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Abstract: Pyrite and calcite are mineral phases that play a major role in acid and neutral mine
drainage processes. However, the prediction of acid mine drainage (AMD) or contaminated neutral
drainage (CND) requires knowledge of the mineral composition of mining waste and the related
potential for element release. This paper studies the combination of acid–base neutralizing capacity
(ANC–BNC) with geochemical modeling for the characterization of mining waste and prediction
of AMD and CND. The proposed approach is validated with three synthetic mineral assemblages:
(1) siliceous sand with pyrite only, representing mining waste responsible for AMD, (2) siliceous
sand with calcite and pyrite, representing calcareous waste responsible for CND, and (3) siliceous
sand with calcite only, simulating calcareous matrices without any pyrite. The geochemical modeling
approach using PHREEQC software was used to model pH evolution and main element release as a
function of the added amount of acid or base over the entire pH range: 1 < pH < 13. For calcareous
matrices (sand with calcite), the results are typical of a carbonated environment, the geochemistry of
which is well known. For matrices containing pyrite, the results identify different pH values favoring
the dissolution of pyrite: pH = 2 in a pyrite-only environment and pH = 6 where pyrite coexists with
calcite. The neutral conditions can be explained by the buffering capacity of calcite, which allows iron
oxyhydroxide precipitation. Major element release is then related to the dissolution and precipitation
of the mineral assemblages. The geochemical modeling allows the prediction of element speciation
in the solid and liquid phases. Our findings clearly prove the potential of combined ANC–BNC
experiments along with geochemical modeling for the characterization of mining waste and the
assessment of risk of AMD and CND.

Keywords: pyrite; calcite; pH; speciation; geochemical modeling

1. Introduction

Mining and mineral processing activities produce large volumes of byproducts known
as mining waste. The impacts of tailing ponds and waste rock piles can potentially lead to
serious environmental, health, socioeconomic, and geotechnical issues [1–6]. Responsible
mining activities demand sustainable management of mineral mine waste. The primary
objective is to reduce waste production, followed by recycling and reusing waste as much
as possible [7]. Remediation is considered as the last resort for managing the impacts
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of mining waste. In any case, it is necessary to understand and predict the geochemical
processes underlying elemental release (major and trace) from mining waste. Pyrite and
calcite are mineral phases that play a major role in two mine drainage processes: acid mine
drainage (AMD) [8,9] and contaminated neutral drainage (CND) [10–12]. According to the
literature, pyrite dissolution is catalyzed by ferric oxidation acidifying the solution, also
described as the AMD process. Contaminated neutral drainage can occur when sulfide
oxidation is weak or when neutralization is strong enough [13,14]. In most investigations of
closed mines, high concentrations of trace metals and sulfates were mobilized by leaching
from tailings [15,16]. Under these conditions, effluents are generated and some toxic metals
and metalloids, such as Ni, Zn, Co, As, and Sb, may be solubilized [1,10]. In both drainage
situations (AMD or CND), pyrite and other mineral phase dissolutions pose a crucial
environmental problem [17]. Pyrite is the most common sulfur-containing mineral phase.
It can contain many trace elements (Ag, Au, Te (tellurium), Tl (thallium), Zn, etc.), at times
in significant concentrations (e.g., up to 10% for arsenic) [18].

There are many studies that addressed major and trace element release during AMD
processes, but most relied on bulk measures of those processes and very few investigated
element release over the whole pH range [19–21]. Many papers are based on an experimen-
tal characterization of mining waste without including a detailed identification of mineral
and pollutant-bearing phases. Some presented the role of the carbonate phase on leachate
pH near 6 [1,10]. Some highlighted the impact of the carbonate phase on geochemical mech-
anisms of pyrite dissolution, particularly the precipitation of iron oxyhydroxides [22–24].
However, speciation of soluble major and trace elements is rarely characterized. Most
studies focused on the kinetics and total release of trace elements [1,9,17,25]. It is argued
that the carbonate phase is not sufficient to limit the release of elements, even if it buffers
the acidity produced by the dissolution of pyrite [1,10]. Thus, there is some uncertainty
regarding its classification, management, and reuse in contrast to AMD [8]. It is important
to identify this aspect even more precisely, to characterize the mineral assemblages, and to
predict element speciation in order to fully understand the potential elements released and
involved in geochemical mechanisms during AMD and CND processes.

In addition to the approaches mentioned above, acid–base neutralizing capacity
(ANC–BNC) titration tests have proven to be accurate and interesting tools for the charac-
terization of buffer capacity and element release of solid matrices [26]. ANC–BNC involves
placing the studied matrix in contact with an acidic or alkaline solution in a closed reactor
during a 24–48 h period. Then, pH and element release are monitored and reported as a
function of the amount of acidity or alkalinity. Such experiments were used to assess ele-
ment release from several types of cement and concrete matrices [20,27] into contaminated
soils [28], including even natural soils [29]. Several protocols were developed for these
titration experiments [30], but the main principles remain the same. Recently, the European
Council proposed a standardize protocol that is considered as a benchmark (European
standard NF EN 14429) [31].

Coupled with geochemical modeling, ANC–BNC titrations provide a quite efficient
tool for characterizing solid matrices in terms of mineral assemblages and element specia-
tion [20,27]. Geochemical modeling has several benefits in the identification of minerals
compared with other techniques. It allows the identification of geochemical processes
and mechanisms, particularly through access to all geochemical information for each
model step iteration (e.g., element speciation, physicochemical parameters, and solid phase
quantity). These numerical data supplement the intensive experimental work and avoid
labor-intensive and cumbersome experimental procedures such as sequential extraction
(SSE). SSE, which is known to be expensive and time-consuming, partitions elements into
exchangeable, reducible, oxidizable, residual, carbonate organic matter fractions that are
not necessarily representative of the real element speciation in the solid phase [32,33].

To the authors’ knowledge, the use of ANC–BNC titrations along with geochemical
modeling to characterize mining waste and element release has not been investigated
in depth, particularly the capability of such titration experiments to identify the right
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mineral composition of mining waste and element speciation in the solid and liquid
phases. Our study used the ANC–BNC approach (titrations and geochemical modeling) to
characterize buffer capacity and major element release from contrasting mining wastes,
including waste with high or very low carbonate content and pyrite. We relate buffer
capacity and element release to the mineral assemblage composing the studied matrices
and the dissolution–precipitation processes. In order to avoid side mechanisms and un-
controlled composition of mineral phases, we used mineral assemblages made of pure
phases (standardized sand, pure calcite, and pyrite) instead of real matrices. The use of
mineral assemblages appears to be an efficient way to remove uncertainty related to the
complexity of real matrices and allows perfect knowledge of tested solid matrices. To
carry out ANC–BNC experiments, we used the European standard NF EN 14429 [31]. The
geochemical model was implemented in PHREEQC to precisely model the experimental
protocol (added amounts and volumes, vessel used, etc.) to predict solid and liquid phase
compositions as a function of the amount of acid or alkalinity added. Several compositions
in terms of minerals and amounts were tested until a good fit of the observed pH and ele-
ment release was obtained. The optimum composition of the predicted mineral assemblage
was compared to the synthetic matrices, and then the modeled data were discussed with
regard to the element speciation in the liquid and solid phases as a function of pH. Our
findings produce an adequate model that correctly represents the experimental element
release and buffer capacity and provides relevant insight into the interplay of pyrite and
calcite in element release.

2. Materials and Methods
2.1. Acid and Base Neutralization Capacity (ANC–BNC)

Acid and base neutralizing capacity tests characterize the physicochemical stability
and buffer capacity of a solid phase when it is placed in contact with a source of acidity
or alkalinity. ANC–BNC titrations were conducted according to the European standard
NF EN 14429 [31], developed by the European Committee for Standardization (Comité
Européen de Normalisation, CEN). This protocol proved to be efficient for different types
of matrices [20,23,26]. The experimental protocol was divided into four steps: (1) pre-
study, with simple titration to estimate the amount of acid and base to be introduced to
cover the whole range of pH, (2) batch preparation using a solid/liquid ratio of around
1/10, (3) mechanical stirring for 48 h, and (4) measurement and determination of element
concentration after filtration at 0.45 µm.

Calcite (calcium carbonate; Sigma-Aldrich, Ultrapure, Merck) and pyrite (iron disul-
fide; Aldrich, Ultrapure, Merck) solid phases were chosen for the ANC–BNC titrations.
Extra-pure sea sand (siliceous sand), SiO2 (Fisher Chemical), was chosen as the background
solid phase. Three types of mineral assemblages were tested as follows: (1) calcite in
siliceous sand, (2) pyrite in siliceous sand, and (3) calcite–pyrite assemblage in siliceous
sand. The compositions of the three synthetic mixtures were fixed as follows: (1) 3 g of
calcite and 7 g of SiO2, (2) 0.1 g of pyrite and 9.9 g of SiO2, and (3) 3 g of calcite, 0.1 g of
pyrite, and 6.9 g SiO2. The solids were sieved at 1 mm. The three mineral assemblages were
referred to as calcite/SiO2, pyrite/SiO2, and calcite/pyrite/SiO2. Mixtures 2 and 3 repre-
sent common types of mining waste responsible for AMD and CND, respectively [1,23].
Mixture 1 was added to complete the experimental plan and determine the role of calcite.

These solid matrices (10 g) were put in contact with 100 mL of solution in vessels with
a volume of 250 mL. Acid and base were added by means of HNO3 and NaOH solutions at
5 mol/L. The volumes of distilled water and HNO3 or NaOH solution were determined
to maintain the same liquid volume, i.e., 100 mL. The quantity of acid or base added
was adapted to the shape of the curves, with more points in the vicinity of the buffering
zone. To this point, the pre-study phase provided a clear idea of the zones to refine. The
closed reactors were agitated with a specific device at 7 rpm. These had to be opened from
time to time to allow leakage of CO2 and reduce the risk of over-pressurization. At the
beginning and the end, the closed reactors were opened for leachate measurement at t = 0,
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44, and 48 h. Leachate measurements included the following physicochemical parameters:
pH (Fisher Scientific), conductivity (sensION+, Hach), and oxidation–reduction potential
(Intellical MTC101, Hach). At the end, solutions were filtered through a 0.45 µm filter
and split into three subsamples: one to determine total concentrations (calcium, iron, and
sulfur), one to measure cations (Ca2+, Fe2+), and one to measure anions (SO4

2−). The first
subsamples were analyzed for total calcium and iron using flame atomic adsorption (AA)
spectrometry (PinAAcle 900T, Perkin Elmer) and for total sulfur using inductively coupled
plasma–optical emission spectrometry (ICP-OES; ULTIMA 2). The second subsamples
were acidified using HNO3 (5 mol/L) when too alkaline (i.e., pH < 7) before being analyzed
by ion chromatography (Dionex ICS 1100). The third subsamples were directly analyzed
for SO4

2− using ion chromatography (Dionex ICS 900).
To characterize the buffer capacity and element release, the pH variation was plotted

as a function of the amount of acid and base added as follows: pH = f(Eq H+), where Eq
H+ is the amount of H+ ions added and is a negative value when OH− is added. To ease
the comparison between pH and the redox potential (pe), pH was plotted as pe. Lastly,
element concentration was plotted as a function of pH.

2.2. Geochemical Modeling

The geochemical modeling was implemented using PHREEQC software (interac-
tive version alpha 3.1.2.8538, United States Geological Survey). This makes it possible to
conceptually represent the experiments. PHREEQC, on the basis of a deterministic ap-
proach, proposes a thermodynamic model. All chemical reactions and related equations are
resolved by the software’s numerical tools [34]. The llnl reference database (Lawrence Liv-
ermore National Laboratory) was used, as it enrolls many mineral phases. The geochemical
modeling was used to fit the ANC–BNC titrations and, thus, test several hypotheses on
the geochemical processes and element release and speciation [35]. Several scenarios were
tested regarding the amounts of mineral phases submitted to ANC–BNC titrations and the
phases expected to form following the dissolution of the original mineral assemblages.

The modeling methodology was inspired from previous studies on urban stormwater
sediments [19–21]. There were three steps: (1) estimate the mineral assemblage (minerals
and amounts) initially present that can precipitate or dissolve (literature review study
and inverse modeling) [36], (2) directly model the complete ANC–BNC titration experi-
ments (adding all acid/base amounts in the modeled closed reactors), and (3) compare
observed and modeled pH and element concentrations in the liquid phase and analyze the
predicted mineral assemblage. These three steps were repeated for several initial mineral
assemblages until the modeled data got close to the observations. Once the optimum
scenario was identified, the predicted element speciation in the liquid and solid phases
was plotted as a function of pH and considered as indicative of the real speciation. In
this study, only the final optimal model is presented, although it resulted from a large
number of runs (~100 models for calcite/SiO2 and pyrite/SiO2 alone and 200 models for
calcite/pyrite/SiO2). The thermodynamic constants implemented in the llnl database were
never changed; only the initial mineral assemblage and the list of phases allowed to form
or dissolve were optimized.

The final model was defined by the solid and gaseous phase and their initial contents
(mineral assemblage for the solid phase), the amount of base or acid added to the system,
and the list of phases that were not initially in the mixture but were expected to form and
potentially dissolve, defining transitional states (from a thermodynamic point of view).
For the gaseous phase, as the batches were opened during the experiment to avoid over-
pressurization and the risk of explosion, the batch reactors were considered as partially
opened. The gaseous phase was modeled with a constant volume and very low partial
CO2 pressure to mimic CO2 leakage during the opening of the batch reactors. The phases
that were allowed to precipitate included gypsum, foshagite [37], and iron hydroxides
(Fe(OH)2, Fe(OH)3) [38].
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3. Results and Discussion
3.1. Physicochemical Parameters

Figure 1a illustrates the difference in the buffer capacity between the three types
of matrices. Indeed, the pH curve for the pyrite/SiO2 matrix shows very low buffering
capacity (approximately pH = 2). Buffering capacity is revealed by the stabilization of
pH, despite the addition of acid or base. In contrast, pH curves for calcite/SiO2 and
calcite/pyrite/SiO2 reveal an important buffer zone between 0.05 mol H+ and 0.55 mol H+

added, corresponding to pH ≈ 6. This can be directly explained by the buffer capacity of
calcite (see also the discussion on modeling below).
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Figure 1. pH (a) and redox potential (b) of three synthetic matrices: calcite/SiO2, pyrite/SiO2, and calcite/pyrite/SiO2. The
vertical line indicates the point of equilibrium with pure water (in Figure 1a).

The variation in redox potential as a function of pH was similar among the three
matrices in terms of both extreme values and slopes (Figure 1b). However, the decrease
in redox potential with pH was more important for pyrite/SiO2 (pH ≈ 2 and pe ≈ 7–9;
Figure 1b), which is characteristic of pyrite oxidation. In addition, the decrease in redox
potential was less marked in the presence of calcite, showing its effect in reducing the
effect of pyrite dissolution on the redox potential. Indeed, according to the literature, the
dissolution of pyrite impacts the redox potential, but to a lesser extent in the presence of
calcite [39,40].

The pH variations between t = 44 and 48 h were low with regard to the precision of
the pH meter for all mixtures (data not shown here): 0.17 pH units for calcite/SiO2 only,
0.08 pH units for pyrite/SiO2, and 0.24 pH units for calcite/pyrite/SiO2. Consequently, we
considered that short-term thermodynamic equilibrium was reached, which justified the
use of the PHREEQC geochemical model based on chemical equilibrium. However, Table 1
presents the percent of maximum element release, highlighting that pyrite dissolution was
not complete. This finding is consistent with the literature; pyrite dissolution kinetics are
very slow (suspension equilibrium time is 300 h) [41], which means that only a fraction of
pyrite dissolved over the course of the experiment. Such a result indicates the difference
between short- and long-term chemical stabilization (or equilibrium). To account for this,
the initial amounts of pyrite allowed to react in the batch reactors were reduced in the
geochemical model. Limiting the initial amount was the chosen way to introduce the kinetic
limitation of pyrite dissolution and distinguish between short- and long-term equilibrium.

Table 1. Contents of release elements in solution as a function of mixture and pH area (mol/mol).

Calcium Release Iron Release Sulfur Release

Matrix Calcite/SiO2 Calcite/pyrite/SiO2 Pyrite/SiO Calcite/pyrite/SiO2 Pyrite/SiO Calcite/pyrite/SiO2

Acid area 97% 99% 45% 25% 52% 37%
Basic area <1% <1% <1% <1% 6% 11%
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3.2. Modeling of Mineral Phase Dissolution

First, the proposed inversion (based on iterating steps 1–3 of the geochemical modeling
approach, as described in Section 2) proved quite efficient to retrieve the initial composition
of the synthetic matrices. The method pointed out the right minerals quite quickly, and the
amounts of involved minerals were close to the targeted amounts. We should note that
we had to reduce the quantity of mineral assemblages in contact with water, probably in
relation to the kinetic limitations, as explained above. Figure 2 shows the experimental data
along with the modeled data of pH and redox potential for the three synthetic matrices.
The ANC/BNC titrations were well represented with the initial conditions and chemical
reactions selected in the final geochemical model.
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Figure 2. pH as a function of H+ equivalents added for (a) calcite/SiO2, (c) pyrite/SiO2, and
(e) calcite/pyrite/SiO2 assemblages, and relationship between redox potential (pe) and pH for
(b) calcite/SiO2, (d) pyrite/SiO2, and (f) calcite/pyrite/SiO2. The vertical line in (b) indicates the
point of equilibrium with pure water.

The pH curve of calcite only has three distinct areas (Figure 2a): (i) basic, (ii) buffer,
and (iii) acidic. In the basic area, the curve reaches an asymptote at approximately pH = 12,
which indicates the presence of quartz and shows the contribution of the SiO2 in the
calcite/SiO2 assemblage. The total duration of the experiment (48 h) was sufficient to initiate
quartz dissolution [42]. The same trend was observed for the three synthetic matrices. The
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pH buffer zone was situated at approximately pH = 6 (Figure 2a), which is the buffer
capacity of calcite for open systems [43,44]. The dissolution of calcite consumes protons.
This pH range is important because it represents the range of natural waters [45]. In the
acidic area, the calcite was completely dissolved. After 0.55 mol/L of acid was added, the
pH curve decreased sharply until it reached the asymptote at approximately pH = 1.

The redox potential of the calcite/SiO2 matrix decreased linearly when the pH in-
creased (Figure 2b). According to the literature and theory, these parameters are interdepen-
dent: an increase in pH is accompanied by a decrease in redox potential (pe). This linearity
is related to the low redox reactivity of calcite [46]. The modeling was satisfactory with
an accurate simulation of trends, despite the observed difference between observations
and simulation (Figure 2b, line versus points). The offset between the model and observed
data is expected to be related to the pyrite dissolution process (see below). In addition,
we guess that the perturbation of the closed reactors (open during titrations to avoid
over-pressurization) may have added an additional source of errors.

For pyrite/SiO2, the pH curve shows no buffer capacity (Figure 2c). Indeed, pyrite
strongly acidified the solution; when [Eq H+] = 0, the pH value was 4.65. According to the
literature, pyrite dissolution in an oxidizing environment occurs in two steps: (1) oxidation
of sulfides (Equation (1)), and (2) oxidation of ferrous ion to ferric iron (Equation (2)), which
is kinetically limiting [45,47]. These reactions are self-catalyzed by the direct oxidation
of pyrite by ferric iron (Equation (3)) for pH < 3.5. This is the predominant reaction in
the AMD process. It is this reaction that strongly acidifies the solution through the large
production of protons [48].

FeS2 + 7/2 O2 + H2O→ Fe2+ + 2 SO4
2− + 2 H+. (1)

Fe2+ + 1/4 O2 + H+ → Fe3+ + 1/2 H2O. (2)

FeS2 + 14 Fe3+ + 8 H2O→ 15 Fe2+ + 2 SO4
2− + 16 H+. (3)

The difference in value between modeled and measured pe demonstrates the oxidative
impact of pyrite dissolution, mainly through Equation (1), which was represented by the
geochemical model [46].

The curve for calcite/pyrite/SiO2 shows a pH evolution similar to that for calcite/SiO2
(Figure 2a,e). The pH level, stable at approximately pH = 6, can be associated with the
buffer capacity of calcite. The same content of acid (0.55 mol/L) was required to complete
the calcite dissolution and decrease the pH. The potential redox curve is similar to that of
pyrite/SiO2 in terms of shape (Figure 2d,f). However, there is a shift of the step change
from pH ≈ 2 for pyrite/SiO2 only to pH ≈ 8 for calcite/pyrite/SiO2 (Figure 2f). Such a
shift supports the hypothesis on the impact of calcite on pyrite dissolution and the related
effects on pH and pe. The model displays this impact in more detail (Figure 3). Indeed,
the pyrite phase is expected to dissolve completely at pH = 7 in the calcite/pyrite/SiO2
mineral assemblage, whereas the pyrite phase is expected to dissolve completely only at
pH = 2 in the pyrite/SiO2 assemblage. Furthermore, even in contact with pure water, pyrite
dissolves less when it is the sole mineral than when it is combined with calcite (Figure 3).
The parameters related to geochemical modeling are listed in Table 2 and were optimized
by fitting experimental data, as explained in Section 2.

3.3. Solubility and Speciation of Elements

Below, we investigate the elemental release of calcium (provided by the dissolution
of calcite), as well as iron and sulfur (provided by the dissolution of pyrite). The charac-
terization and modeling of their release help in identifying the phases that dissolve and
potentially form, as well as the geochemical processes involved in the evolution of the
calcite/SiO2, pyrite/SiO2, and calcite/pyrite/SiO2 assemblages.
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Table 2. Mineral and gas contents of three synthetic matrices: (1) calcite/SiO2, (2) pyrite/SiO2, and (3) calcite/pyrite/SiO2;
other tabulated minerals are expected to form and take part in transitional states.

Phases Dissolution Equation
Solubility
Constant

logK

Initial Content (mol/L)/
Partial Pressure (atm)

(1) (2) (3)

Mineral Phases

Calcite (DO) CaCO3 + H+ = Ca2+ + HCO3
− 1.84 0.285 - 0.285

Foshagite Ca4Si3O9(OH)2:0.5 H2O + H+ = 3 SiO2 + 4 Ca2+ + 5.5 H2O 65.9 0 - 0
Pyrite (DO) FeS2 + H2O = 0.25 H+ + 0.25 SO4

2− + Fe2+ + 1.75 HS− −24.7 - 0.0047 0.0032
Quartz (DO) SiO2 = SiO2 −4.00 1.165 0.0165 0.0115

Gypsum CaSO4:2H2O = Ca2+ + SO4
2− + 2 H2O −4.48 - - 0

Fe(OH)2 Fe(OH)2 + 2 H+ = Fe2+ + 2 H2O 13.9 - 0 0
Fe(OH)3 Fe(OH)3 + 3 H+ = Fe3+ + 3 H2O 5.66 - 0 0

Gas Phases

Ar(g) Ar = Ar −2.86 0.0934
CO2(g) CO2 + H2O = H+ + HCO3

− −7.81 0.00037
N2(g) N2 = N2 −3.19 0.781
O2(g) NO2 + 0.5 H2O + 0.25 O2 = H+ + NO3

− 8.37 0.00207

DO, Dissolve only: do not allow mineral to precipitate in model.

3.3.1. Calcium

The curve of soluble calcium (Figure 4a) indicates maximum content at an acidic pH.
Approximately 0.29 mol/L of calcium was released at pH < 6, representing 97% of the
initial calcium introduced with the calcite (Table 1). This finding confirms the hypothesis
that the buffer capacity of the solid phase of calcite results from calcite dissolution. The
fast kinetics of calcite dissolution explains the significant content of calcium release [37,49].
Figure 4b shows the modeled calcium speciation as a function of pH. Soluble calcium was
mainly in the form of Ca2+ (approximately 60%) and CaNO3+ (approximately 40%), due
to the addition of HNO3 for acidification of the solution. In the basic area, calcium was
scarcely released, to an extent of less than 1% (Table 1).

There are few differences between calcite/SiO2 and calcite/pyrite/SiO2 regarding
calcium release and speciation (Figure 4c,d). At an acidic pH, 99% of the calcium introduced
initially was solubilized (see Table 2 for the assemblage). However, the gypsum phase
(CaSO4) precipitated at 4 < pH < 8 without any significant effect on calcium release, given
the small amount of precipitated CaSO4.
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Figure 4. Total experimental soluble content and modeled speciation of calcium as a function of pH: (a,b) calcite/SiO2 and
(c,d) calcite/pyrite/SiO2. Arrows indicate the direction of addition or depletion of protons; the vertical line indicates the
point of equilibrium with pure water (natural pH).

3.3.2. Iron

Figure 5 shows the soluble content and modeled speciation curves of iron with pH for
pyrite/SiO2 and calcite/pyrite/SiO2. Between the two, the variations in solubility with pH
have similar trends. However, the modeled speciation is quite different. For pyrite/SiO2,
iron speciation represents the reaction sequence described previously (Equations (1)–(3)).
Indeed, iron in solution was mainly in the form of ferrous iron. This mechanism demon-
strates the importance of O2 (g) and the catalytic oxidant impact of ferric iron [9,50]. Once
the pyrite phase completely dissolved, iron in the solution was mainly in the form of ferric
iron. On the other hand, speciation of iron for the calcite/pyrite/SiO2 assemblage was
different. Indeed, ferrous iron no longer appeared. The pyrite phase completely dissolved
at pH < 7 with the precipitation of iron hydroxide mineral (Fe(OH)3). According to the lit-
erature, when pH > 3.5, oxidation of ferric and ferrous iron is important and iron hydroxide
will precipitate, as follows [9,41,47]:

Fe3+ + 3 H2O � Fe(OH)3 + 3 H+. (4)
The model confirmed the impact of the carbonate phase on sulfur dissolution. Thus,

when a carbonate buffers the solution up to pH 3.5, the ferric iron does not act as an oxidant.
Meanwhile, the precipitation equation of Fe(OH)3 (Equation (4)) acidified the solution, but
the calcite dissolution compensated for it, leading to stabilization of pH over 3.5 [39]. This
also explains the impact on redox potential; the step change shifted and was softer because
the ferric iron no longer played its oxidation role.

Iron was released very little under basic conditions, less than 1% in both studies
(Table 1). Conversely, in the acidic area, iron was released in solution at a rate of 45% for
pyrite/SiO2 and 25% for calcite/pyrite/SiO2. These results support the chemical mecha-
nisms previously outlined. Indeed, in a carbonaceous environment, Fe(OH)3 precipitation
(Equation (4)) decreased the iron content in solution.
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3.3.3. Sulfur

The solubility and speciation curves of sulfur are different between pyrite/SiO2 and
calcite/pyrite/SiO2 (Figure 6). In both cases, sulfur was mainly in the form of SO4

2−, then
HSO4

3− when pH < 3. According to the literature, this results from the addition of protons
and the acid–base properties of sulfur [41]. Moreover, the model supports the results
from experiments with varying anion concentrations (SO4

2−) [41]. For the assemblage,
the precipitation of gypsum considerably reduced the release of sulfur in the acidic area,
despite the complete dissolution of pyrite. Similar to iron, these results highlight pyrite
dissolution at alkaline pH values more than calcite dissolution, which buffers the solution.
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In the basic area, the leaching of sulfur was significant (Table 1) with 6% for pyrite/SiO2
versus 11% for calcite/pyrite/SiO2. No sulfur-containing mineral precipitated under these
pH conditions (Figure 6b,d). In the acidic area, sulfur was also released as follows: 52% for
pyrite/SiO2 and 37% for calcite/pyrite/SiO2. Again, these results support the mechanisms
previously presented and agree with the literature [41].

4. Discussion

Our results clearly show that carbonate phases buffer the solution and modify pyrite
dissolution, without preventing it. The mechanism of neutralization of sulfuric acid by calcite
may be modeled by considering the following equation, as suggested by Lapakko et al. [10]:

2 CaCO3 + H2SO4 → 2 Ca2+ + 2 HCO3
− + SO4

2−. (5)
This mechanism was particularly well represented by the model and the modeled

results of sulfur speciation (Figure 6d). Indeed, unlike the pyrite/SiO2 assemblage, in the
calcite/pyrite/SiO2 assemblage, HSO4

− did not appear in solution before pH < 2, at the
beginning of gypsum dissolution. At pH > 2, HSO4

− was transformed by the buffering
capacity of the carbonate phase into SO4

2−. Modeling and speciation provided an important
understanding of the mechanisms involved in the geochemical evolution of the assemblage
of pyrite and calcite.

Therefore, the proposed geochemical model in this paper satisfactorily reports the
complexity and interdependence between the dissolution of mineral phases during ANC–
BNC titration. Figure 7 presents these complex and essential aspects of pyrite dissolution
dependent on acid–base conditions and, thus, the presence of calcite. Whatever the acid–
base conditions, oxygen allows pyrite dissolution to begin. This results in the production
of ferrous iron and acid (Equation (1)). The ferrous iron is then oxidized to ferric iron
through oxygen and a proton (Equation (2)). Depending on the environmental conditions,
the reactions that follow are different. In very acidic conditions (pH < 3.5), ferric iron
and water allow for pyrite dissolution. Ferrous iron and many protons are produced
(Equation (3)). It is this quantity of protons that strongly acidifies the leachate and causes
acid mine drainage. Pyrite dissolution can be very important, because, with the initial
oxidation, ferric iron is auto-catalyzed (Equation (3)). In more basic conditions (pH > 3.5),
iron hydroxide precipitation (Fe(OH)3) dissolves the pyrite phase, without Fe2+/Fe3+

saturation. However, because Equations (1) and (3) produce protons and SO4
2−, a mineral

phase with high buffer capacity is required to maintain pH > 3.5, causing the contaminated
neutral drainage. The carbonate dissolution provides CO3

2−, which can stabilize the pH
above 3.5.

The conclusions of this study are based on experimental data that were obtained for
specific proportions of calcite and pyrite. However, depending on the mining waste, the
contents may vary. The geochemical model employed to fit our experimental data was
used to predict pyrite dissolution for several scenarios. Figure 8 shows pyrite dissolution
as a function of pH for different values of the ratio of calcite and pyrite contents (mol/mol):
1/100, 1/10, 1, 10, 100, and 1000. Note that our experimental results were obtained for a
ratio of 88 (mol/mol). Very low calcite content had little influence on pyrite dissolution
and pH in pure water (see crosses in Figure 8 corresponding to m(H+) = 0). As soon as
1/10 calcite was introduced, the pH in pure water reached a value of 9.3. The calcite phase
took the lead. When the calcite content increased, the dissolution of pyrite was complete at
increasingly alkaline pH: pH = 2 for 1/100 of the nominal calcite content versus pH = 3
for the nominal content (calcite/pyrite = 1). For ratios greater than 10, similar impacts
of calcite on pyrite dissolution were observed, with complete dissolution at pH ≈ 6.5.
Sufficient calcite content is required to buffer the solution, as pyrite dissolution produces
considerable acidity (Figure 7).
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5. Conclusions

This study investigated the potential of ANC–BNC titration combined with geochem-
ical modeling for the characterization of mining waste in terms of buffer capacity and
element release and identification of the main parent mechanisms. We used the European
standard NF EN 14429 [31] to perform ANC–BNC titrations on three synthetic mineral
assemblages representing common mining wastes (for the two last mineral assemblages):
calcite/SiO2, pyrite/SiO2, and calcite/pyrite/SiO2. ANC–BNC titrations were combined
with geochemical modeling to interpret pH, redox potential, and element release evolution
as a function of the added amounts of acid or base. Geochemical modeling was used to
relate the main buffer zones and releases to mineral precipitation or dissolution.

The application of the proposed approach (ANC–BNC combined with geochemical
modeling) proved efficient to (i) characterize the three synthetic matrices by approaching
their real composition and (ii) identify the main processes involved in element release and
the production of AMD and CND. The acid–base neutralization capacity test introduced
differences among the three matrices (calcite/SiO2, pyrite/SiO2, and calcite/pyrite/SiO2),
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which were supported and developed by the proposed geochemical model. The modeling
approach very satisfactorily simulated our experimental results (pH and element release
data) and provided results in line with previous studies, whereas the modeling of pe trends
seemed trickier. The geochemical model explained the differences in the dissolution of
pyrite depending on the presence of calcite [1,38]. Separately, pyrite and calcite had an
equilibrium pH in pure water of ~4.5 and ~9.0, respectively. The addition of base did
not affect the pyrite and calcite phases. The addition of acid to solution resulted in phase
dissolution. However, the synthetic matrices behaved differently with acid; the addition of
acid resulted in the catalysis of pyrite dissolution by the neutralizing capacity of the calcite
phase. The calcite dissolution provided CO3

− ions, which allowed for stabilization of the
pH value in the basic area. At these high pH values, Fe3+ precipitated as iron hydroxide,
which permitted pyrite dissolution without acidification of the solution. These chemical
mechanisms, involved in both AMD and CND, emphasize the crucial role of the carbonate
phase in pyrite and sulfide dissolution, especially the speciation of released elements.
Despite the carbonate buffer capacity, the dissolution of pyrite and other potential trace
element-bearing phases is not prohibited [22]. Thus, even if the leachate is not acidic,
pyrite may dissolve, thereby releasing sorbed heavy metals. Consequently, the addition
of calcite may not be sufficient to entirely mitigate the environmental hazard [17]. This
analytical approach of associating experimentation and modeling allowed for a quite
accurate understanding of the various geochemical mechanisms. The approach assumes
some prospects and adaptations for other matrices.

This study investigated the geochemical processes of pure phases. However, real
matrices may behave differently. First of all, the phases may be much more complex from a
thermodynamic point of view, with additional complex mechanisms (precipitation and
dissolution kinetics, passivation of calcite, coating of mineral surfaces due to precipitation,
etc.) [53]. In addition, biological processes were not considered, and these are known to
impact AMD, with Fe-oxidizing bacteria involved in the generation of ferric iron and the
acceleration of pyrite dissolution [54]. Additional tests should be conducted with different
types of strains to investigate the influence of bacteria on AMD and CND processes. The
question of toxicity and the fate of bacterial communities in these peculiar environments
should be addressed. The proposed study offers a general frame for understanding the
main geochemical processes responsible for AMD and highlights the need to account for
the specifics of each real matrix, its compositions (pyrite–calcite ratio), and its related
environment. Ongoing research will focus on applying the proposed method to complex
matrices such as real mining waste or urban sediments.
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