and metabolism 895 
mutagenicity 897- 898 

Dibromochloromethane (DBCM) 849-850 
animal toxicity/in vitro studies 855-857 
environmental levels/human exposure 

851-852 
guideline value 864-865, 945 

1,2-Dibromoethane see Ethylene dibromide 
Dibutyltins 573, 575 
Dichloramine 789, 790, 794, 945 
Dichloroacetic acid 873 

animal toxicity/ in vitro studies 876-878 
effects on humans 880 
guideline value 881, 945 
in water 874 
kinetics and metabolism 874-875 

1,1-Dichloroacetone 890 
animal toxicity/ in vitro studies 891- 892 
in water 891 

1,3-Dichloroacetone 890 
animal toxicity/ in vitro studies 891-892 
in water 891 

Dichloroacetonitrile 893-894 
animal toxicity studies 895, 896 
catcinogenicity 898 
guideline value 898-899, 946 
in water 894 
kinetics and metabolism 894-895 
mutagenicity 897-898 

3,4-Dichloroaniline 745, 747 
1,2-Dichlorobenzene (1,2-DCB) 

acceptable level 949 
animal toxicity studies 514-515 
catcinogenicity 515 
environmental levels/human exposure 513 
general description 511- 512 
guideline value 516, 943 

1,3-Dichlorohenzene (1,3-DCB) 
environmental levels/human exposure 513 
general description 511- 512 

guideline value 516, 943 
1,4-Dichlorobenzene (1,4-DCB) 

acceptable level 949 
animal toxicity studies 514- 515 
catcinogenicity 515 
effects on humans 516 
environmental levels/human exposure 513 
general description 511- 512 
guideline value 516- 517, 94 3 
kinetics and metabolism 514 
mutagenicity 515 

Dichlorobenzenes (DCB) (see also specific 
isomers) 511-517 

analytical methods 512 
kinetics and metabolism 513-514 

p,p' -Dichlorodiphenyl trichloroethane see 
DDT and its derivatives 

1,1-Dichloroethane 404-408, 943 
analytical methods 405 
animal toxicity studies 406-407 
catcinogenicity 407-408 
effects on humans 408 
environmental levels/human exposure 405 
general description 404-405 
kinetics and metabolism 405-406 
mutagenicity 407 

1,2-Dichloroethane 410-414 
analytical methods 411 

958 

animal toxicity studies 412-413 
catcinogenicity 413-414 
effects on humans 414 
environmental levels/human exposure 

411-412 
general description 410-411 
guideline value 943 
kinetics and metabolism 412 
mutagenicity 413 

Dichloroethanoic acid see Dichloroacetic acid 
1,1-Dichloroethene 431-435, 434-435 

analytical methods 432 
animal toxicity studies 433-434 
effects on humans 435 
environmental levels/human exposure 

432-433 
general description 431-432 
guideline value 435, 943 
kinetics and metabolism 433 
mutagenicity 434 

1,2-Dichloroethene 438-442 
analytical methods 439 
animal toxicity studies 440-441 
effects on humans 441-442 
environmental levels/human exposure 439 
general description 438-439 
guideline value 442, 943 



kinetics and metabolism 440 
mutagenicity 441 

Dichloromethane 396-401 
analytical methods 397 
animal toxicity studies 398-400 
carcinogenicity 400-401 
effects on humans 401 
environmental levels/human exposure 398 
general description 396-397 
guideline value 401, 943 
kinetics and metabolism 398 
mutagenicity 400 

2,4-Dichlorophenol (2,4-DCP) 358, 653 
acceptable level 949 
animal toxicity/in vitro studies 831-832 
general description 828-829 
guideline value 834, 945 
in water 829 

2,4-Dichlorophenoxyacetic acid (2,4-D) 
653-659 

analytical methods 654 
animal toxicity studies 6 55- 6 56 _ 
carcinogenicity 657-659, 714, 776-777 
effects on humans 657-659 
environmental levels/human exposure 

654-655 
general description 6 53 
guideline value 659, 944 
kinetics and metabolism 655 
mutagenicity 656-657, 659 

4-(2,4-Dichlorophenoxy)butyric acid see 
2,4-DB 

2,4-Dichlorophenoxypropionic acid (2,4-DP) 
see Dichlorprop 

1,2-Dichloropropane 664-668 
analytical methods 665 
animal toxicity studies 666-667 
carcinogenicity 668 
effects on humans 668 
environmental levels/human exposure 665 
general description 664 
guideline value, provisional 668, 944 
kinetics and metabolism 665-666 
mutagenicity 667-668 

1,3-Dichloropropane 670-672, 944 
analytical methods 671 
general description 670 
in water 671 
toxicity/mutagenicity studies 671 

1,3-Dichloropropene 673-677 
analytical methods 673 
animal toxicity studies 674-675 
carcinogenicity 675-676 
effects on humans 676-677 
general description 6 7 3 

959 

guideline value 677, 944 
in water 674 
kinetics and metabolism 674 
mutagenicity 675 

Dichlorprop (see also Chlorophenoxy 
herbicides) 

INDEX 

animal toxicity studies 767 
carcinogenicity 714, 768, 776-777 
effects on humans 775-777 
environmental levels/human exposure 

765-766 
general description 763-765 
guideline value 778, 944 
mutagenicity 767-768 

Dieldrin 602-607 
analytical methods 604 
animal toxicity studies 605 - 606 
effects on humans 606 
environmental levels/human exposure 604 
general description 602- 604 
guideline value 607, 944 
kinetics and metabolism 605 
mutagenicity 606 

Di(2-ethylhexyl)adipate (DEHA) 523-528 
analytical methods 5 24 
animal toxicity studies 525-527 
carcinogenicity 527 
environmental levels/human exposure 

524-525 
general description 523-524 
guideline value 528, 943 
kinetics and metabolism 52 5 
mutagenicity 527 

Di(2-ethylhexyl)phthalate (DEHP) 530-537 
analytical methods 5 31 
animal toxicity studies 5 34- 53 5 
carcinogenicity 536, 53 7 
effects on humans 536-537 
environmental levels/human exposure 

532-533 
general description 530-531 
guideline value 537, 943 
kinetics and metabolism 533-534 
mutagenicity 5 36 

Dimethylbenzene see Xylenes 
Dimethyl sulfide 244, 245 
Dioctyladipate (DOA) see Di(2-ethyl-

hexyl)adipate 
Dioctyl phthalate (DOP) see Di(2-ethyl-

hexyl)phthalate 
Dioctyltins 574, 575 
Dioxins 764, 776 
Disinfectant by-products 1, 6, 788-789, 

822-907 
acceptable levels 949 
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Disinfectant by-products (contd) 
guideline values 945-946 
health risks 3 

Disinfectants 789-822 
acceptable levels 949 
guideline values 945 

Disinfection 109, 112-114, 115, 788-789 
Aeromonas removal 31-32 
for reducing viruses 97-98, 99 
turbidity and 112, 113, 3 72 

Distribution networks 116-117 
Aeromonas growth in 31, 116 
coliforms in 96 
damage/repairs 104, 117 
quality of materials 6, 117 
sampling from 101, 102 
scale deposition 239, 368 

DMDT see Methoxychlor 
Dose 

committed effective radiation 909 
infective 13-15 

2,4-DP see Dichlorprop 
Dracunculus medtnensis 9, 11, 68, 

69-70 
general description 69 
health effects 70 
intermediate hosts 69, 80 
routes of exposure 69-70 

Drezssena polymorpha 80 
Dysentery 

amoebic 59 
balantidiasis as 59 
emeroinvasive Escherichza coli-caused 24 
Shigella (bacillary) 27 

Echtnococcus 68, 73 
Echoviruses 4 3, 44 
Edetic acid (EDTA) 102, 561-564 

analytical methods 562 
animal toxicity studies 563 
effects on humans 56 3 
environmental levels/human exposure 562 
general description 561-562 
guideline value, provisional 564, 943 
kinetics and metabolism 562 

EDTA see Edetic acid 
Encephalopathy, lead 259 
Entamoeba histolytica 10, 52, 59 

general description 59 
health effects 59 
routes of exposure 59 

Enteric fever 18, 19 
Enterobacter 84, 85 

cloacae 85 
Enterococcus 86 

960 

Enterotoxins 
Escherzchza colz 24 
Vzbrzo cholerae 26 

Enterovzrus 44 
Enteroviruses 10, 42-49 

indicators 83, 87-88 
methods of detection 89- 90 
serotypes 68- 71 4 3, 44 
treatment to remove 111, 113 

Epichlorohydrin (ECH) 547-552 
analytical methods 548 
animal toxicity studies 5 50 
carcinogenicity 5 51, 676 
effects on humans 5 51- 55 2 
environmental levels/human exposure 

548-549 
general description 547-548 
guideline value, provlSlonal 552, 943 
kinetics and metabolism 549 
mutagenicity 5 51 

Escherz"chza 84, 85 
Escherz.chia colt 10, 23-25 

actions raken on detection 104 -105 
bacteriophages 87-88 
C t values 113 
enteroinvasive (EIEC) 24 
enteropathogenic 24 
enterotoxigenic (ETEC) 24 
as faecal indicator 83, 84, 94 
general description 23 
gmdeline values 95, 96, 941 
health effects 2 3 - 24 
methods of detection 89 
significance in drinkmg-water 24- 2 5 
treatment to remove 111 
turbidity and 3 72 
verocytotoxic 24 
virological quality and 98, 99 

Essential elements 1 
Ethanenitriles, halogenated see Halogenated 

acetonirriles 
Ethenylbenzene see Styrene 
5-Ethylazepane-1-carbothiate see Molinate 
Ethylbenzene 481-484 

acceptable level 948 
analytical methods 482 
animal toxicity studies 483-484 
effects on humans 484 
environmental levels/human exposure 

482-483 
general description 481 
guideline value 484, 943 
kinetics and metabolism 483 

Ethylenediaminetetraacetic acid see Edetic 
acid 



Ethylene dibrom1de (EDB) 679-683, 944 
analytical methods 68 0 
animal toxicity studies 681 
carcinogenicity 681-6 82 
effects on humans 68 2 
envuonmental levels/ human exposure 680 
general description 6 7 9 
kinetics and metabolism 680 
mutagenicity 681 

Ethylene dichlonde see 1,2-DKhloroethane 
Ethylmercury compounds 292 
Eye 

Acanthamoeba infections 60, 61, 62 
pigmentation 340, 341 

Faecal contamination 9 
Campylobacter and 22, 23 
giardiasis and 54 
health risks 2- 3 
indicators see Faecal indicator orgamsms 
Salmonella infections and 19 
treatment recommendations and 97-99 
viruses and 42 
Yersmia infections and 21 

Faecal indicator organisms 6, 83-88, 94 
actions taken on detection 104-105 
guideline values 9 5 - 96 
rationale for detecting 82 

Faecal streptococci 86-87 
Fasctola 68, 72-73 
Fenoprop (see also Chlorophenoxy herbicides) 

animal toxicity/in vitro studies 771-77 3 
effects on humans 77 5-7 77 
environmental levels/human exposure 

765-766 
general description 763-765 
guideline value 778, 944 

Ferrobacterza 3 57 
Filtration 99 

rapid 110 -lll 
slow sand 111-112 

Flavobacterz'um 11- 12 
Flocculation 110 
Flotation llO 
Flukes 68 
Fluoranthene 496, 497, 498, 500 
Fluorene 498, 500 
Fluoride 231-236 

analytical methods 231 
animal toximy studies 2 34 
carcinogenicity 234, 235 
effects on humans 2 34- 2 3 5 
environmental levels/human exposure 

232-233 
general description 2 31 

961 

guideline value 23 5-236, 942 
kinetics and metabolism 233 
mutagenicity 234 
requirements 234 

Fluorosis 2 3 5 
Food additives 123 
Formaldehyde 837-842 

analytical methods 838 
carcinogenicity 841 
effects on humans 841-842 
environmental levels/human exposure 

838-839 
general description 83 7-838 
guideline value 842, 945 
kinetics and metabolism 839-840 
mutagenicity 840-841 

F-specific RNA bacteriophages 87-88 
Fulvic acid 215, 216 
Fungi 357 

!3-Galactosidase 85,86 
Gallbladder disease 368 
Gammarus pulex 80 
Gastnc cancer/tumours 

1,2-dibromo-3-chloropropane (DBCP) 
and 649 

INDEX 

1,3-dichloropropene and 675-676 
nitrate/nitrite intake and 321, 322 
polynuclear aroma tic hydrocarbons and 

500, 501 
Gastroenteritis 

Campylobacter 22 
Salmonella 18 
viral45-46, 47-49, 97 
Yersinia 20 

Gastrointestinal illness 
Cryptosporz'dzum-induced 58 
Gzardza-associated 55 

Genotoxicity 126-128 
Geosmin 78, 357 
Giardia 52-56, 90 

associated organisms 56 
Ct values 113 
health effects 55- 56 
host range 5 3 
intestznalis (lamblza) 10, 53, 56 
life cycle 52- 53 
mum 53 
routes of exposure 54-55 
treatment to remove 99, 100, 113 

Giardiasis 54- 55 
endemic 54 
epidemic 54 

Glucose-6-phosphate dehydrogenase, 
erythrocyte 227 
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Gnat larvae 80 
Gottre, congenital 229, 820 
Gout-like dtsease, molybdenum-induced 304 
Ground waters 

nuisance orgamsms 80 
protection 108 
recommended treatments 97-98, 114 

Growth 
lead exposure and 260 
selenium-mduced retardation 330 

Gurdeline values 4-6 
provisional 5 
tables 940-949 

Guinea worm see Dracunculus medinenszs 

Haematological effects 
benzene 464, 465 
1,4-dichlorobenzene (1,4-DCB) 516 
isoproruron 701 

Haemochromatosis 252 
Haemolync uraemtc syndrome 24 
Halogenated acetonitnles 893-899 

analytical methods 894 
animal toximy/ tn vztro studies 895-898 
carcinogcmcity 898 
general descnption 893-894 
guidehne values 898-899, 946 
m water 894 
kinettcs and metabolism 894-895 

Halogenated hydrocarbons 358 
Hardness 237-240 

acceptable levels 239-240, 948 
effects on humans 239 
envuonmental levels/human exposure 238 
general description 23 7-238 

Hartmanella 29, 60 
Hazen units (true colour umts; TCU) 216, 218 
Hearing, lead exposure and 261 
Heart disease see Coronary heart disease 
Helminths 11, 68-73 

treatment to remove 99 -100, 111 
Hepatitis, viral 4 7, 48 
Hepatins A virus 10, 43, 44 

C t values 113 
health effects 48 
routes of exposure 46 

Hepatms E virus 10, 4 3, 4 5 
health effects 48 
routes of exposure 46 

Hepatocellular tumours see Liver tumours 
Hepatolenncular degeneration 223 
Hepatotoxicity 

aldrin and dieldnn 605 
bromodichloromethane 85 7-858 
bromoform 853, 854 

962 

carbon tetrachloride 391-392, 393 
chloral hydrate 886-887 
chloroacetones 891 
chloroform 860, 861, 863 
DOT 642 
dibromochloromethane 855, 856 
dichloromethane 399 
di(2-ethylhexyl)adtpate (DEHA) 526 
dt(2-ethylhexyl)phthalate (DEHP) 534 
fenoprop 772 
heptachlor epoxide 687 
hexachlorobenzene (HCB) 694 
isoproturon 701, 702 
lindane ('y-HCH) 707, 708 
styrene 489, 491 
tetrachloroethene 4 55 
trichloroacetic acid 878-879 
trichloroethene 448 

Hepatotoxins, cyanobacterial 75-76 
Heptachlor/heptachlor epoxide 684-688 

analytical methods 68 5 
ammal toxicity studies 686-687 
carcmogenicity 688 
effects on humans 688 
environmental levels/ human exposure 

685-686 
general description 684-685 
guideline value 688, 944 
kmetics and metabolism 686 
mutagemcity 688 

HeterotrophiC plate counts 88 
Hexachlorobenzene (HCB) 692-696 

analytical methods 693 
animal toxicity studies 694 
carcinogemcity 695 
effects on humans 695 
environmental levels/human exposure 693 
general description 692 
gutdeline value 69 5 - 696, 944 
kinetics and metabolism 694 
mutagenicity 695 

Hcxachlorobutadiene (HCBD) 555-559 
analyttcal methods 55 5 
animal toxicity studies 557-558 
carcinogeniCJty 5 58 
effects on humans 558 
environmental levels/ human exposure 5 56 
general descriptton 55 5 
guidchne value 559, 943 
kinetics and metabolism 556-557 
mutagemcity 5 58 

Hexachlorocyclohexane (HCH) 704 
a-isomer 705, 706, 708, 709 
{3-isomer 704, 706, 708, 709 
-y-isomer (-y-HCH) see Lindane 



Hodgkin disease (HD) 
chlorophenoxy herbicides and 776, 777 
2,4-D and 657-658, 776, 777 

Humic acids/substances 215, 216, 217, 372 
Hunter-Russel syndrome 292 
Hydrogen sulfide 242-246 

acceptable level 246, 948 
analytical methods 243 
animal toxicity studies 24 5 
carcinogenicity 245 
effects on humans 246 
environmental levels/human exposure 244 
general description 242-243 
kinetics and metabolism 244 
mutagenicity 245 

Hypertension 
barium and 177, 179 
lead and 259 
sodium chloride and 204, 346, 348 

Hypochlorous acid/hypochlorite 343-344, 796 
animal toxicity studies 798- 799 
carcinogenicity 799- 800 
effects on humans 800 
guideline value 800- 801 
kinetics and metabolism 797 
mutagenicity 799 

Hypothyroidism 820 

Immunocompromised patients 56, 58 
Immunotoxicity 

aldicarb 597 
organotins 575, 577-578, 579 

Indeno(1,2,3-c,d]pyrene 496, 499 
Infants 

copper toxicity 223 
excess sodium (salt) intake 347-348 
exposures to chemicals 121-122 
lead toxicity 260, 261, 262-266 
methaemoglobinaemia 319, 320 
viral gastroenteritis 48 

Infections, waterborne (see also Pathogens, 
waterborne) 9 

Infective dose 13-15 
Infiltration 112, 115 
Inhalation, of chemicals 122 
Inorganic substances 132-388 

acceptable levels 948 
as essential elements 1 
guideline values 942 
taste and odour 3 57 

Inspectorate, national 103 
Intelligence (IQ), effects of lead 262-266 
International Agency for Research on Cancer 

(IARC) 121 
categories of carcinogenic risk 126, 127-128 

INDEX 

International Commission on Radiological 
Protection (ICRP) 908 

International Organization for 
Standardization (ISO) 89, 90 

International Programme on Chemical Safety 
(IPCS) 121 

Invertebrate animals 78, 80-81 
Iodine 816-820 

analytical methods 817 
animal toxicity studies 818 
carcinogenicity 818-819 
effects on humans 819-820 
environmental levels/human exposure 817 
general description 816 
guideline value 820, 945 
kinetics and metabolism 817 

Iodine-129 (1291) 911, 912 
Iodine-131 (llli) 911, 912 
Iodism 819 
Iron 248-252 

acceptable level 2 52, 948 
analytical methods 249 
animal toxicity studies 2 51 
carcinogenicity 2 51 
effects on humans 251-252 
environmental levels/human exposure 

249-250 
general description 248- 249 
kinetics and metabolism 250 
mutagenicity 251 
requirements 251, 252 
taste 249, 252, 357 
water discoloration 216, 217, 249, 252 

Iron bacteria 79, 216, 249 
Ischaemic heart disease see Coronary heart 

disease 
Isoproturon 699-703 

analytical methods 700 
animal toxicity studies 701-702 
carcinogenicity 702 
effects on humans 703 
environmental levels/human exposure 

700-701 
general description 699-700 
guideline value 703, 944 
kinetics and metabolism 701 
mutagenicity 702 

Itai-itai disease 199 

Joint FAO/WHO Expert Committee on Food 
Additives OECFA) 121, 123, 124 

Joint FAO/WHO Meetings on Pesticide 
Residues OMPR) 121, 123, 124 

Kaschin- Beck disease 332 

963 
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Kerariris, Acanthamoeba 60, 61, 62 
Keshan disease 3 3 2 
Klebszella 12, 84, 85 

Laborarory facilities 103 
Lacrose-fermenting bacteria 84, 85, 86 
Lamblia see Giardza 
Large Intestinal tumours 

bromodichloromerhane and 859 
bromoform and 854-855 

Lead 254-266 
analyrical merhods 254 
animal toxiciry studies 258 
carcinogeniciry 259, 261-262, 266 
effecrs on humans 259-266 
envuonmental levels/human exposure 

254-257 
general description 2 54 
guideline value 266, 942 
kmerics and m era bolism 2 57- 2 58 
murageniciry 258-259, 261 
neurological effects m children 260, 

262-266 
pipes 254, 255 

Lead-210 (210Pb) 910, 911, 912 
Legzonella 10, 12, 28-30, 83, 90 

general descriprion 28 
health effects 28-29 
ingesrion by amoebae 29, 62 
roures of exposure 29- 30 

Legionnaire's disease (legtonellosts) 
28-29 

non-pneumonic 28, 29 
Leprosy 35 
Leukaemia 

benzene and 46 5 
chlorine and 800 
1,2-dibromo-3-chloropropane (DBCP) and 

649 
styrene and 492 
trifluralin and 761 

Lindane 704-709 
analytical merhods 705 
animal roxiciry srudtes 707-708 
carcinogenimy 708 
effecrs on humans 708-709 
environmental levels/human exposure 

705-706 
general descripnon 704-705 
guideline value 709, 944 
kinetics and merabolism 706 
mutageniciry 708 

Linearized multistage model 129 
Lipids, serum 800 
Ltver disease see Heparotoxicity 

964 

Liver tumours 
bromodtchloromerhane and 859 
carbon tetrachlonde and 392-393 
chloral hydrate and 887-888 
chloroform and 862-863 
DDT and 643 
dibromochloromethane and 857 
dtchloroacetic actd and 878 
1,4-dichlorobenzene (1,4-DCB) and 515, 

516 
dichloromethane and 400, 401 
1,2-dichloropropane and 668 
di(2-ethylhexyl)adipate (DEHA) and 527 
di(2-ethylhexyl)phthalate (DEHP) and 536, 

537 
hexachlorobenzene (HCB) and 695 
tetrachloroethene and 4 56 
tnchloroacetic acid and 879, 880 
vinyl chloride and 428-429 

Low-denstty hpoproteins 800 
Lowest-observed-adverse-effect level (IDAEL) 

123, 124 
Lung rumours 

chromium and 212-213 
halogenared aceronirriles and 898 
styrene and 491 

Lymphoma, malignant 
chlorophenoxy herbicides and 776-777 
2,4-D and 657-659, 776-777 
organotins and 57 5 - 57 6 
styrene and 492 

McCarrhy Scales of Children's Abilittes 
(MSCA) 264, 265 

Magnesium (see also Hardness) 237, 238 
Magnesium chloride 202, 357 
Mains, drinkmg-water 

corroston 79 
damage/repairs 104, 117 

Malaria control 639 
Manganese 276-281 

acceprable level 281, 948 
analytical methods 277 
animal toxicity srudies 2 79 
carcinogeniciry 280 
deficiency 280 
effects on humans 280-281 
environmental levels/human exposure 

277-278 
general description 276-277 
guideline value, provisional 281, 942 
kinettcs and metabolism 278 
mutagenicity 279-280 
oxidizing microorganisms 79, 216 



taste 276, 357 
water discoloratiOn 216, 276 

Manganism 280 
MCPA 711-715, 745 

analytical methods 712 
animal toxicity studies 712-714 
carcinogenicity 714-715, 776-777 
effects on humans 714 
environmental levels/human exposure 712 
general descnption 711 
guideline value 714- 715, 944 
kinetics and metabolism 712 
mutagenicity 714 

MCPB 
animal toxicity/ in vitro studies 77 5 
environmental levels/human exposure 

765-766 
general description 763-765 
guideline value 779, 944 

MCPP see Mecoprop 
Mecoprop (see also Chlorophenoxy herbicides) 

animal toxicity/in vitro studies 773-775 
carcinogemcity 714, 775, 776-777 
effects on humans 77 5 - 77 7 
environmental levels/human exposure 

765-766 
general description 763-765 
guideline value 779, 944 

Meningoencephahtis, primary amoebic 60, 62 
Mercury 285-293 

analytical methods 286 
animal toxicity studies 287-290 
carcinogenicity 291 
effects on humans 291-293 
environmental levels/human exposure 

286-287 
general description 285 
guideline value 293, 942 
kinetics and metabolism 287 
mutagenicity 290- 291 

Methaemoglobinaemia 318, 319-320, 747, 
808 

Methanal see Formaldehyde 
Methoxychlor 717-722 

analytical methods 719 
animal toxicity studies 720-721 
carcinogenicity 721 
effects on humans 721-722 
environmental levels/human exposure 719 
general description 717-719 
guideline value 722, 944 
kinetics and metabolism 719-720 
mutagenicity 721 

Methoxy-DDT see Methoxychlor 
4(2-Methyl-4-chlorophenoxy)butyric acid see 

MCPB 

965 

INDEX 

2( 2-Methyl-4-chlorophenoxy )propwmc aod 
(MCPP) see Mecoprop 

Methylbenzene see Toluene 
Methylene chloride see Dichloromethane 
2-Methyhsoborneol (MIB) 78, 357 
Methylmercury (see also Mercury) 285 

animal toxioty studies 289-290 
carcinogenimy 291 
effects on humans 292-293 
environmental levels/human exposure 286 
kinetics and metabolism 287 
mutagenicity 290- 291 

Metolachlor 725-728 
analytical methods 726 
animal toxicity studies 626-627 
carcinogenicity 727 
effects on humans 727 
general descriptiOn 72 5 
guideline value 728, 944 
in water 726 
kinetics and metabolism 726 

Microbial indicators 82-90 
of faecal contamination see Faecal indicator 

orgamsms 
methods 89- 90 
ratiOnale 82-83 
of water quality/treatment efficacy 82-83, 

88-89 
Microbial slime community (schmutzdecke) 

lll,ll2 
Microbiological aspects 9-15 
Microbiological quality 93-106 

action taken when contamination detected 
104-106 

bactenological 94- 96 
disinfection and 788 
monitoring 93, 100-103 
overall strategy 93 
parasitological 99- 100 
rationale 9 3 - 94 
supplies to small remote communities 94 
treatment objectives and 93-94 
turbidity and 3 72 
virological 96- 99 

Microcysnn 75, 76 
Mzcrocystzs 7 5, 7 6 
Microorganisms (see also Bacteria; 

Cyanobacteria; Protozoa; Viruses) 
faecal indicator see Faecal indicator 

organisms 
indicator see Microbial mdicarors 
methods of detection/Isolation 89-90 
nuisance 12, 78- 80 
pathogenic see Pathogens, waterborne 
taste and odour due to 357-358 
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Microorganisms ( contd) 
turbidity caused by 371 

Minamata disease 292 
congenital 293 

Mmeral water 5-6, 96 
Miscarriages 161-162, 777 
Mixtures, chemical 129 
Molinate 729-733 

analytical methods 7 30 
animal toxicity studies 731-732 
carcinogenicity 732-733 
effects on humans 7 3 3 
general description 729- 7 30 
guideline value 7 3 3, 944 
in water 730 
kinetics and metabolism 7 31 
mutagenicity 7 32 

Molybdenum 298-304 
analytical methods 299 
ammal toxicity studies 300- 302 
carcinogenicity 303 
deficiency 303 
effects on humans 303-304 
environmental levels/human exposure 

299-300 
general description 298-299 
guideline value 304, 942 
kinetics and metabolism 300 
mutagenicity 302 
requrrements 303 

Monitoring, microbiological 93, 100-103 
approaches and strategies 100 
sampling frequencies/procedures lOO -102 
surveillance programme requirements 

102-103 
Monochloramine (see also Chloramines) 

789-794 
animal toxicity/m vitro studies 791-793 
general description 789-790 
guideline value 793, 945 
kinetics and metabolism 790 

Monochloroacetic acid 8 7 3 
animal toxicity/in vztro stud1es 875-876 
guideline value 880, 94 5 
in water 874 
kinetics and metabolism 874 

Monochlorobenzene (MCB) 506-510 
acceptable level 510, 949 
analytical methods 507 
animal toxicity studies 508 
carcinogenicity 509 
effects on humans 509 
environmental levels/human exposure 507 
general description 506- 507 
guideline value 509- 510, 943 

966 

kinetics and metabolism 507 
mutagenicity 509 

Monochloroethanoic acid see Monochloro-
acetic acid 

Monochloroethene see Vinyl chloride 
Multiple-barrier principle 115-116 
Mussel, zebra 80 
MX 845-847, 945 

analytical methods 845 
animal toxicity/ in vitro studies 846-84 7 
in water 846 
kinetics and metabolism 846 

Mycobactenum 34-36 
atypical 10, 3 5 
general description 34-35 
health effects 3 5 
pathogenic 34- 3 5 
routes of exposure 3 5-36 

Naegleria 29, 60-62, 90 
australtenszs 60 
fow/eri 10, 52, 60, 61, 62 
general descriptwn 60-61 
health effects 62 
routes of exposure 61 

Nazs 80 
Naphthalene 498-499, 500 
National standards/guidelines 

developing 2, 4-6 
ensuring compliance 103 

Necator amencanus 68, 73 
Nematoda 

nuisance 80 
parasitic 68, 73 

Nephelometry 3 71 
Nephrotoxicity 

bromodichloromethane 8 57- 8 58 
cadmium 198, 199 
hexachlorobutadiene 55 7 
lead 259 
lindane (-y-HCH) 707 
MCPA 713 
mercury 287-288, 289 
nitrilotriacetic acid (NTA) 567, 568 
tetrachloroethene 455 
uranium 377, 378, 379 

Neurological effects 
acrylamide 543, 544 
aldicarb 597- 598 
benzene 465 
carbon tetrachloride 393 
chlordane 6 30 
chlorine dioxide 807 
DOT 642, 643 
dichloroacetic acid 880 



1,2-dichloroethene 441-442 
dichloromethane 401 
di(2-ethylhexyl)phthalate (DEHP) 53 7 
lead 258, 259, 260-261, 262-266 
lindane ('y-HCH) 707, 708, 709 
manganese 280-281 
mercury 289, 291-293 
organotins 5 76, 580 
sty re ne 489, 491 
tetrachloroethene 4 56, 4 57 
tin 363 
1,1,1-trichloroethane 421 
xylenes 477 

Nickel 308-312 
analytical methods 309 
animal toxicity studies 310 
carcinogenicity 311 
effects on humans 311-312 
environmental levels/human exposure 

309-310 
general description 308-309 
guideline value 312, 942 
kinetics and metabolism 310 
mutagenicity 311 
sensitivity 312 

Nitrate/mtrite 313-322 
analytical methods 315 
animal toxicity studies 318 
carcinogenicity 319, 320-321 
effects on humans 319-322 
environmental levels/human exposure 

315-316 
general description 313-314 
guideline values 322, 942 
kinetics and metabolism 317 
mutagenicity 319 

Nitrilotriacetic acid (NTA) 102, 565-570 
analytical methods 566 
animal toxicity studies 567- 568 
carcinogenicity 568-569, 570 
effects on humans 569 
environmental levels/human exposure 566 
general description 565-566 
guideline value 569-570 
kinetics and metabolism 567 
mutagenicity 568 

Nitrite see Nitrate/nitrite 
N-Nitroso compounds 319, 320-321 
Nodularia 75 
Non-Hodgkin lymphoma (NHL) 

chlorophenoxy herbicides and 776-777 
2,4-D and 657-658, 776-777 
trifluralin and 761 

No-observed-adverse-effect level (NOAEL) 
123, 124, 125 

Norwalk-like viruses see "Small round 
structured viruses" 

Norwalk virus 10, 45 
health effects 49 
routes of exposure 46, 47 

Nostoc 75 
Nuisance organisms 12, 78-81 

actions taken on detection 106 
invertebrate animals 78, 80-81 
microbiological problems 78-80 

Nutrients in water 83 

Odour 4, 357-359, 948 
analytical methods 358-359 
health aspects 359 
nuisance organisms causing 78-79 
sources in drinking-water 357-358 

Oesophageal tumours 
nitrate/nitrite intake and 321 

INDEX 

polynuclear aromatic hydrocarbons and 500 
Opportunistic pathogens 11-12, 83 

967 

Organic constituents 389-585 
acceptable levels 948-949 
causing turbidity 3 70, 3 71, 3 72 
guideline values 943 
taste and odour 3 57 

Organoleptic quality 4, 5 
Organotins 578-581 

analytical methods 57 3 
animal toxicity studies 5 75- 580 
effects on humans 580 
environmental levels/human exposure 574 
general description 57 3 
guideline values 580-581, 943 
kinetics and metabolism 574 

Orthoreovituses 44, 47 
Oscillatoria 75 
Osteopetrosis 818 
Osteoporosis 

cadmium-induced 198, 199 
molybdenum intake and 304 

Ovarian cancer 761 
Oxygen, dissolved 324-325 

acceptable levels 948 
analytical methods 324 
effects on humans 3 2 5 
environmental levels 324-325 
organoleptic properties 324 

Ozone 
C t values 113 
odours caused by 358 

Papillomaviruses 43, 45 
"Pa-ping" disease 178 
Papovaviridae 43, 45 
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Parasites see Helminths; Protozoa 
Parasitological quality 99-100 
Parkinsonism dementia 136-13 7 
Particles, suspended see Turbidtty 
Parvoviridae 43, 45 
Paroovtrus 4 5 
Pathogens, waterborne (see also specific 

pathogens) 9-15, 95 
actions taken on detection 104 
health risks 2 - 3 
infective dose 13-15 
methods of detection 89-90 
opportunistic 11-12, 83 
persistence in water 13 
routes of exposure 12 
significant 9- 12 

Pendimethalin 734-737 
analyttcal methods 7 3 5 
animal toxicity studies 7 3 5 - 7 36 
carcinogenicity 736 
general description 734 
guideline value 7 3 7, 944 
in water 735 
kinettcs and metabolism 7 3 5 
mutagenicity 7 36 

Pentachlorophenol 944 
Perchlorobutadiene see Hexachlorobutadiene 
Perchloroethylene see Tetrachloroethene 
Permethrin 738-743 

analytical methods 739 
animal toxicity studies 741-742 
carcinogenicity 742 
effects on humans 742 
environmental levels/human exposure 740 
general description 738-739 
guideline value 742-743, 944 
in water treatment 80-81 
kinetics and metabolism 740 

Pesticides 123, 586-787 
guideline values 944 

pH 325-327 
acceptable levels 327, 948 
analytical methods 326 
animal toxicity studies 326 
corrosivity of water and 326 
effects on humans 326 
general description 325-326 

Pharyngoconjunctival fever 4 7 
Phenylethene see Styrene 
Physical parameters 132-388, 948 
Picornaviridae 4 3, 44 
Pigmentation, silver-induced 340, 341 
Pipes 

biodeterioration 79-80 
coal-tar hnings 501 

968 

corrosion see Corrosion 
quality of materials 6, 117 

Platyhelmmtha 68 
Plumate/la 80 
Plutomum-239 (239Pu) 911, 912 
Polioencephalomalacia 3 54 
Polioviruses 4 3, 44 
C t values 113 
Pollutton, taste/odour problems 358, 359 
Polonium-210 (2 10Po) 911, 912 
Polyacrylamtde flocculants 541, 545 
Polynuclear aromatic hydrocarbons (PAHs) 

495-502 
analytical methods 496 
animal toxicity studies 498-499 
carcinogenicity 499- 500 
effects on humans 500 
envuonmental levels/human exposure 

496-497 
general description 495-496 
guideline values 501-502 
kinetics and metabolism 497-498 
mutagentoty 499 

Ponttac fever (non-pneumonic Legzonnella 
infection) 28, 29 

Population size, sampling frequenoes and 101 
Potassium-40 (40K) 911 
Potassium chloride 201, 202, 204 
Prechlorination 109- 110 
Presedimentation 109 
Preterm deltvery, lead exposure and 261 
Propanil 744-747 

analytical methods 745 
antmal toxicity studies 746 
carcmogenicity 747 
effects on humans 7 4 7 
general description 744-745 
guideline value 747, 944 
in water 745 
kinetics and metabolism 745 
mutagenicity 746 

Propylene dichloride see 1,2-Dichloropropane 
Protoporphyrin, erythrocyte (EP) 260 
Protozoa 10, 52-62 

methods of detection 89-90 
treatment to remove 99-100, 111 

Pseudomonas 3 57- 3 58 
Pseudomonasaeruginosa 10, 11-12,33-34,90 

actions taken on detection 105 
general description 3 3- 34 
health effects 34 
as indicator of water quality 83, 88-89 
routes of exposure 34 

Pyocyanin 3 3 
Pyrene 496, 498, 499-500 



Pyridate 748-751 
analytical methods 749 
animal toxicity studies 749-750 
carcinogc:nicity 750-751 
general description 7 48- 7 49 
guideline value: 751, 944 
in water 749 
kinetics and metabolism 749 

Radiation dose, committed effective: 909 
Radioactive constituents 3, 908-914 

analytical methods 912 
application of recommendations 910-914 
environmental exposure 908 
potential health risks 909 
recommended reference levels 909-910 
scrc:c:ning values 5, 909, 947 
strategy for assessing drinking-water 912-914 

Radionuclidc:s 
activity concentrations 910- 911 
sources 908 

Radium-224 (224Ra) 911, 912 
Radium-226 (226Ra) 910, 911, 912 
Radium-228 (22BRa) 910, 911 
Radon (222Rn) 914 
Rahnella aquatilis 86 
Raynaud's phenomenon 429 
Renal disease see Nephrotoxicity 
Renal tumours 

bromate: and 825 
bromodichloromethanc: and 859 
chloroform and 862 
1,4-dichlorobc:nzc:ne (1,4-DCB) and 515, 516 
hc:xachlorobutadiene and 558 
lead and 259, 266 
methylmc:rcury and 291 
nitrilotriacc:tic acid (NTA) and 569 
tetrachloroc:thc:ne and 456 

Reoviridae 43, 44 
Rc:ovirusc:s 43, 44 
Reservoirs 109, 117 
Risk analyses, watc:rborne viruses 97 
Risk-benefit approach 2-4 
Rotavirusc:s 10, 43, 44 

c- t values 113 
health effects 48 
routes of exposure: 46, 47 

Roundworms see Nematoda 

Salmonella 10, 18-20, 90 
general description 18 
paratyphi 18, 19 
routes of exposure 18-19 
significance in drinking-water 19-20 
typhi 10, 18, 19 
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Salt see Sodium chloride 
Sampling 

frequencies 100-102 
procedures 100-102 

INDEX 

Sarcomas, soft-tissue (STS) 657-658, 776 
Scale: deposition 239, 368 
Schistosoma 11, 68, 70-72 

general description 70-71 
health effects 71- 72 
routes of exposure: 71 

Schistosomiasis 71- 72 
intestinal 70-71, 72 
urinary 71, 72 

Schmutzdecke 111, 112 
Sedimentation 110 
Selenium 328-333 

analytical methods 328 
animal toxicity studies 330-331 
carcinogc:nicity 3 31 
deficiency 330, 332 
effects on humans 332-333 
environmental levels/human exposure 329 
general description 328 
guideline: value 333, 942 
kinetics and metabolism 330 
mutagenicity 3 31 
silver interactions 340 

Selenosis 332 
Se"atia 12, 86 

fonticola 86 
Sewage: 

bactc:riophagc:s in 88 
Campylobacter in 22 
Entamoeba histolytica transmission 59 
viruses in 42 

Shigella 10, 27, 90 
Shrimp, freshwater 80 
Silver 338-341, 947 

analytical methods 339 
animal toxicity studies 340 
effects on humans 341 
c:nvironmc:ntallc:vels/human exposure 339 
general description 3 38 
kinetics and metabolism 3 39- 340 
mutagenicity 340 

Silver arsphenamine: 341 
Silvc:x see Fc:noprop 
Simazinc: 753-756 

analytical methods 7 53 
animal toxicity studies 754-75 5 
carcinogc:nicity 7 55 
effects on humans 756 
general description 7 53 
guideline value 756, 944 
in water 754 
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Simazine (contd.) 
kinetics and metabolism 754 
mutagenicity 755 

Skeletal tissues, fluoride and 234, 235 
Skin cancer, arsenic-associated 160, 161, 162 
Small remote communities 94, 115-116 
"Small round structured viruses' (see also 

Norwalk virus) 10, 43, 45, 47 
health effects 49 

Snails 80 
Sodium 343-348 

acceptable level 348, 948 
analytical methods 344 
animal toxicity studies 34 5 - 346 
carcinogenicity 34 7 
effects on humans 347-348 
environmental levels/human exposure 345 
general description 34:3- 344 
kinetics and metabolism 34 5 
mutagenicity 34 7 

Sodium chloride (salt) 201, 202, 343, 344 
animal toxicity studies 204, 346-347 
effects on humans 204, 347-348 
environmental levels/human exposure 

202-203, 345 
taste 202, 344, 357 

Sodium thiosulfate 102 
Soft-tissue sarcomas (STS) 65 7-658, 776 
Sod panicles 3 71 
Solids, total dissolved see Total dissolved 

solids 
Sources of water see Water sources 
Spermatogenesis, 1,2-dibromo-3-chloropropane 

and 647, 648-649 
Spermatozoa, ethylene dibromide-induced 

abnormalities 682 
Spzrometra 68, 73 
Storage, water 72, 109 
Streptococci, faecal 86-87 
Streptococcus 86-87 
Strongyloides stercoralzs 68, 7 3 
Strontium-89 (89Sr) 911, 912 
Strontium-90 (9°Sr) 910, 911, 912 
Styrene 486-492 

acceptable level 948 
analytical methods 487 
animal toxicity studies 489-490 
carcinogenicity 490-491, 492 
effects on humans 491-492 
environmental levels/human exposure 

487-488 
general description 486-487 
guideline value 492, 943 
kinetics and metabolism 488-489 
mutagenicity 490 
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Styrene-7 ,8-oxide 488, 490, 492 
Styrol see Styrene 
Sulfate 351-354 

acceptable level 3 54, 948 
analytical methods 3 52 
animal toxicity studies 353-354 
effects on humans 3 54 
environmental levels/ human exposure 

352-353 
general description 351 
kinetics and metabolism 3 53 
molybdenum interactions 300-301 

Sulfides 243, 244 
Sulfite-reducing clostridia 83, 86, 87 
Sulfur bacteria 79 
Sulfuric acid 3 51 
Surface area:body weight ratio correction 129 
Surface waters 104, 108 

protection 108 
recommended treatments 98-99, 114 
small-scale treatment 115 -116 

Surveillance, microbiological 93, 100, 
102-103 

"Swayback" 302 
Swimming-pools 

ctyptosporidiosis transmission 58 
free-living amoebae 61 

Syphilis, argyria in 341 

2,4,5-T (see also Chlorophenoxy herbicides) 
animal toxicity/ in vztro studies 770-771 
carcinogenicity 714, 771, 776-777 
effects on humans 775-777 
environmental levels/human exposure 

765-766 
general description 763-765 
guideline value 778, 944 

Taenia solium 68, 73 
Tapeworms 68, 73 
lips, sampling from 101, 102 
Taste 4, 357-359, 948 

analytical methods 358-359 
health aspects 3 59 
nuisance organisms causing 78-79 
sources in drinking-water 357-358 

TCU (true colour units; Hazen units) 216, 218 
Teeth, effects of fluoride 234, 235 
Temperature 948 

Campylobacter survival and 23 
dissolved oxygen and 325 
in distribution systems 116 
Legionella growth and 29, 30 
pathogen survival and 13 
Yersinia survival and 21 

Teratogenicity see Congenital malformations 



Tetrachloroazobenzene 746, 747 
2,3,7,8-Tetrachlorodibenzodioxin (TCDD) 776 
Tetrachloroethene 452-457 

analytical methods 453 
animal toxicity studies 454-455 
carcinogenicity 456, 457 
effects on humans 456-457 
environmental levels/ human exposure 

453-454 
general description 452-453 
guideline value 4 57, 94 3 
kinetics and metabolism 4 54 
mutagenicity 4 56 

Tetrachloroethylene see Tetrachloroethene 
Thiosulfate, sodium 102 
Thorium-232 (232Th) 910, 911, 912 
Thyroid function 

chlorine dioxide and 806, 807 
cyanide and 227-228, 229 
di(2-ethylhcxyl)phthalate (DEHP) and 535 
iodine and 817, 819-820 
nitrate and 321 

Thyroiditis, autoimmune 818 
Thyroid lesions 

bromodichloromethane-associated 8 58 
chloroform-associated 860 

Tin/inorganic tin compounds (see also 
Organotins) 361-365, 947 

analytical methods 361 
animal toxicity studies 363-364 
carcinogenicity 36 5 
effects on humans 365 
environmental levels/human exposure 

361-362 
general description 361 
kinetics and metabolism 363 

Tolerable daily intake (TDI) 122, 123-124 
allocation to different sources 12 5 -126 
approach 123-126 

Toluene 467-472 
acceptable level 948 
analytical methods 468 
animal toxicity studies 470 
carcinogenicity 4 71 
effects on humans 471 
environmental levels/human exposure 

468-469 
general description 467-468 
guideline value 471-472, 943 
kinetics and metabolism 469-470 
mutagenicity 4 71 

Total dissolved solids (TDS) 367-369 
acceptable level 368- 369, 948 
analytical methods 367 
effects on humans 368 

971 

INDEX 

environmental levels/human exposure 
367-368 

general description 367 
Toxicity studies, laboratory animals 122 
Toxins (see also Chemicals; Enterotoxins) 

Aeromonas 31 
cyanobacterial 9, 7 5- 76 

Toxocara cams 68, 7 3 
2,4,5-TP see Fenoprop 
Treatment 

bacteriological quality and 95-96 
chemical by-products see Disinfectant 

by-products 
choice 114-116 
conventional urban 115 
efficacy, indicators 82-83, 88-89 
groundwaters 97-98 
nuisance orgamsms 80-81 
objectives 93-94 
plants, sampling at 101, 102 
processes 107, 108-114 
small-scale 115-116 
surface water sources 98- 99 
taste and odour produced by 358 
vuological quality and 97, 98 

Trematoda 68 
Tribromomethane see Bromoform 
Tributyltin oxide (TBTO) 5 77-5 78, 580-581 

guideline value 581, 943 
Tributyltins 573, 574, 577-578 
Trichloramine 789, 794, 945 
1,1,1-Trichloro-2,2-bis(4-methoxyphenyl)ethane 

see Methoxychlor 
Trichloroacetaldehyde 885-888 

analytical methods 885 
animal toxioty/ m vttro studies 886-888 
effects on humans 888 
in water 885 
kinetics and metabolism 886 
provisional guideline value 888, 94 5 

Trichloroacetic acid ( trichloroethanoic acid) 1, 
454, 456, 873 

animal toxicity/m vttro studies 878-880 
guide line value 881 
kinetics and metabolism 875 
in water 874 

Trichloroacetonitrile 893-894 
animal toxicity studies 897 
carcinogenici ty 898 
guideline value 899, 946 
in water 894 
mutagenicity 897-898 

Trichlorobenzenes (TCBs) 518-521 
acceptable level 949 
analytical methods 519 
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Trichlorobenzenes (TCBs) (contd.) 
animal toxicity studies 5 20- 5 21 
carcinogenicity 521 
effects on humans 521 
environmental levels/human exposure 519 
general description 518 
guideline value 521, 943 
kinetics and metabolism 519-520 
mutagenicity 521 

Trichloroethanal see Trichloroacetaldehyde 
1,1,1-ll:ichloroethane 417-422 

analytical methods 418 
animal toxicity srudies 419-420 
carcinogenicity 421 
effects on humans 421 
environmental levels/human exposure 418-419 
general description 417 
guideline value, provisional, 421-422, 943 
kinetics and metabolism 419 
mutagenicity 420 

Trichloroethanoic acid see Trichloroacetic acid 
Trichloroethene 444-449 

analytical methods 445 
animal toxicity studies 446-44 7 
carcinogenicity 448 
effects on humans 448 
environmental levels/human exposure 

445-446 
general description 444- 44 5 
guideline value, provisional 449, 943 
kinetics and metabolism 446 
mutagenicity 448 

Trichloroethylene see Trichloroethene 
Trichloromethane see Chloroform 
Trichloronitromethane see Chloropicrin 
2,4,6-Trichlorophenol (2,4,6-TCP) 

acceptable level 834, 949 
animal toxicity/in vitro studies 832-834 
general description 828-829 
guideline value 834, 945 
in water 829 
kinetics and metabolism 829-830 

2,4,5-Trichlorophenoxyacetic acid see 2,4,5-T 
2 ,4 ,5 -Trichlorophenoxypropionic acid (2 ,4, 5 -TP) 

see Fenoprop 
Tnchuris trichzura 68, 73 
Tricyclohexyltins 5 78- 5 79 
Triethyltins 574, 576, 580 
Trifluralin 758-761 

analytical methods 759 
animal toxicity studies 759-760 
carcinogenicity 760, 761 
effects on humans 761 
general description 758-759 
guideline value 761, 944 

972 

in water 759 
kinetics and metabolism 759 
mutagenicity 760 

Trihalomethanes 849-866 
analytical methods 850-851 
animal toxicity/in vitro studies 853-863 
effects on humans 863 
environmental levels/ human exposure 8 51- 8 52 
general description 849-850 
guideline value 863-866, 945 
kinetics and metabolism 852 

Trimethyltins 5 76 
ll:iphenyltins 574, 579-580 
Tritium (3H) 911 
True colour units (TCU; Hazen units) 216, 218 
Tuberculosis 35 
Turbidity 370-372 

acceptable level 3 72, 948 
analytical methods 3 71 
disinfection efficacy and 112, 113, 3 72 
effects on humans 3 72 
environmental levels/human exposure 371 
general description 3 70-3 71 
removal 115, 116 
water quality parameters and 3 71-3 72 

Typhoid fever 18, 19 

Ultraviolet disinfection 113-114 
Uncertainty factors (UF) 123, 124-125 
Underground storage tanks 117 
Uranium 374-379, 942 

analytical methods 3 7 5 
animal toxicity srudies 376-378 
carcinogenicity 3 79 
effects on humans 3 79 
environmental levels/human exposure 3 75-3 76 
general description 3 7 4 
kinetics and metabolism 3 76 
recommended limits 379 

Uranium-234 (234U) 911, 912 
Uranium-238 (23BU) 911, 912 
Uric acid, serum 303, 304 
Urinary tract rumours 568- 569 
Uveal degeneration syndrome 588 

Valkampfia 29 
Vibrio cholerae 10, 25-26, 90 

general description 2 5 
health effects 26 
non-01 25 
01 25, 26 
routes of exposure 26 
significance in drinking-water 26 

Vibrios 
non-agglutinable (NAG) 25 
non-cholera (NCV) 25 



Vinylbenzene see Styrene 
Vinyl chloride 424-430 

analytical methods 425 
animal toxicity studies 426-427 
carcinogenicity 428-429 
effects on humans 429 
environmental levels/human exposure 

425-426 
general description 424-425 
guideline value 429-430, 943 
kinetics and metabolism 426 
mutagenicity 427-428 

Vinylidene chloride see 1,1-Dichloroethene 
Virological quality %-99 

ground waters 97- 98 
rationale 96-97 
surface water sources 98- 99 

Viruses 10, 42-49 
classification 44 
general description 42-4 5 
health effects 4 7-49 
indicators 83, 87-88 
methods of detection 89-90 
nature 4 2 - 44 
occurring in water 43,44-45 
routes of exposure 45-47 

Vitamin A deficiency 318 
Vitamin B12 , cyanide interactions 229 

Wastewater 
colour in 216, 218 
recycled 46 

Water 
consumption 121-122 
proportion ingested in 12 5 - 126 

Waterborne pathogens see Pathogens, 
waterborne 

Water fleas (Cyclops) 69, 80 
Water quality 

ISO standards 90 

973 

INDEX 

microbial indicators 82-83, 88-89 
microbiological criteria 93-106 
protection and improvement 107-117 
supplies to small remote communities 94 

Water sources 107-108 
protection 2-3, 108, 114 
selection 107-108 
treatment recommendations and 97-99 

Water-supply agency 100, 103 
Watson's empirical dilution law 112-113 
Weight, body 121-122 
Wilson disease 223 

Xylenes 474-478 
acceptable level 948 
analytical methods 475 
animal toxicity studies 476-477 
effects on humans 477 
environmental levels/human exposure 

475-476 
general description 4 7 4- 4 7 5 
guideline value 478, 943 
kinetics and metabolism 476 
mutagenicity 477 

Yersinia 20-21, 86 
enterocolitzca 10, 20-21, 90 
enterocolitica-like organisms 20, 21 

Zinc 382-385 
acceptable level 385, 948 
analytical methods 382 
animal toxicity studies 384 
deficiency 384 
edetic acid (EDTA) interactions 563 
effects on humans 384-385 
environmental levels/human exposure 

382-383 
kinetics and metabolism 383- 384 
taste 357, 382 


