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A B S T R A C T

The use of pyrrhotite-containing aggregate in concrete has led to the premature deterioration of building
foundations in Connecticut (U.S.A.). Pyrrhotite is a highly reactive iron-sulfide mineral that can initiate internal
sulfate attack in concrete structures, because it serves as a source of sulfate ions for secondary minerals.
Associated increases in mineral volume can lead to spalling, cracking and a loss of structural integrity. Since
pyrrhotite is a strongly ferrimagnetic mineral with a Curie-temperature of 325 °C and several diagnostic phase
transitions, we measured the variation of magnetic susceptibility between room-temperature and 700 °C. Such a
thermomagnetic measurement serves as a rapid and sensitive semi-quantitative indicator of pyrrhotite in ag-
gregate or concrete samples. In combination with measurements of total sulfur concentrations, pyrrhotite
concentrations as low as 0.1% can be detected. The analysis can aid in the quantification of risk of internal sulfur
attack due to the presence of pyrrhotite.

1. Introduction

1.1. Internal sulfate attack (ISA) in concrete

Aggregate containing the mineral pyrrhotite (Fe1−xS,
0≤ x≤0.125) was unwittingly used in concrete construction for over
twenty-five years in a rapidly growing region of eastern Connecticut,
USA. Since the early 1980s until 2016, it is likely that thousands of
structures were built with the afflicted rock material. Pyrrhotite is an
iron-sulfide mineral that has been well-documented to be linked to
internal sulfur attack (ISA) of concrete [e.g., [1–3]]. ISA has led to the
premature deterioration of concrete throughout the world including
Quebec [4], Spain [5,6], South Africa [7], the Arabian Peninsula [8],
Switzerland [9], Iowa, USA [10] and most recently in Connecticut, USA
[11]. Many homes in eastern Connecticut that were built 20 years ago
or later are already showing signs of degradation including significant
map cracking, wall budging and structural failure (Fig. 1).

In a pyrrhotite-mediated ISA, pyrrhotite serves as a source of sulfate
ions, which react to a variety of secondary minerals, such as ettringite
(Ca6Al2(SO4)3(OH)12·26H2O). These mineral transformations are asso-
ciated with an increase in volume and can result in spalling or cracking
of the concrete [e.g., [12,13]]. While pyrrhotite is not the only sulfide
involved in such attacks it is often the most reactive [e.g., [6,9,14,15]].
Therefore, the presence of pyrrhotite, even is small amounts (< 1% by

weight), can have devastating effects on concrete foundations. As such,
a quantitative rapid method of testing existing concrete is crucial to
determine if pyrrhotite is present or not. Common methods for pyr-
rhotite analysis include thin and polished section work [3], X-ray dif-
fraction (XRD) [16], X-ray fluorescence (XRF) [5], and scanning elec-
tron microscopy (SEM) [3]. These testing methods are often expensive
and time consuming. While these methods can certainly detect the
presence of pyrrhotite, quantifying the concentration of this mineral is
elusive. Staining tests can provide a quick screen of the potential re-
activity of sulfide-bearing aggregates, but these tests must be followed
up by long-term reactivity tests [15,17].

This paper presents a robust and rapid method to semi-quantita-
tively identify pyrrhotite in concrete using the thermomagnetic prop-
erties of pyrrhotite. In combination with a direct sulfur measurement
through elemental purge-and-trap chromatography, and XRD to iden-
tify specific post-reaction sulfur minerals, this method can detect the
presence of pyrrhotite to levels as low as 0.1%.

1.2. Traditional methods to determine pyrrhotite in concrete

Traditional testing methods for concrete include visual inspections
[e.g., [18]] for cracking or spalling, mortar bar tests, which simulate
weathering and degradation under accelerated conditions [15], or the
petrographic analysis of concrete cores [3]. Visual inspections are

https://doi.org/10.1016/j.cemconres.2018.09.010
Received 2 February 2018; Received in revised form 13 August 2018; Accepted 21 September 2018

⁎ Corresponding author.
E-mail address: christoph.geiss@trincoll.edu (C.E. Geiss).

Cement and Concrete Research 115 (2019) 1–7

Available online 11 October 2018
0008-8846/ © 2018 Elsevier Ltd. All rights reserved.

T

http://www.sciencedirect.com/science/journal/00088846
https://www.elsevier.com/locate/cemconres
https://doi.org/10.1016/j.cemconres.2018.09.010
https://doi.org/10.1016/j.cemconres.2018.09.010
mailto:christoph.geiss@trincoll.edu
https://doi.org/10.1016/j.cemconres.2018.09.010
http://crossmark.crossref.org/dialog/?doi=10.1016/j.cemconres.2018.09.010&domain=pdf


limited to already affected concrete and are non-quantitative with little
predictive value, while mortar bar tests are time consuming with testing
extending over several months or sometimes years. Petrographic ana-
lysis of core samples can detect the presence of iron-sulfide minerals,
such as pyrite, marcasite, chalcopyrite, or pyrrhotite, but the analysis is
time consuming and requires significant technical expertise. If the mi-
nerals of interest occur at low concentrations, petrographic techniques,
such as point counts or lineal traverses require a high number of

analyzed grains to ascertain statistical significance. In some instances,
however, it may be possible to automate the investigation through
computer-aided image analysis [3]. Traditional petrographic work can
be complemented with SEM or XRF analyses. SEM and XRF analyses of
single crystals or grains, however, are often poorly suited for the rou-
tine analysis of large numbers of samples. XRF analyses performed on
bulk samples, on the other hand, can easily be applied to large sample
sets and provide valuable information about the chemical composition
of the sample. XRD investigations can identify iron-sulfide and other
potential sources of sulfate, but this technique is unable to identify
minor (< 1%) mineral components [19].

Thermomagnetic analyses as described below have been employed
for decades to identify the magnetic minerals of geologic specimens
[e.g., [20,21–25]]. As shown below, these analyses are well suited to
identify even minute amounts of pyrrhotite. When combined with the
direct measurement of total sulfur concentrations thermomagnetic
analyses can yield at least semi-quantitative estimates of pyrrhotite
concentrations.

1.3. Magnetic properties of pyrrhotite

Pyrrhotite is a solid solution of iron sulfide compounds with a range
of compositions (Fe(1−x)S, where 0≤ x≤0.125). Naturally occurring
pyrrhotite is limited to FeS (x= 0, troilite), Fe7S8 (x≈ 0.125) and
several intermediate compositions [26]. Fe and S are arranged fol-
lowing a NiAs structure with alternating layers of Fe and S. Troilite and

Fig. 1. Basement wall affected by internal sulfate attack.

Fig. 2. Thermomagnetic analyses of three known minerals and two concrete samples. The thermomagnetic curves of known minerals (a, b) are normalized to the
initial value of χ at room temperature to highlight the changes in magnetic susceptibility. The thermomagnetic curves for concrete samples show mass-normalized
magnetic susceptibility. a) For magnetite the magnetic susceptibility χ remains relatively constant until the sample reaches the Curie temperature (TC) at 580 °C. At
TC χ decreases rapidly and is zero for T > TC. b) Fe-rich pyrrhotite (solid line) undergoes a reorganization of Fe-vacancies, which increase χ above 200 °C. The
newly-formed phase undergoes a further phase transition near 265 °C. The final Curie-temperature of pyrrhotite is reached at 325 °C. In Fe-poor pyrrhotite (dashed
line) reorganization of Fe-vacancies leads to an increase in χ before χ drops at T≈ 325 °C. At higher temperatures pyrrhotite can convert to magnetite. c)
Thermomagnetic analysis of a concrete sample containing magnetite as the sole ferrimagnetic mineral. d) Thermomagnetic analysis of a concrete sample affected by
ISA. The sample contains a mixture of Fe-rich and Fe-poor pyrrhotite as well as magnetite. The drop in magnetic susceptibility Δχ between 310 °C and 325 °C can be
used as a semi-quantitative measure of pyrrhotite abundance.
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Fe-rich compositions up to x < 0.1 are hexagonal. The iron vacancies
in these hexagonal phases are arranged in several superstructures and
incommensurate compositions are frequent. Higher concentrations of
Fe-vacancies slightly deform the crystal lattice in Fe-poor pyrrhotite. As
a result, Fe7S8 and compositions very close to it are monoclinic [e.g.,
[27]]. Pyrrhotite compositions and crystalline structures are discussed
extensively by [28–30]. The magnetic moments lie in the basal plane
and are ferromagnetically coupled within each Fe-layer, but neigh-
boring Fe-layers are antiferromagnetically coupled [31]. However, Fe-
vacancies are not randomly distributed but organized into several su-
perstructures. As a result, Fe-rich pyrrhotite (x < 0.1) displays anti-
ferromagnetic properties, while in Fe-poor, monoclinic Fe7S8
(x≈ 0.125) the distribution of Fe-vacancies between adjacent Fe-layers
is such that the cancelling of magnetic moments is incomplete resulting
in a ferrimagnetic mineral phase [26,32]. The arrangement of Fe-va-
cancies into several possible superstructures, often within the same
crystal [32], leads to a large range of observed values for magnetic
susceptibility (χ). Magnetic susceptibility can range between 10 and
30,000× 10−8m3/kg [33]. The saturation magnetization (Ms) for
Fe7S8 is approximately 20 Am2/kg.

Monoclinic Fe7S8 is ferrimagnetic at room temperature and reaches
the Curie-temperature (TC) at 325 °C [26,32]. At T > TC pyrrhotite is
paramagnetic and χ decreases to near zero. The exact value of TC is
slightly composition-dependent. Ni-substituted pyrrhotite, for example,
displays significantly lower Curie-temperatures [34]. Hexagonal pyr-
rhotite with compositions close to Fe9S10 will undergo a reordering of
its Fe-vacancies when heated above 200 °C, the so-called λ - transition.
As a result, it becomes ferrimagnetic between 210 °C and a further
phase transition at 265 °C [29]. This mineralogical transition is re-
versible at low cooling rates [26] but causes irreversible changes at the
cooling rates applied in this study.

A thermomagnetic measurement (Fig. 2) monitors changes in χ as
the sample is heated above room-temperature. Since the Curie-tem-
perature and the associated changes in χ are mineral-dependent, a
measurement of χ as a function of T can be used to identify and
quantify magnetic minerals such as pyrrhotite.

2. Methods

Samples were provided to us by the Connecticut Coalition against
Crumbling Basements (CCACB), a grass-roots organization of home-
owners committed to finding solutions to deteriorating basements.
Submitted samples varied in size from large concrete cores (several kg
in mass) to small concrete fragments. Using a ceramic mortar and
pestle, samples were ground into a fine powder and homogenized for
further analysis. For initial testing of the methodology, CCACB provided
us with 20 blind samples. CCACB knew the origin of these samples and
whether they came from homes affected by ISA, but these details were
unknown to us.

2.1. Magnetic susceptibility

Magnetic susceptibility was measured continuously between room-
temperature and 700 °C using a KLY-4S Kappabridge (AGICO s.r.o.)
equipped with a CS-3 furnace apparatus. Between 0.15 and 0.35 g of
powder were heated in an argon atmosphere (flow rate: 50ml/min) at a
rate of approximately 12.5 °C/minute. For the sample size used in this
study, the sensitivity of the instrument is approximately
0.3×10−8m3/kg (2×10−8 SI). Data were corrected for the magnetic
properties of an empty furnace and reported as mass-normalized sus-
ceptibility χ. All corrections and normalizations were performed using
the software Cureval 8.02 (AGICO Corp.).

Most samples undergo conversion to magnetite at high temperatures
and during cooling χ is often higher between 580 °C and room tem-
perature. These cooling curves are not included when plotting ther-
momagnetic results to make the diagnostic features in the heating

curves more apparent. The full thermomagnetic curves are included in
the electronic supplement to this article.

2.2. Sulfur determinations

Total sulfur concentrations were determined using a vario EL cube
CNS elemental analyzer (Elementar Analysensysteme GmbH), which
uses purge and trap chromatography to determine C, N, and S con-
centrations in powdered samples. Samples consisted of 20 to 30mg of
finely ground concrete powder. As individual sample sizes were quite
small, these measurements were repeated at least three times to address
possible variability in sulfur concentration. The sensitivity of the in-
strument for Sulfur is approximately 0.002 wt%.

2.3. X-ray analyses

X-Ray diffraction (XRD) was used to identify both pyrrhotite phases
and other non-magnetic sulfur bearing minerals in the concrete sam-
ples. We use a PanAlytical X'Pert Pro XRD with a Cu Kα tube and an
X'Celerator detector (with an optional monochromator) which rapidly
scans the sample using Real Time Multiple Strip (RTMS) technology.
The step size was 0.02° 2θ and the equivalent dwell-time per step was
30 s. Powdered samples on a rotating stage were analyzed between 2θ
angles of 8° and 90°. Peak analyses were performed using HighScore
Plus (v. 4.7) and the ICDD catalog of mineral phases.

3. Results

3.1. Thermomagnetic analyses

Fig. 2a), b) show thermomagnetic analyses for known minerals. To
highlight relative changes in χ the susceptibility data are normalized by
the room-temperature susceptibility (χ20°C) of the investigated sample.
For magnetite (Fig. 2a)) χ is relatively constant between room-tem-
perature and 580 °C, the Curie-temperature (TC) of magnetite. For
T > TC χ is near zero. Fig. 2b) shows thermomagnetic analyses for two
pyrrhotite samples. Fe-rich pyrrhotite (solid line) displays constant χ
until approximately 240 °C, when it undergoes the λ-transition, a re-
ordering of Fe-vacancies. The reordering process leads to an increase in
χ until the newly formed phase undergoes further reordering at 265 °C
[26,29]. At T≈325 °C the sample reaches the Curie-temperature of
monoclinic pyrrhotite which results in a further drop in χ [e.g.,
[26,35]]. At higher temperatures pyrrhotite is chemically unstable and
converts to magnetite with TC≈580 °C. Fe-poor pyrrhotite (dashed
line) undergoes a non-reversible increase in χ between 260 °C and
310 °C and displays a sharp drop in χ at 325 °C. This particular pyr-
rhotite sample is more stable at higher temperatures and very little
magnetite is formed. Fig. 2c) displays the thermomagnetic analyses of a
concrete sample that is free of pyrrhotite (Quikrete high-strength con-
crete mix, purchased at a local hardware store). The thermomagnetic
curve is nearly identical to Fig. 2a), indicating that magnetite is the only
magnetic mineral present in the sample [e.g., [36,37,38]].

Fig. 2d) shows a thermomagnetic measurement for a concrete
sample that has been affected by ISA. It displays a clear pyrrhotite
signal. χ is relatively constant at T < 220 °C, when it increases sharply
to reach a peak at T≈240 °C, and an even higher peak at T≈ 310 °C. χ
then decreases sharply between 310 and 325 °C. Upon further heating χ
rises gradually to a peak at T≈560 °C and then drops sharply to zero
by T≈580 °C. The susceptibility increases at 240 °C and 310 °C are
both irreversible at the heating rates employed in the thermomagnetic
experiment and likely due to a reordering of iron-vacancies and a
corresponding change in ferrimagnetic properties [26]. The pyrrhotite
present in this sample is a mixture of Fe-poor and Fe-rich pyrrhotite,
and the resulting thermomagnetic curve is a mixture of the two curves
displayed in Fig. 2b) [26,39]. Detailed heating experiments (not shown)
demonstrate that these reordering processes are not necessarily
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completed in the time it takes to heat the sample from 240 to 300 °C.
The newly formed pyrrhotite phase remains ferrimagnetic until 265 °C
[29] while monoclinic, ferrimagnetic pyrrhotite reaches its Curie-tem-
perature at 325 °C [35]. The gradual increase in χ between 350 °C and
580 °C is due to the formation of magnetite with a Curie-temperature of
580 °C. Once the sample is heated beyond 580 °C χ drops to near zero. A
slight susceptibility signal at T > 580 °C is either due to the presence of
hematite (not observed in these samples) or due to an imperfect cor-
rection for the magnetic properties of the heating apparatus. In con-
trast, a strong susceptibility signal between 580 °C and 700 °C can be
due to contamination from the sampling process. For example, several
concrete samples were taken using a carbide drill bit. The analysis of a
masonry drill bit (not shown) has revealed that drill bit fragments are
still magnetic at temperatures above 700 °C. Even though the pyrrhotite
signal is likely unaffected by such contamination, such samples were
excluded from further analyses.

Fig. 2 does not include the variation in χ with temperature as the
sample is cooled back to room temperature. Complete thermomagnetic
analyses (heating and cooling curves) are shown in the electronic
supplement.

3.2. Analysis of concrete with known admixtures of pyrrhotite

We consider the drop in magnetic susceptibility (Δχ) between
310 °C and 325 °C a semi-quantitative measure of pyrrhotite abundance.
Fig. 3 shows values in Δχ for various mixtures of natural pyrrhotite
(Ward's Science, bulk sample from Galax, VA) and pyrrhotite-free
concrete mix (Quikrete high-strength cement mix). Δχ shows excellent
correlation (r2= 0.96, n=15) with pyrrhotite abundance, justifying
the use of Δχ as a pyrrhotite abundance proxy. Abundance estimates,
however, are semi-quantitative at best, since the susceptibility of pyr-
rhotite depends on several factors including chemical purity, crystal
size and shape, and the ordering of iron-vacancies across basal layers as
discussed earlier. Therefore, the magnetic susceptibility of pyrrhotite
from different localities can vary widely. Since the pyrrhotite con-
taining aggregate in this study comes from one location in Connecticut,
it is reasonable to assume that many of these factors are similar and
higher values of Δχ correspond to higher abundances of pyrrhotite.

3.3. Comparison with non-magnetic analyses

The identification of pyrrhotite through thermomagnetic means is
consistent with X-ray diffraction analyses. Fig. 4 shows an example of a
pyrrhotite-containing sample. Both Pyrrhotite (po) and ettringite (ett),
a secondary sulfate mineral are clearly identified through the presence
of several characteristic peaks. Since both minerals occur only as minor
components in the sample, our XRD analyses are merely qualitative,
and a quantification of pyrrhotite or ettringite was not attempted.

The loss in magnetic susceptibility due to pyrrhotite (Δχ310°C–325°C)
is positively correlated (r2= 0.754, n=44) with total sulfur content
(Fig. 5), although the data display considerable scatter because pyr-
rhotite is only one of several sulfur-containing minerals present in the
samples. The color coding used in Fig. 5 indicates the observed condi-
tion of the sample and its pyrrhotite content. Fig. 5 also identifies
samples from location STF 20, where several walls from the same
foundation were sampled. These samples were analyzed multiple times
to quantify variability of pyrrhotite abundance among samples from the
same structure as well as pyrrhotite variability within a single core
sample. All samples come from deteriorated walls, and samples show
clear evidence of the presence of pyrrhotite. Overall pyrrhotite con-
centrations, however, vary significantly between walls, possibly re-
flecting various batches of concrete and variability of pyrrhotite
abundance in the aggregate. The large error bars in both sulfur abun-
dance and pyrrhotite content for sample STF 20-north suggest that
sulfur-bearing minerals are localized, even in the powdered, homo-
genized sample. Despite these variations between individual walls and
between subsamples from the same core, pyrrhotite was clearly iden-
tified in every thermomagnetic curve. Given the variability of sulfur
and pyrrhotite concentrations within a foundation it is recommended
that more than one core is analyzed per structure.

The histograms in Fig. 6 summarize the results of a detailed analysis
of two core samples from different walls of the same basement (samples
SF 20-E and STF 20-N, indicated by arrows in Fig. 5). Nine repeated
thermomagnetic measurements for each sample from site STF 20 de-
monstrate that the error bars shown in Fig. 5 are due to true sample
variability rather than limitations in instrument sensitivity and preci-
sion. The variability observed in Fig. 5 may be reduced by grinding the
sample into a finer powder and assuring a better homogenized sample.

4. Discussion

Our study applies thermomagnetic analyses to concrete samples.
The combination of magnetic and non-magnetic analyses shows that the
thermomagnetic investigation of concrete samples can be a rapid,
sensitive, and reliable means to detect and quantify the presence of
pyrrhotite in concrete or aggregate samples.

Thermomagnetic analyses have been used for decades in the rock-
magnetic investigation of geological specimens, including the detection
of pyrrhotite. The technique is widely used in paleomagnetic or en-
vironmental studies where the identification of ferrimagnetic minerals
is of vital interest [e.g. [22–24,26,40–46]]. Thermomagnetic analyses
have two additional benefits: sample preparation is minimal, and
measurement times can be as low as 45min per sample. Samples simply
need to be ground into a fine powder and homogenized. A full ther-
momagnetic analysis, which includes heating a sample from room-
temperature to 700 °C and cooling it back to room-temperature takes
approximately 2.5 h. That time can be reduced to approximately 1 h if
susceptibility is only monitored between room-temperature and 400 °C,
which is still 75 °C above the Curie-temperature of pyrrhotite.

4.1. Sensitivity of the thermomagnetic analysis

Several authors have noted that very low concentrations of pyr-
rhotite in aggregate can lead to internal sulfate attack and cause con-
crete deterioration. Oberholster and Krüger [7], for example, found that

Fig. 3. Drop in magnetic susceptibility Δχ between 310 °C and 325 °C for a
series of cement-pyrrhotite mixtures. Δχ can be considered a semi-quantitative
measure of Pyrrhotite content if the investigated pyrrhotites have similar che-
mical compositions and crystallographic superstructures.
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pyrrhotite concentrations as low as 0.5% lead to expansion and
cracking of concrete structures, and European standards (BS EN 12620,
DIN EN 12620) recommend that sulfur concentrations due to unstable
pyrrhotite should be< 0.1% [3].

The sensitivity of the thermomagnetic analyses presented here is
limited by the nominal sensitivity of the susceptibility meter and the
magnetic susceptibility of the pyrrhotite phase present in the aggregate
(which may vary widely as discussed earlier). The susceptibility meter
employed in this study (Kappabridge KLY-4s) uses a sample mass of
0.2–0.3 g. As a result, the nominal sensitivity of the instrument used in
this study is 0.3× 10−8m3/kg. If one conservatively requires a ten-fold
drop in susceptibility (Δχ) at the Curie-temperature of pyrrhotite to
discriminate between the loss of susceptibility due to pyrrhotite and
background noise, the instrument can detect pyrrhotite as long as

Δχ≥3×10−8m3/kg.
For pyrrhotite-containing aggregate from Connecticut the sensitivity of

the analysis can be estimated from Fig. 5. A linear fit through all data
yields:

. / .= × +S kg m8 18 10 0 2055 3

where S is the sulfur concentration in percent and Δχ is the loss in sus-
ceptibility across the Curie-temperature of pyrrhotite. If we assume that
the offset reflects non-magnetic sulfur-bearing minerals and that the in-
crease in sulfur above this background value is solely due to the presence
of monoclinic pyrrhotite (Fe7S8), which contains 40% sulfur by weight,
then a slope of 8.19×105 kg/m3 corresponds to a magnetic susceptibility
χpo=40/8.19×105 kg/m3=4884×10−8m3/kg≈5000×10−8m3/
kg for the pure pyrrhotite phase. Such a susceptibility estimate is well
within the range of susceptibility values (10–30,000×10−8m3/kg)
compiled by Hunt et al. [33]. Assuming a susceptibility value of
5000×10−8m3/kg results in a nominal sensitivity of 3/5000=0.0006
or 0.06% of pyrrhotite by weight. An analysis of a small (m=0.0372 g)
fragment of aggregate from site STF 20-E yielded a clear susceptibility
signal at the Curie-temperature of pyrrhotite of Δχ=17×10−8m3/kg,
indicating a pyrrhotite concentration of approximately 20/
4500=0.0044=0.4% pyrrhotite by weight. Considering that the masses
of most analyzed concrete samples are at least 5-times larger than the
analyzed aggregate fragment, detecting pyrrhotite concentrations as low
as 0.1% by weight and Sulfur concentrations as low as 0.05% by weight
seems certainly feasible for the set of samples analyzed in this study.

The sensitivity estimate discussed above assumes that all sulfur
above a certain background value is due to the presence of pyrrhotite.
This may be an unlikely assumption. If pyrrhotite covaries with another
sulfur mineral (e.g., pyrite or secondary sulfate minerals) the actual
value for the magnetic susceptibility of pure pyrrhotite would be higher
than our estimate. As the sensitivity of the thermomagnetic analysis
depends on the magnetic susceptibility of the investigated pyrrhotite
phase, the sensitivity estimate of 0.1% pyrrhotite by weight for ther-
momagnetic analyses may therefore be an underestimation.

4.2. Presence of other non-magnetic sulfur minerals

The thermomagnetic method described here is only diagnostic for
ferrimagnetic pyrrhotite. Iron-sulfide phases such as pyrite (cubic FeS2),
marcasite (orthorhombic FeS2), chalcopyrite (CuFeS2) or other sulfur
minerals, such as gypsum are not ferrimagnetic and will not be de-
tected. Iron-rich, hexagonal pyrrhotite is antiferromagnetic at room
temperature and will only be detected after the reordering of iron-va-
cancies at temperatures between 210 °C and 325 °C and the associated

Fig. 4. X-ray diffraction pattern for a concrete sample containing pyrrhotite (po) and ettringite (ett). The diagnostic peaks for both minerals are indicated.

Fig. 5. Sulfur concentrations and semi-quantitative pyrrhotite estimates for
approximately 50 concrete and natural samples. Green squares denote samples
that show neither signs of concrete deterioration or evidence for pyrrhotite. Red
circles denote samples that show distinct signs of concrete deterioration and do
contain pyrrhotite. Orange diamonds denote samples that do contain pyrrhotite
as deduced from thermomagnetic data but do, at this point, not show any signs
of concrete deterioration. Gray crosses denote samples for which no informa-
tion on concrete deterioration is available. (For interpretation of the references
to color in this figure legend, the reader is referred to the web version of this
article.)
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formation of ferrimagnetic phases. A careful analysis of thermo-
magnetic curves can distinguish and quantify these phases [26].

Nevertheless, the thermomagnetic technique is a valuable screening
tool. It is extremely useful in areas where pyrrhotite has been identified
as a major driver of ISA as in the case of Connecticut. Most other iron-
sulfide phases are also far less reactive than pyrrhotite [3,7,15], and
thermomagnetic analyses reliably identify the most detrimental iron-
sulfide compound. In this case, magnetic analysis can be used as a
screening tool to detect the presence of even minor amounts of pyr-
rhotite and determine the variability of pyrrhotite concentrations
within an aggregate or concrete structure. If pyrrhotite is detected
through magnetic means the aggregate can either be rejected, or be
subjected to more detailed but time consuming analyses, such as pet-
rographic investigations.

4.3. Combination of magnetic and non-magnetic analyses

Thermomagnetic analyses are most valuable when combined with
non-magnetic determinations of total sulfur content and possibly XRD
analyses. XRD analyses allow for the identification of all sulfur mi-
nerals, provided they occur in high-enough concentrations. Once es-
tablished for a particular region, a comparison of magnetic suscept-
ibility and total sulfur concentrations (Fig. 5) illustrates the possible
role of pyrrhotite in ISA and allows for a straightforward comparison
between samples. The color coding employed in Fig. 5 links sulfur and
pyrrhotite content to the structural condition of the analyzed founda-
tions. With their analysis results plotted in Fig. 5 or a similar plot,
homeowners or other stakeholders can easily learn how their home
compares to other homes in the region and whether ISA is likely to
occur or not.

Fig. 5 can be combined with other data to increase its usefulness
even further. If linked to other factors relevant in ISA, such as age of the
structure, observed damage, drainage conditions or concrete porosity it
may be possible to develop a statistical score that informs homeowners
or policy makers about the risk of ISA for a given structure.

5. Conclusions

Thermomagnetic analyses of concrete are capable of detecting
pyrrhotite, a highly reactive iron-sulfide mineral that can cause internal
sulfate attack (ISA) in concrete structures. In a blind test of twenty
concrete samples the technique identified all specimens that were col-
lected from houses known to be affected by ISA.

The sensitivity of the method depends on the magnetic suscept-
ibility of the investigated pyrrhotite, which can vary widely. For the
pyrrhotite investigated in this study the method is likely to detect

pyrrhotite in concentrations as low as 0.1% by weight.
Our magnetic analyses are supported by X-ray diffraction analyses

which detected pyrrhotite and ettringite in all afflicted concrete sam-
ples.

The detection of pyrrhotite through magnetic means in combination
with the determination of total sulfur concentrations through elemental
analysis can be used as a rapid tool to estimate the likelihood of future
ISA in existing structures.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.cemconres.2018.09.010.
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