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Abstract 
Persistent organic pollutants (POPs) are a legacy 
of industrialization resulting in long-term contami-
nation of the environment.  The purpose of our 
paper is mainly to describe open questions in the 
understanding of the fate of POPs in the soil 
environment and the resulting future research 
directions. Based on our own work, we focus on 
polycyclic aromatic hydrocarbons (PAHs), a large 
group of several 100 compounds which are 
produced unintentionally in combustion proces-
ses, with a broad range of physico-chemical 
properties, representative of most other POPs. 
We have structured our presentation into 
sources, distribution and fate of PAHs. We 
describe recently detected biological sources of 
PAHs and compound-specific isotope ratio 
approaches to separate combustion from 
biologically derived PAHs. Then, the global 
distribution of PAHs is addressed. Finally we 
assess bioavailability of PAHs and the 
occurrence of oxidized derivatives. 

Zusammenfassung:  
Persistente Organische Schadstoffe im 
Boden: Quellen, Gehalte und Verbleib 

In diesem Manuskript beschreiben wir neu 
entdeckte biologische Quellen von polyzyklischen 
aromatischen Kohlenwasserstoffen (PAK), einer 
Substanzklasse, die überwiegend in Verbren-
nungsprozessen entsteht und eine breite Spanne 
physiko-chemischer Eigenschaften überstreicht, 
die typisch sind für persistente organische 
Schadstoffe. Insbesondere stellen wir substanz-
spezifische Isotopenansätze zur Unterscheidung 
von Verbrennungs- und biologischen Quellen der 
PAK dar. Danach behandeln wir die globale 
Verteilung von PAK und schließlich die 
Bioverfügbarkeit von PAK und das Vorkommen 
von oxidierten Derivaten.  

Keywords: persistent organic pollutants (POPs), 
polycyclic aromatic hydrocarbons (PAHs), oxy-
gen-containing polycyclic aromatic hydrocarbons 
(OPAHs), sources, global distribution 

1. Introduction 

It was in the year 1962, when Rachel Carson’s 
“Silent Spring” appeared, that the broader public 
became aware of persistent organic pollutants 
(POPs) and their detrimental effects on the en-
vironment and human health. It lasted, however, 
decades of research and a long political process 
until the international Stockholm Convention on 
Persistent Organic Pollutants regulating the pro-
duction and environmental release of the “dirty 
dozen”, twelve (classes of) compounds considered 
as dangerous for the environment became effecti-
ve and since 2010 the list of compounds is further 
expanded by nine more compound (classes). 
The POPs are either intentionally produced for 
different purposes (e.g., many halogenated com-
pounds for plant protection or industrial use) or 
unintentionally as industrial by-product or after 
accidents (like the dioxins and furans which are 
produced when halogenated compounds burn). 
The production of other POPs like the polycyclic 
aromatic hydrocarbons (PAHs) can even not be 
avoided because these compounds are formed in 
any incomplete combustion process of organic 
matter (SIMS and OVERCASH 1983). We focus 
on the PAHs because this is an ubiquitously 
occurring class of toxic compounds spanning a 
wide range of physico-chemical properties typical  

of POPs that will also in future impact our 
environment (WILCKE 2000, 2007). The general 
line of progress of our knowledge and some likely 
near-future major directions of research will 
probably be similar for other POPs. 
The PAHs are a class of several hundred indivi-
dual compounds containing at least two conden-
sed rings. Today, anthropogenic combustion of 
fossil fuels is thought to be the most important 
source of PAH inputs to the environment. This 
knowledge is derived from sediment archives 
showing a strong increase in deposition rates with 
the beginning industrialization and a maximum in 
the 70s of the 20th century. Although emissions 
decreased thereafter, contemporary deposition 
rates are still clearly elevated compared with the 
pre-industrial background (SANDERS et al. 
1993). The largest environmental reservoir of 
PAHs is the soil (WILD und JONES 1995). Poly-
cyclic aromatic hydrocarbons have received much 
attention since they were found in soils for the 
first time in 1961 (BLUMER 1961) because of 
their potentially harmful effects on ecosystems, 
bioaccumulation in the food chain, and humans. 
Our understanding of the PAH sources, their 
distribution in the environment, and their fate (i.e. 
sorption, transport, degradation) is far advanced 
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(WILCKE 2000). However, important knowledge 
gaps still need to be tackled. 
Our understanding of the global distribution of 
POPs is currently challenged in the light of new 
findings of biological POP production (CHEN et 
al. 1998a, WILCKE et al. 2000, 2003). Separating 
anthropogenic and natural sources of POPs 
(even halogenated POPs can e.g., be produced 
biologically or during natural forest fires, ÖBERG 
2002) requires new approaches of which the 
compound-specific stable isotope analysis is a 
promising one which will certainly be further ex-
panded in the future (HOFSTETTER et al. 2008). 
Another important issue concerns the turnover 
and bioavailability of the persistent but not entirely 
unreactive compounds under real-world conditions 
in soils in which the POPs are already “aged”, i.e. 
resided for some time). Such turnover times can 
be assessed in various ways including direct ob-
servation (perhaps making use of soil archives), 
laboratory incubations or possibly via the concen-
trations of POP-derived metabolites (which them-
selves can be similarly or even more toxic than 
their parent compounds). Furthermore, the occur-
rence and fate of such metabolites in the environ-
ment is considerably underexplored. Oxygenated 
derivatives and metabolites of PAHs (OPAHs) are 
not part of any legal regulation of POPs in spite of 
their known environmental risks. 
We will present results of our work on the sources 
and fate of PAHs and OPAHs in the environment, 
with a global perspective. 

2. Sources of PAHs 

In recent literature, there are strong indications for 
biological sources of the three PAHs naphthalene, 
phenanthrene, and perylene in addition to their 
production in combustion processes. Evidence for 
a biological production of naphthalene has been 
derived from its presence in Magnolia flowers, 
flower scents of different Annonaceae species, 
and fungi (AZUMA et al. 1996, JÜRGENS et al. 
2000, DAISY et al. 2002). High naphthalene con-
centrations in Coptotermes formosanus termite 
nests of subtropical North America where the ter-
mite species was imported from East Asia (CHEN 
et al. 1998a, b) and nests of various termite genera 
from tropical Brazil (WILCKE et al. 2000, 2003) 
suggested a naphthalene synthesis by termites or 
associated microorganisms which was directly 
proven in a microcosm experiment with termites 
(BANDOWE et al. 2009). WILCKE et al. (2004) 
roughly estimated the storages of naphthalene 
and phenanthrene in the Brazilian Cerrado, a 2 x 
106 km2-large area. The total storages in this little 
industrialized region were equivalent to 7300 
years (naphthalene) and 400 years (phenanthre-
ne) of the published annual emissions in the UK, 
respectively. This estimate supports our view that 

there must be other sources of naphthalene and 
phenanthrene than the combustion of fossil fuels 
from which PAHs in the UK are mainly derived. 
There were early indications that phenanthrene 
can be produced biologically from alkyl-
phenanthrene precursors in plant debris (SIMS 
and OVERCASH 1983). For perylene, biological 
production in anaerobic environments in soils and 
sediments is known (VENKATESAN 1988, 
GUGGENBERGER et al. 1996). 
In the last decade, the C isotope signature of indi-
vidual PAHs has been used to determine the con-
tribution of different sources to the PAH burden of 
soils and sediments (e.g., O’MALLEY et al. 1994; 
SMIRNOV et al. 1998, MCRAE et al. 2000). 
Enzymatically catalyzed biological processes 
usually discriminate 13C resulting in a shift of the 
δ13C value (i.e. the 13C/12C ratio relative to a stan-
dard) from the atmospheric CO2 to more negative, 
13C-depleted values. For plants following the C3
photosynthetic pathway, the sources of fossil 
fuels, δ13C values of -32‰ to -22‰ are common 
in bulk biomass with a mean of -27‰ (BOUTTON
1996). The combustion-derived PAHs resemble 
the δ13C signal of the fuel, depending on combus-
tion conditions. For coal combustion and gasifica-
tion processes, high combustion temperatures 
lead to PAHs depleted in 13C compared to parent 
materials, while for low temperatures the δ13C 
values of PAHs are close to those of the parent 
coals (MCRAE et al. 1999). WILCKE et al. (2002) 
were able to prove biological production of pery-
lene in tropical soils and termite nests with the 
help of the δ13C value of perylene which was 
more negative than that of other (combustion-
derived) PAHs (Fig. 1). 
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Figure 1:  Mean δ13C values of perylene in a 
standard from mineral oil spiked to a Ferralsol 
sample, urban soils of the city of Bayreuth, 
Germany and forest soils and termite nest 
material of the termite genus Nasutitermes from 
the Amazon region in Brazil. Error bars represent 
standard errors of replicate measurements 
(standard) or samples (WILCKE et al. 2002). 
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3. Global distribution of PAHs 

Persistent organic pollutants have been detected 
around the world even at sites which are located 
far from industrial activity such as the polar regions 
(WANIA and MACKAY 1996). As the polar regions 
are far from all industrial sources, most anthropo-
genic PAHs could only have reached them by 
long-range transport. According to the “Global 
Distillation” hypothesis of WANIA and MACKAY 
(1996) this should result in a fractionation of the 
PAH pattern according to the volatility of the 
individual compounds. In a study of soils along a 
climosequence in the North American prairie, 
indications for such a fractionation were found for 
naphthalene – the most volatile PAH – but not for 
any other PAH (WILCKE and AMELUNG 2000). 
The contribution of naphthalene to the sum of 20 
PAHs increased with decreasing mean annual 
temperature (Fig. 2). 
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Fig. 2: Relationship between mean annual 
temperature and contribution of naphthalene to 
the sum of 20 PAH concentrations in soils along a 
climosequence in the North American prairie 
(WILCKE and AMELUNG 2000). 

Recently, VON WALDOW et al. (2011), however, 
demonstrated that the latitudinal distribution of 
PCB concentrations in the atmosphere over 
Europe to the Arctic can also be explained as 
controlled by the remoteness index (RI), i.e. the 
distance to the sources. In their combined 
modelling and empirical analysis, the latitudinal 
distribution of polychlorinated biphenyls (PCBs) 
was independent of the temperature – the major 
driver of POP distribution in the “Global 
Distillation” model – which covaries with RI, a fact 
that seems to have been overlooked in earlier 
analyses. VON WALDOW et al. (2011) postulate 
that the latitudinal distribution of POPs is mainly 
driven by differential removal of individual 
compounds because of compound-specific 
degradation via OH radical-mediated oxidation or 
deposition to land and water surfaces and put 
forward the “Differential Removal” hypothesis. 
Similar to the hypothesis of VON WALDOW et al. 
(2011) to explain the global distribution of POPs, 

PAH fractionation can also occur at the local scale 
along short-distance transects from point emitters 
of PAHs because of differential removal along de-
position gradients in the scale of a few kilometers
(WILCKE et al. 1996; MEHARG et al. 1998). 
Neither the “Global Distillation” nor the 
“Differential Removal” Models, however, take into 
consideration the fact that there might be biological 
sources of POPs, which in the case of PAHs may 
even be the dominant sources of PAHs in remote 
areas (WILCKE 2000, 2007). To assess the influ-
ence of local biological PAH production on the 
global distribution of PAHs, data from a large 
number of sites all over the world were evaluated 
(WILCKE 2007). The results reveal that there is a 
close negative correlation between the contribu-
tions of the sum of naphthalene and phenanthrene 
concentrations with the sum of eight high-molecu-
lar weight, presumably mainly anthropogenic 
PAHs (including benz[a]anthracene, chrysene, 
benzo[b(+j)]-fluoranthene, benzo[k]fluoranthene, 
benzo(a)-pyrene, indeno[1,2,3-cd]pyrene, 
dibenz[a,h]-anthracene, and benzo(ghi)perylene, 
Fig. 3). Furthermore, there is a significant negative 
correlation between the sum of naphthalene and 
phenanthrene contributions to the sum of 16 EPA 
PAHs and the sum of concentrations of these 16 
EPA PAHs (r = -0.59) if only the subset of 12 
regions in which PAH concentrations were deter-
mined by our working group is considered. This 
correlation still remains significant if all 32 regions 
shown in Fig. 3 are included (r = -0.32). Thus, the 
less contaminated a soil is, the more contribute 
the partly biogenic compounds naphthalene and 
phenanthrene to the total PAH concentrations. 
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Fig. 3: Relationship between the contributions of 
naphthalene (NAPH) and phenanthrene (PHEN) 
to the sum of concentrations of the 16 EPA PAHs 
in 32 study regions all over the world. The figure 
includes data shown in WILCKE (2007) where 
also a complete list of references is given plus 
additional more recent data of CAI et al. (2007), 
DALY et al. (2007), HONDA et al. (2007), PING 
et al. (2007), and BOLL et al. (2008). 
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Fig. 2: Relationship between mean annual 
temperature and contribution of naphthalene to 
the sum of 20 PAH concentrations in soils along a 
climosequence in the North American prairie 
(WILCKE and AMELUNG 2000). 
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to the sum of concentrations of the 16 EPA PAHs 
in 32 study regions all over the world. The figure 
includes data shown in WILCKE (2007) where 
also a complete list of references is given plus 
additional more recent data of CAI et al. (2007), 
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4. Fate of PAHs 

The research into the fate of PAHs in the past 
focussed on bioavailability, transport, and 
dissipation (WILCKE 2000), while relatively little 
effort was placed on the concentrations of 
oxygenated derivatives of POPs such as the 
OPAHs. 
The available studies of OPAH concentrations in 
the environment focus on atmospheric samples 
(aerosols and gas phase, ALLEN et al. 1997, 
ALBINET et al. 2006, LINTELMANN et al. 2006, 
DELHOMME et al. 2008), waste water (POJANA 
and MARCOMINI 2007), sediments (MCKINNEY 
et al. 1999), sewage sludge (BODZEK et al. 
1997), human and animal fluids (SMITH et al. 
2002, GROVA et al. 2005), and fish biles 
(JOHNSON-RESTREPO et al. 2008). The few 
studies of soils are limited to highly contaminated 
soils (creosote/gaswork/wood impregnation/coke 
production sites) or spiked soils at concentration 
levels of µg g-1-mg g-1 (WISCHMANN et al. 1996, 
MEYER et al. 1999, LUNDSTEDT et al. 2006). In 
these studies only few OPAHs were determined 
frequently not including hydroxyl-/carboxyl-
OPAHs. To the best of our knowledge only one 
study in Europe has reported the OPAH 
concentrations in background soils, again only 
including carbonyl- but not hydroxyl-/carboxyl-
OPAHs (NIEDERER 1998). 
We therefore studied the PAH and OPAH 
concentrations in an industrial area in Uzbekistan 
(Angren) and urban soils of Bratislava, the capital 
of Slovakia (BANDOWE et al. 2010b, 2011) using 
a newly developed gas chromatography/mass 
spectrometry-based method (BANDOWE et al. 
2010a). The ∑14 OPAHs concentrations in soil 
ranged 62-2692 ng g-1 and those of ∑34 PAHs 
842-244870 ng g-1. The carbonyl-OPAHs had 
higher concentrations than the hydroxyl-OPAHs. 
The most abundant carbonyl-OPAHs were 
consistently 9-fluorenone (9-FLO), 9,10-
anthraquinone (9,10-ANQ), 1-indanone (1-INDA) 
and benzo[a]anthracene-7,12-dione and the most 
abundant hydroxyl-OPAH was 2-hydroxybenz-
aldehyde. The concentrations of carbonyl-OPAHs 
were frequently higher than those of their parent-
PAHs (e.g., 9-FLO/fluorene >100 near a rubber 
factory in Angren, Fig. 4). 
The concentrations of OPAHs like those of their 
alkyl/parent-PAHs were higher at locations closer 
to point sources and the OPAH and PAH con-
centrations were correlated suggesting joint 
sources. Only for 1-INDA and 2-biphenylcarbox-
aldehyde (2-BPCD), sources other than com-
bustion seem to dominate because the concen-
trations of these compounds were not signify-
cantly correlated with those of the parent PAHs. 
Similar to parent/alkyl-PAHs, OPAH concentra-
tions were higher in topsoils than subsoils. 
Evidence of higher mobility of OPAHs than their 

parent-PAHs was provided by greater 
subsoil:topsoil concentration ratios of carbonyl-
OPAHs (0.41-0.82) than their parent-PAHs (0.41-
0.63) in Uzbekistan. This was further backed by 
the consistently higher contribution of more soluble 
9-FLO and 1-INDA to the ∑carbonyl-OPAHs in 
subsoil than topsoil at the expense of 9,10-ANQ, 
7,12-B(A)A and higher OPAH/parent-PAH concen-
tration ratios in subsoil than topsoil in Bratislava. 
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Fig. 4: Concentration ratios of the two most 
abundant OPAHs; 9-FLO and  9,10-ANQ to 
fluorene (FLO) and anthracene (ANTH) in 11 
topsoils from the Angren industrial region, 
Uzbekistan (BANDOWE et al. 2010b). 

5. Conclusions 

In the past, important knowledge concerning 
sources, global distribution, and fate of PAHs – a 
class of persistent organic pollutants (POPs) was 
produced. Nevertheless, there are still several 
open questions which center around the 
separation of biological and anthropogenic 
sources of POPs, the reconciliation of the various 
models of global POP distribution, and the fate of 
POPs with a special focus on oxygenated 
derivatives which can be produced together with 
the PAHs or during microbial degradation of 
PAHs in soil. 
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