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• Elemental sulfur is a noticeable weath-
ering product of pyrite in acidic
environments.

• Ferric iron, crystal size and humic acids
presence were identified as relevant
factors.

• Mass loss is correlated with elemental
sulfur production.

• Elemental sulfur is homogeneously
distributed in patches of at least 600
μm2.
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A B S T R A C T

This study deals with the identification of the factors that affect pyrite oxidation in acid mine drainage condi-
tions. For this scope, weathering experiments have been carried at laboratory scale based on the design of ex-
periments methodology to evaluate the effect of factors such as major ion concentrations, crystal size, and humic
acids presence over the amount of elemental sulfur produced due to the involved weathering reactions. In
particular, metal and anionic concentrations in solution were quantified by inductively coupled plasma-atomic
emission spectroscopy and ion-chromatography techniques, respectively, whereas the amount of elemental
sulfur was quantified with a high-performance liquid chromatography with diode-array detection technique after
proper extraction procedure. A partial least squares regression was calculated to establish a quantitative rela-
tionship between the considered factors and the amount of elemental sulfur. After evaluation of the model, ferric
iron, crystal size and the presence of humic acids were identified as the relevant factors for pyrite oxidation under
acidic conditions. In addition, the surface of the samples was characterized by Raman imaging spectroscopy and
subsequently analyzed by explorative hyperspectral analysis methods to assess the spatial distribution of the
elemental sulfur as the main weathering product, resulting in a homogenous distribution.
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1. Introduction

Pyrite (FeS2) is the most abundant sulfide on the Earth's surface,
constituting over 95 % of total sulfides (Vaughan and Corkhill, 2017). It
is found mainly in sedimentary rocks (e.g., organic-rich black
mudrocks), but also in ores (e.g., porphyry copper deposits), intrusive
mafic and ultramafic rocks (e.g., in association with ophiolite com-
plexes), as large masses in skarn deposits formed by contact meta-
morphism, or in hydrothermal veins. The main source of biogenic pyrite
is represented by sulfate-reducing microorganisms, which are ubiqui-
tous on the planet and provide a set of enzymes to promote the oxidation
of organic matter and the reduction of S6+ in sulfates to S2− in the form
of hydrogen sulfide via an 8-electron mechanism, which reacts with
dissolved Fe2+ to produce pyrite and other metastable iron sulfides
(Rickard et al., 2017; Zhang et al., 2022). Although pyrite is widely used
in the production of sulfuric acid (Jameson, 2011), its economic value is
lower compared to other commonly associated minerals such as chal-
copyrite, galena, and sphalerite, although pyrite may locally carry gold
dispersions (Wenk and Bulakh, 2004). Pyrite is a key mineral to un-
derstand Earth's climate change at geological scale, because it is
involved in the global carbon, oxygen, and sulfur cycles (Berner, 1987,
2009; Calmels et al., 2007; Torres et al., 2014; Bufe et al., 2021).

The reverse reaction of pyrite formation, which is called oxidative
weathering of pyrite (OWP), is the main responsible for the acidification
of natural waters, also known as acid mine drainage (AMD) if caused by
anthropogenic action. Atmospheric oxidation may generate products
such as sulfates, polysulfides (Sn2− ), or iron oxy-hydroxide (FeOOH)
species (Buckley and Woods, 1987; de Donato et al., 1993; Schaufuß
et al., 1998; Todd et al., 2003). Aqueous oxidation, which is faster than
atmospheric oxidation, mainly releases sulfate and ferric iron into so-
lution. Depending on environmental conditions (e.g., calcareous or
acidic media) oxidation products also include polysulfides, elemental
sulfur (S0), ferric hydroxide precipitates, iron oxides (mainly Fe3O4 or
Fe2O3), oxy-hydroxide species, hydrogen sulfide, sulfite (SO3

2− ), poly-
thionates (SXO6

2− ), and thiosulfates (S2O3
2− ) intermediates (McKibben

and Barnes, 1986a; Moses et al., 1987; Sasaki et al., 1997; Giannetti
et al., 2001; Demoisson et al., 2007; Chandra and Gerson, 2010; Muñoz
et al., 2023). Although OWP is a complex mechanism that takes place via
several chemical reactions, the main ones can be summarized as follows:

2FeS2 +7O2 +2H2O→2Fe2+ +4SO2−
4 +4H+ (1)

4Fe2+ +O2 +4H+→4Fe3+ +2H2O (2)

FeS2 +14Fe3+ +8H2O→15Fe2+ +2SO2−
4 +16H+ (3)

If oxygen is the only oxidant present in water molecules (1), then
oxidation releases sulfate and ferrous iron into solution, which further
oxides into ferric iron (2). However, when soluble ferric iron is present
in high concentration, it replaces oxygen as a more efficient oxidant
agent (McKibben and Barnes, 1986b; Moses et al., 1987), also producing
sulfate and ferrous iron (3). In addition, acidophilic microorganisms
such as Acidithiobacillus ferrooxidans also play an important role by
accelerating the oxidation of pyrite in acid mine waters. This biologi-
cally mediated oxidation could be classified into indirect, direct and
synergistic mechanisms (Fowler et al., 2001; Yu et al., 2001; Zhu and
Reinfelder, 2012; Yang et al., 2015).

Despite the complexity of the OWP mechanism, the diverse chemical
paths, and the numerous intermediate species and weathering products
involved, a certain consensus has been reached on the chemical and
morphological factors that modulate the weathering of pyrite in
different scenarios (Singer and Stumm, 1970; Margitan, 1984; Buckley
and Woods, 1987; Moses et al., 1987; Brown and Jurinak, 1989; Moses
and Herman, 1991; Evangelou and Zhang, 1995; Kelsall et al., 1999;
Holmes and Crundwell, 2000; Keith and Vaughan, 2000). The aim of the
present study is the assessment of the effect of several factors on pyrite

oxidation in extreme acidic conditions such as AMD environments by
simulation experiments of OWP supported by Design of Experiments
(DoE) conducted at laboratory scale. The surface characterization of
pyrite samples was carried out by Raman spectroscopy and subsequent
hyperspectral image analysis was used for the identification of the main
weathering products produced under the studied conditions and their
spatial distribution. For this purpose, several pyrite crystals were
initially treated chemically to obtain fresh samples as starting material
and then immersed in different acidic solutions at controlled tempera-
ture to promote pyrite oxidation for twomonths. The characterization of
the surface was carried out at the end of the experiments and the
deposited sulfur was extracted, quantified, and used as a proxy for the
screening of the different factors under investigation.

2. Material and methods

2.1. Mineralogical samples

The analyzed samples are 19 dodecahedral crystals of pyrite with
diameter ranging from 1 to 3mm and similar shape. Samples are all from
a locality in Val Trebbia (Piacenza province, northern Italy), well
described in the literature (Jervis, 1874, G G., 2008), where marcasite,
pyrite and radiating baryte are commonly found in marls and red clays
belonging to the Cretaceous Liguride units (Argille Scagliose).

2.2. Reagents

Ethanol (ACS grade), hydrochloric acid (fuming 37 %) and methanol
(HPLC grade) were purchased from Carlo Erba (Milan, Italy). Perchlo-
roethylene (HPLC grade) was purchased from Honeywell (Milan, Italy).
Sodium, potassium, calcium, magnesium, strontium (ICP-OES stan-
dards), as well as nitrogen, sulfate, chloride, fluoride, phosphate (ion
chromatography standards), iron nitrate nonahydrate (ACS grade) and
carbon disulfide (ACS grade) were purchased from Chem-Lab (Zedel-
gem, Belgium). Humic acid sodium salt, silicon (ICP-OES standard) and
elemental sulfur (99.998 % purity) were purchased from Sigma-Aldrich
(Milano, Italy). Ultrapure water was produced by a Millipore Milli-Q
system (Milford, USA).

2.3. Instrumentation

Metal elements (Na, K, Ca, Mg, Si, Sr, and total Fe) were determined
by using an ICP OES Optima 7000 DV (PerkinElmer, Italy) system.Water
soluble inorganic anions (Cl− , F− , NO3

− and SO4
2− ) were determined with

a Dionex ICS-2000 IC (Thermo Fisher, Italy) system equipped with an
Ion Pac AS14A-5 μm column (Thermo Fisher, Italy), with guard column
AG14A-5 μmand a CCD array detector. Elemental sulfur was determined
a HPLC-DAD Infinity 1260 (Agilent, Italy) system equipped with a
Zorbax Eclipse C18 (150 × 4.6 mm, 3.5 μm) column (Agilent, Italy).
Raman spectra were collected using an inVia Qontor™ confocal Raman
spectrometer (Renishaw, UK), equipped with 1800 lines/mm (vis)
grating and edge filter for the excitation beam laser at 532 nm (theo-
retical laser-spot diameter ~ 0.84 μm) at 5 % power reduced by a neutral
filter. The spectrometer was calibrated using the 520.5 cm− 1 line of a
standard monocrystalline silicon wafer. Preliminary tests were carried
out to identify the maximum exposure time, laser power and number of
accumulations, most appropriate to avoid warming up and altering the
chemical surface. Acquisition conditions (slit opening 65 μm, exposure
time 0.5 s, three accumulations per spectrum) were thus chosen to avoid
unintentional transformations into new mineralogical phases during
prolonged exposure to laser radiation.

2.4. Experimental design

DoE methodology was carried out to screen 13 different factors.
These factors are controlled properties set to a certain value when
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planning an experiment. To quantitively estimate the effect of the
evaluated factors on pyrite weathering, it is necessary to measure a
property linked to the oxidative mechanism. This property, also known
as response, must be a direct consequence of the combination of the
factors. Since the experiments were carried out mimicking extreme AMD
conditions and because the action of ferric iron as oxidant was expected,
elemental sulfur produced via thiosulfate pathway and then deposited
on the surface of pyrite was extracted, quantified and considered as the
response in DoE.

DoE aims at establishing the relationship between factors x and the
response (property) y by means of linear modelling:

y = b0 +
∑K

k=1

bkxk (4)

where K is the number of factors, bk is the k-th coefficient that expresses
the effect of the k-th factor and xk is the value associated to the k-th
factor. Therefore, effects of factors associated to coefficients close to
zero can be considered not significant for the response, whereas large
coefficients highlight those factors that affect the response positively or
negatively.

Table S1 collects the list of considered factors and their experimental
domains, which were delimited according to major ions real water
chemistry data on some world rivers (Madhavan and Subramanian,
2001; Samanta et al., 2019; Tsering et al., 2019; Cartwright, 2020;
Kemeny et al., 2021; Amrish et al., 2022). In contrast, experimental
domains of humic acid, size and ferric iron concentrations were estab-
lished based on previous personal experiences carried out in the labo-
ratory for the oxidation of pyrite. Among the considered factors, 3 out of
13 (sodium, potassium, and nitrate concentrations) were considered as
uncontrolled because of the noticeable presence of these elements as
counterions in some of the reagents employed.

Plackett-Burman designs are considered very efficient for the
screening of a large number of factors, as in this case (Torrijos and Phan-
Tan-Luu, 2020). Therefore, DoE based on Plackett-Burman was carried
out, each factor being analyzed on two levels, which correspond to the
maximum and minimum values of the experimental domain. A total of
16 experiments were carried out, each summarized in the experimental
plan shown in Table S2, along with the sample labels (from N1 to N16)
to be used hereafter.

2.5. Experimental procedure and setup

Pyrite crystals were chemically treated by adapting the protocol
described in (McGuire et al., 2001). First, minerals were ultrasonically
washed in ethanol for 30 min to remove any added particles or organic
matter onto the surface and then treated with a solution of HCl (1.5 M)
overnight to remove any previous oxidation layer. Some publications
supported this acidic treatment as a good starting point for oxidation
experiments because the surface exhibits a similar reactivity to that of
cleaved pyrite (Elsetinow et al., 2003). Crystals were then treated for
two hours with carbon disulfide to remove any previous elemental sulfur
on the surface. To check the surficial composition of the crystals after
this chemical treatment, several Raman punctual analyses were carried
out on different points of the surface to check whether surficial pyrite
was altered or not, resulting in all cases in the three typical vibrational
modes of pyrite at ca. 343, 378 and 429 cm− 1. One of the sixteen pyrite
samples was randomly selected and Raman maps of a recognizable area
both before and after the conclusion of the weathering experiments were
acquired for comparison. Stock solutions were freshly prepared for each
of the chemical factors considered in the DoE.

The experimental setup was as follows: a) pre-treated pyrite crystals
were accurately weighed and grouped according to the size factor; b)
several solutions equal to the number of experiments were prepared. In
each case, the volume of the fresh stock solutions to be added was
adjusted to obtain a final concentration for each of the factors equal to

the level of that factor on that experiment according to the experimental
plan shown in Table S2; c) 10.0 mL of each solution was poured into
Type 1 (borosilicate glass) vials and the same volume was kept apart and
stored at 3 ◦C for further analyses of each solution before starting the
experiments to follow possible differences in the concentration of each
factor; d) the selected pyrite crystals were immersed in their respective
solution and each vial was purged with a gentle nitrogen steam to
remove as much dissolved oxygen as possible.

To minimize the remaining dissolved oxygen in the system, a septum
and two syringes as in-let out-let were used during the purge procedure.
Vials were closed with a cap and extra parafilm protection was added to
the exterior, minimizing cross-contamination in case of accidental
dropping of vials. All vials were placed in the adequate recipient, which
was rinsed with a silicon-based thermal fluid. The recipient was placed
on a hotplate at constant temperature of 42 ◦C to mimic AMD conditions
(Edwards and B.M.G., 1999). The system was let evolving for 60 days by
periodically controlling the temperature to avoid overheating and
gently manually shaking the vials, avoiding the use of stirring bars not to
damage the crystals. In the rest of the text, day 0 samples will be referred
to as t0, whereas samples after 60 days of weathering will be referred to
as tf. “Sample” can refer to either a pyrite crystal or its solution in one of
the 16 experiments performed, from N1 to N16.

2.6. ICP-OES analysis

Metal concentration in each solution was measured at t0 and tf. A
proper calibration was made for each analyte by measuring the intensity
of emission wavelength lines providing the maximum signal intensity
and minimum spectral interferences for Na, K, Ca, Mg, Si, Sr, and Fe
(589.592, 766.490, 393.366, 280.271, 251.611, 407.771 and 238.204
nm, respectively) covering the working linear concentration range of
each analyte within the experimental domain. Samples were properly
diluted in nitric acid (1 % v/v) and three replicates were measured.
Results are shown in Table S3.

2.7. Ion chromatography analysis

Anion concentration in each solution was measured at t0 and tf by
using an 8.0 mM Na2CO3 /1.0 mM NaHCO3 mixture solution as eluent,
at a flow of 0.5 mL min− 1. A calibration was made covering the working
linear concentration range of each analyte. Separation was carried out
for 20 min using an isocratic gradient and obtaining a good separation of
the different analytes. The area of each peak was manually selected and
used as an analytical parameter for quantification and three replicates
for each sample were measured. For quantification of SO4

2− additional
dilutions were needed in some of the tf samples. Results are shown in
Table S4.

2.8. Raman mapping

To assess sulfur spatial distribution on the surface before extraction
and to identify mineralogical phases, Raman maps were acquired on the
surface of all studied pyrite crystals with a 15 μm spatial resolution in
the X- and Y- directions and a grid of 40 × 40 points. The spectral range
was 145 to 1912 cm− 1 in all experiments with an average spectral res-
olution of 1.7 cm− 1. All Raman images acquired in the different exper-
iments were assembled in an orderly fashion into a single image and
analyzed at the same time under the assumption that single images are
not representative of all the elemental sulfur produced on each sample,
because only a small area of the surface of each crystal could be covered.
The data were then organized into a three-dimensional dataset, the first
two dimensions being associated with the spatial coordinates of each
pixel in the image and the third dimension corresponding to the spectral
information. Pixels with a very low signal-to-noise ratio, as well as
cosmic peaks or saturated pixels were identified by outlier diagnostic
based on Hotelling's T2 and Q residuals (Bro and Smilde, 2014) and
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omitted from the dataset. In total 2822 out of 25,600 pixels were left out.
A baseline correction was applied to each pixel by adapting the spectral
signal to an asymmetric truncated quadratic cost-function (Mazet et al.,
2005) of order 8 and a threshold of 0.1. These parameters were previ-
ously tested and optimized to avoid fake Raman peaks or loss of spectral
information near the limits of the spectral range. Then, Savitzky-Golay
smoothing was applied to the Raman spectra with a polynomial de-
gree of 2 and a 7 points windows and additive scattering effects were
corrected by applying a Standard Normal Variate (SNV) (Fearn et al.,
2009) to each Raman spectrum. All subsequent hyperspectral analyses
followed the methodology described in (Muñoz et al., 2023) by using in-
house MATLAB routines and HYPER-Tools 3.0 toolbox (Mobaraki and
Amigo, 2018).

2.9. Elemental sulfur quantification

After the conclusion of weathering experiments, the vials were
opened, and each crystal was separated from the solution, carefully
cleaned with a laboratory paper tissue to avoid residues, accurately
weighed again and stored in clean vials. The extraction procedure for
elemental sulfur produced on the surface was as follows: 1) samples
were immersed in carbon disulfide for 2 h; 2) pyrite crystals were
removed from vials and a nitrogen steam was used until complete
evaporation of carbon disulfide. All operations were carried out in a
fume hood with extreme caution, avoiding the use of light bulbs because
of the high volatility and flammability of carbon disulfide. During this
operation, a crystallization of the remaining substance on the walls of
the vial was observed; 3) 2.5 mL of perchloroethylene were added and
left overnight with a magnetic stirring bar; 4) to obtain three experi-
mental replicates for each pyrite sample, three 0.5 mL aliquots of this
solution were placed into different vials and all the solvent was evapo-
rated with nitrogen; 5) 0.5 mL of methanol were added to each vial
before analysis.

For calibration, stock sulfur solutions in methanol were prepared
ranging from 0.02 to 100mg L− 1. Working in isocratic gradient for 5 min
with a 95:5 MeOH/H2O mobile phase and 1 mL min− 1 flow, the sulfur
peak at ~3.44 min was detected in the DAD by using the 254 nm
wavelength, as shown in Fig. S1 for both standards and samples. In these
chromatographic conditions, a good separation of elemental sulfur was
achieved with no other co-eluted peaks. The area of the peaks was
calculated and related to the sulfur concentration in solution based on
the calibration line.

3. Results and discussion

3.1. Evaluation of the factors considered in pyrite weathering

The amount of elemental sulfur extracted and subsequently quanti-
fied for all the experiments is reported in Table 1, along with the mass
loss for each pyrite crystal at the end of the experiment (reported as mass
difference in absolute value). If AMD conditions are simulated, the
highest amount of sulfur produced by oxidative weathering is obtained
in experiments N1 and N12, whereas for experiments N2, N5, N7, N9,
N10, N13, and N15, the amount of sulfur extracted is relatively low.

Linear regression was calculated by means of Partial Least Squares
(PLS) to get coefficients and to establish the relationships between fac-
tors and the amount of elemental sulfur extracted from each crystal. The
significance of one factor is measured with respect to its coefficient
value: the higher a coefficient (in absolute value) the higher the signif-
icance. Two dummy factors, which can be associated to non-significant
effects, were initially added to the design to check the significance of the
calculated coefficients by comparing with that of dummy factors, as
suggested in (Brereton, 2003).

Therefore, the model was calculated by using the real concentration
values of the metallic and anionic factors measured at t0 (Tables S3 and
S4, respectively). If those values are compared with the experimental

plan reported in Table S2, thenminor deviations are noted. However, for
the Si factor a significant error was introduced during either the prep-
aration of the standard solutions or quantification. To maintain as much
orthogonality as possible in the design, the Si factor was left out of the
evaluation and replaced by a third dummy factor, so that the experi-
mental matrix remains essentially the same. The resulting dataset thus
included 16 samples at t0 and 15 factors. The coefficients of the
respective PLS regression model are reported in Fig. 1.

The largest coefficients are associated with Fe3+, humic acid, and
size factors, which can be considered important because they largely
exceed the coefficients of the three dummy factors. Fe3+ concentration
and crystal size have positive effects on the produced S, whereas humic
acid has a negative effect, i.e., S decreases with increasing concentration
of humic acid.

To better understand the evolution of each factor from t0 to tf, a
dataset was built joining the metal and anionic concentrations given in
Tables S3 and S4, and a principal component analysis (PCA) was carried
out to furtherly evaluate changes that occurred during the simulated
weathering. The dataset employed included all t0 and tf samples (32 in
total) and 12 factors (Si factor was excluded). The scores and loadings

Table 1
Amount of elemental sulfur expressed in µg and reported as the mean value ±

standard deviation of the mean. Mass loss, expressed in mg as the difference
between the mass of pyrite crystal at tf and t0 in absolute value.

Sample μg S0 Δw(mg)

N1 305.4 ± 4.1 13.7
N2 7.7 ± 0.1 0.5
N3 114.6 ± 0.7 8.4
N4 124.8 ± 1.0 10.9
N5 6.6 ± 0.1 0.3
N6 52.1 ± 0.5 2.6
N7 6.6 ± 0.1 0.7
N8 56.0 ± 0.3 2.1
N9 8.2 ± 0.1 1.0
N10 4.7 ± 0.1 0.3
N11 17.3 ± 0.1 2.2
N12 278.4 ± 1.3 13.6
N13 5.9 ± 0.1 0.8
N14 68.4 ± 0.6 3.3
N15 4.7 ± 0.1 0.2
N16 10.9 ± 0.1 0.5

Fig. 1. Coefficients of the PLS models calculated with 6 latent variables (LVs)
over elemental sulfur amount (expressed in logarithmic scale) response.
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plot are reported in Fig. 2 (a) and (b), respectively. For a better inter-
pretation of the results, in Fig. 2 (a) the samples have been colored ac-
cording to whether they belong to t0 or tf. The first two principal
components (PCs) explain approximately 56 % of data variance.

Fig. 2 (a) shows that t0 samples are characterized by minor vari-
ability and better clustered than tf samples, which is ascribed to relevant
changes during the experiments. As shown in the score and loading
plots, PC2 mainly explains the difference between N1 and N12 samples
at tf (mainly characterized by high levels in the Fe and SO4

2− factors) and
the rest of the samples (especially t0 samples). In contrast, PC1 high-
lights the differences between N5 sample at tf (negative scores) and
other samples, which indicates a greater net increase of the Na, K, Ca and
Sr factors.

Subsequently, correlation values were calculated between the
amount of sulfur extracted and the difference of total iron (Fe2+ + Fe3+)
and SO4

2− factors (e.g. Δ[Fe] = [Fe]tf – [Fe]t0), as shown in Fig. S2 (a)
and (b). According to the correlation between the change on the total
iron and sulfur concentration and the amount of elemental sulfur
extracted (0.9913 and 0.9872, respectively), it can be concluded that the
greater the total concentration of Fe and SO4

2− in solution at tf, the
greater the elemental sulfur produced with a linear positive correlation.
Similar plots are reported in Fig. S2 (c) and (d) but considering net mass
(reported in Table 1) instead of elemental sulfur as response. The cor-
relation values with respect to total iron (0.980) and sulfate differences
(0.948), demonstrate these factors are also correlated with mass loss
response, indirectly suggesting a linear positive correlation between
elemental sulfur and mass loss responses, as shown in Fig. S3, with a
correlation value of 0.956.

Finally, a new dataset including 16 samples and 12 factors was
created using the difference of each factor between tf and t0 as values. A
further PCA model was calculated and the corresponding scores and
loadings plots are reported in Fig. S4 (a) and (b) by coloring the samples
with respect to the elemental sulfur response. The first two PCs explain
~62 % of total variance. There is a trend regarding the amount of sulfur
from samples with positive and negative scores for PC1 and PC2,
respectively, to samples with negative and positive scores for PC1 and
PC2, respectively. Samples N1 and N12, those with the highest amount
of sulfur, are characterized by a net increment with respect to the total
amount of Fe, SO4

2− and F− in solution. As done for the first PLS model,
three dummy factors were included in this new dataset (16 samples and

15 factors) which was used to calculate a second PLS regression model
(coefficients reported in Fig. S5). Concentration differences of total Fe,
Cl− , F− and SO4

2− , already highlighted by previous PCA analysis,
appeared to be significant factors (i.e., coefficients larger than those
associated to dummy factors). The apparent importance of Cl− could be
explained in terms of the experimental error of the measurements
because the net difference for this factor is zero in most cases. The sig-
nificance of F− requires a more detailed explanation. A depletion of F− in
solution, as found for instance in samples N2, N5 and N7, seems to be
associated with low amounts of elemental sulfur, whereas for samples
N1 and N12 the concentration difference is high and positive, despite the
negative coefficient of this factor. This leads us to think of a possible
interaction effect of this factor with another one, not contemplated in
the actual Plackett-Burman design. A mechanistic interpretation of the
results regarding the fate of F− and the demonstration of a likely indirect
influence in the weathering of pyrite in acidic waters requires additional
studies on the speciation of F, which is beyond the scope of the present
study.

In conclusion, a high initial concentration of ferric iron (t0) leads to
the generation of remarkable amounts of elemental sulfur in fresh pyrite
crystals (being the concentration of SO4

2− at t0 not significant). However,
the higher the concentration of SO4

2− and total iron in solution at tf, the
greater the amount of sulfur expected on the surface of oxidized pyrite
crystals.

3.2. Chemical discussion on the effect of significant factors for OWP

Although the elemental reactions that comprise the oxidative
weathering of pyrite would be on the order of hundreds, some as-
sumptions can be made based on the significance of ferric iron factor,
without taking into account surficial, electrochemical or photochemical
considerations that are beyond the scope of this study. Nevertheless, it is
widely accepted that ferric iron as oxidant and thiosulfate as an initial
soluble intermediate are central concerning pyrite oxidation pathways.
When considering circumneutral pH waters, relatively high amounts of
thiosulfate and polythionates are reported (Moses et al., 1987; Schippers
et al., 1996, 1999). However, a rapid conversion of thiosulfate to tet-
rathionate, which further oxidizes into sulfate, is observed in acidic
waters produced in many acid mine drainage locations (Rimstidt and
Vaughan, 2003; Descostes et al., 2004). When there is an excess of ferric

Fig. 2. Scores (a) and loadings (b) plot using the real values of the factors as dataset, before and after the conclusion of the experiments.
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iron, at pH =1.5 the conversion of thiosulfate to tetrathionate is almost
complete (Druschel et al., 2003a). On the contrary, when ferric iron is
depleted, some elemental sulfur formation is expected, even if poly-
thionates are the predominant products. Elemental sulfur could be
formed from thiosulphate disproportionation (Heunisch, 1977; Wil-
liamson and Rimstidt, 1993; L. III, 1997), which reaction shown in (5) is
a reversible equilibrium, being completely displaced to the right when
pH is below 2.

8 S2O2−
3 +8H+⇌S8(s) +8 HSO−

3 (5)

2S2O2−
3 +2Fe3+→Fe

(
S2O2−

3
)+ (6)

Fe
(
S2O2−

3
)+→S4O2−

6 +2Fe2+ (7)

Thiosulfate disproportionation is in competition with thiosulfate
reaction with ferric iron (6) and (7), so reaction (5) is only expected
when ferric iron is depleted. This is explained if, below pH 1.7, ferric
oxidation forms tetrathionate (eventually decomposing into sulfate)
slightly faster than thiosulphate disproportionation (Williamson and
Rimstidt, 1993). The kinetics of (6) will depend on the starting con-
centration of ferric iron and thiosulfate in solution to form the Fe
(S2O3

2− )+ complex. Both HSO3
− and S4O6

2− react further to form SO4
2− in

acidic conditions, which could explain the considerable net increase
found after two months of oxidation experiments. Other studies suggest
different pathways for elemental sulfur formation from that of thiosul-
fate (Biegler and Swift, 1979; Flatt and Woods, 1995; Holmes and
Crundwell, 2000), involving polysulfide intermediates at an S-enriched
pyrite surface, as stated in the inhibition of S polymerization by Fe study
(Harmer and Nesbitt, 2004).

Because all crystals used in the experiments have similar
morphology, a plausible explanation of the importance of the size factor
is that the larger the surface area available for oxidation, the greater the
amount of sulfur produced, because more reactive sites are available for
thiosulfate formation. Crystalline defects may play an important role in
pyrite oxidation and they must be considered as well, as electron defi-
ciency sites at the surface may lead to different oxidation pathways
involving interaction with water molecules and hydroxyl radicals

(Borda et al., 2001, 2003, Druschel et al., 2003b).
Specific characterization studies should be conducted to analyze the

interaction between humic acid molecules and pyrite surface to explain
the negative influence of humic acids in AMD conditions with respect to
the release of thiosulfate into solution and the consequent formation of
elemental sulfur on the surface of the crystal. In (Zheng et al., 2019), the
interaction of humic acids with the surface of pyrite was explained by
electrochemical reactions: humic acids adsorbed on the pyrite surface
inhibit the further transformation of sulfur without affecting the
weathering mechanism.

3.3. Raman hyperspectral image analysis

To confirm whether the weathering experiments led to pyrite
oxidation, a comparison was made between Raman images of a recog-
nizable area of a randomly selected sample (N12) before and after the
weathering simulation at the laboratory scale, that is, at t0 and tf. For
this scope, several fresh pyrite crystals from the same locality were
previously analyzed and their average spectrum was then calculated,
which included the three main vibrational modes of pyrite. Afterwards,
this spectrum was used as a reference to calculate a Pearson correlation
model for the same area of N12 at t0 and tf. As seen in Fig. 3 (c), the
surface of N12 sample at t0 shows no other vibrational modes than those
typically associated with pyrite (343, 379 and 431 cm− 1 wavenumbers),
depicted from the large number of pixels colored in green, correspond-
ing to a correlation value close to 1. After 60 days of oxidation, spectral
differences are noticeable for most of the pixels, confirming that major
chemical changes occurred on the surface of the pyrite crystal, as shown
in Fig. 3 (b) and (d).

For the rest of the samples, Raman images were acquired before
extraction of elemental sulfur and analyzed to determine the spatial
distribution of the sulfur formed on the surface of the pyrite crystals and
check for additional weathering products, if any.

First, a PCA analysis was carried out and the score maps and loading
plots for the first three principal components, which explain ~78 % of
data variance, are shown in Fig. 4. PC1 highlights the difference be-
tween pixels showing positive scores characterized by 151, 218 and 471

Fig. 3. Real images of sample N12 at t0 (a) and tf (b). Pearson correlation model by using a pyrite reference spectrum at t0 (c) and tf (d).
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cm− 1 wavenumbers, which are characteristic vibrational modes of
elemental sulfur, and the rest of the pixels with negative scores, mainly
characterized by 343 and 379 cm− 1 wavenumbers, two of the main
vibrational modes of pyrite. On the other hand, PC2 mainly explains
variance related to pixels with positive scores for which 272, 415 and
especially, 453 cm− 1 wavenumbers are important. Finally, unclear

separation between pixels is depicted from scores map of PC3, except for
pixels with very high positive scores, for which a combination of the
same wavenumbers with positive and negative loadings already seen in
the PC1 seems to be important. In addition, two broad bands in the
1300–1700 cm− 1 region, typically associated with low-crystalline
mineralogical phases, may be associated with pixels of negative scores.

Fig. 4. PCA score maps (upper) and loadings (bottom). From left to right and from up to down, samples N1 to N16.

Fig. 5. Pearson correlation calculated using an elemental sulfur (a) and pyrite (b) reference spectrum. From left to right and from up to down, samples N1 to N16.
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To better assess the spatial distribution of elemental sulfur on the
surface, Pearson correlations were calculated using as reference: a) an
elemental sulfur spectrum acquired from a high-purity standard powder;
b) the average spectrum of the fresh surface of pyrite crystal from Val
Trebbia, as previously done for N12. A visual representation of the
spatial distribution of elemental sulfur and pyrite, colored according to
the respective calculated pixel correlation values, is shown in Fig. 5 (a)
and (b). As seen in Fig. 5 (a), sulfur is homogeneously distributed across
the surface, contrary to what concluded in (McGuire et al., 2001). The
identified sulfur in the analyzed images does not necessarily correspond
to those samples with the highest amount of elemental sulfur extracted,
because only a small fraction of the surface was analyzed with Raman.
Despite the small area covered, sulfur forms patches of considerable size
(>600 μm2 for samples N1, N6, and N8) and thickness, because no pyrite
vibrational modes are revealed in the spectra associated with those
pixels. Finally, Fig. 5 (b), highlights areas of pixels with correlations
between 0.1 and 0.9 (black pixels), for which spectral information may
result from a combination of vibrational modes from different miner-
alogical phases such as pyrite and sulfur.

4. Conclusion

The proposed experiments at laboratory scale for the assessment of
oxidative weathering of pyrite in acid solution prove to be a valuable
methodology for the screening of different factors and could be extended
to the study of pyrite weathering under conditions other than acid mine
drainage on shorter time scales than in nature. For this scope, Design of
experiments methodology was employed to determine the main factors
that characterized OWP in the studied conditions. Once the significant
factors are identified and the effect of those factors over a response is
clearly understood, a second optimization stage can be performed for
the minimization or maximization of a certain response. This could help
minimize the sulfuric acid production derived from OWP and therefore,
the acidification of natural environments.

The determined different quantities of elemental sulfur among
samples, supported by Raman spectroscopy results, confirm that the
concentration of ferric iron is the rate limiting step for the OWP at low
pH waters rather than dissolved oxygen. The presence of sulfur, which is
homogeneously distributed on the surface of pyrite, is a symptom of
ferric iron depletion, because thiosulphate preferentially reacts with
ferric iron to form tetrathionate, which eventually decomposes into
sulfate, rather than disproportionate into sulfur and hydrogen sulfite. A
fuller understanding of oxidative weathering of pyrite necessitates
further experimental studies that consider the influence of dissolved
oxygen, as well as thiosulfate, and polythionates or even bacterial ac-
tion. Morphology must also be considered as a factor for a better un-
derstanding of the reactions that take place on the surface of the pyrite
crystals.
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