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ABSTRACT: The dissolution of sulfide minerals can lead to hazardous arsenic levels in groundwater. This study investigates the
oxidative dissolution of natural As-bearing sulfide minerals and the related release of arsenic under flow-through conditions. Column
experiments were performed using reactive As-bearing sulfide minerals (arsenopyrite and löllingite) embedded in a sandy matrix and
injecting oxic solutions into the initially anoxic porous media to trigger the mineral dissolution. Noninvasive oxygen measurements,
analyses of ionic species at the outlet, and scanning electron microscopy allowed tracking the propagation of the oxidative dissolution
fronts, the mineral dissolution progress, and the change in mineral surface composition. Process-based reactive transport simulations
were performed to quantitatively interpret the geochemical processes. The experimental and modeling outcomes show that pore-
water acidity exerts a key control on the dissolution of sulfide minerals and arsenic release since it determines the precipitation of
secondary mineral phases causing the sequestration of arsenic and the passivation of the reactive mineral surfaces. The impact of
surface passivation strongly depends on the flow velocity and on the spatial distribution of the reactive minerals. These results
highlight the fundamental interplay of reactive mineral distribution and hydrochemical and hydrodynamic conditions on the
mobilization of arsenic from sulfide minerals in flow-through systems.

KEYWORDS: sulfide mineral dissolution, arsenic mobilization, surface passivation, flow-through experiments, reactive transport modeling

■ INTRODUCTION

Arsenic (As) contamination of groundwater is a global
problem threatening the quality of fresh drinking water and
the health of millions of people.1−6 In many aquifers,
hazardous levels of arsenic are caused by the dissolution of
As-bearing sulfide minerals triggered by dynamic redox
conditions where atmospheric oxygen and/or oxic water
contact the reduced reactive minerals.7−12

Although the dissolution of As-bearing sulfide minerals
occurs naturally in the subsurface, anthropogenic activities can
exacerbate this contamination by enhancing the exposure of
sulfide minerals to oxygen. For instance, the disposal of mine
tailings and their exposure to atmospheric oxygen is known to
potentially result in the generation of acid mine drainage,
triggering the dissolution of a variety of mineral phases and the
mobilization of contaminants.13−17 Managed aquifer recharge
(MAR) can also enhance arsenic release in groundwater from

the dissolution of sulfide minerals naturally present in the
subsurface due to the direct injection of oxic water in the
subsurface.18−22 Furthermore, seasonal fluctuation in water
level23 and hydraulic fracturing24 have been shown to increase
the exposure of sulfide minerals to atmospheric O2 and,
consequently, to enhance their dissolution. Thus, detailed
understanding of the geochemical and hydrological processes
controlling the dissolution of these As-bearing minerals is
fundamental for the adequate understanding of natural and
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engineering systems and for improved management of
groundwater resources.
Extensive research has been devoted to the characterization

of the mechanisms and rates of As-bearing sulfide mineral
oxidation and to the subsequent release of arsenic in
solution.25 In particular, multiple oxidative dissolution path-
ways of sulfide minerals have been identified via the reduction
of oxygen, ferric iron, and/or nitrate.26−30 Furthermore,
secondary mineral phase precipitation [i.e., ferric arsenate
and/or iron (hydr)oxides] significantly influence the mobility
of released aqueous species7,31 and the rates of the sulfide
mineral oxidation via the formation of coatings leading to
surface passivation.32,33 The release and transport of arsenic
are particularly affected by the pH and ionic strength as these
hydrochemical parameters exert a primary control on a wide
range of geochemical processes including sorption and mineral
dissolution/precipitation (e.g., refs 34−36). In particular,
acidic conditions promote the adsorption of arsenic37 but
increase the solubility of iron oxides. The dissolution of iron
oxides is strongly enhanced below pH 4 and reduces the total
As sequestration potential of the mineral assemblage.32,38,39

However, most experimental investigations focusing on As-
bearing sulfide minerals have been limited to batch and stirred-
flow reactors with single mineral phases and relatively simple
hydrochemical conditions. In contrast, a higher level of
complexity is expected under natural conditions as a result of
(i) the large number of spatially and temporally varying
geochemical and physical factors that can affect mineral
transformation,7,40,41 (ii) the heterogeneous spatial distribution
of reactive minerals41−44 and (iii) the coexistence of multiple
sulfide minerals with varying kinetic dissolution rates.29 The
complex interplay between multiple co-occurring geochemical
and hydrological processes limits our ability to interpret and

predict the dissolution of As-sulfide minerals and the release of
arsenic in natural systems. Therefore, flow-through laboratory
experiments and reactive transport modeling45−47 are
instrumental to provide a quantitative interpretation of the
processes controlling the release and transport of arsenic in
groundwater.
In this study, we investigate the dissolution of a natural As-

bearing sulfide mineral assemblage composed of löllingite and
arsenopyrite and the co-occurring release of arsenic during the
dynamic change from anoxic to oxic conditions under well-
controlled laboratory flow-through conditions. A series of
column experiments were performed with the sulfide minerals
embedded as inclusions in a sandy matrix with different spatial
configuration, forming chemically heterogeneous but physically
homogeneous porous media. In particular, we tested the
impact of the hydrochemistry (i.e., pH and major ions) on the
dissolution of the sulfide minerals and the release of arsenic.
Oxic salt and/or acid solutions were injected to trigger the
dissolution of the well-characterized As-bearing sulfide
minerals under different flow-through conditions. Specific
focus was dedicated to the alteration of the sulfide minerals
surfaces by microscopy surface characterization techniques. A
reactive transport model was developed to provide a
quantitative interpretation of the experiments and to analyze
the role of co-occurring geochemical and transport processes
on the mineral transformation and arsenic mobility.

■ MATERIAL AND METHODS

Column Experiments. Flow-through experiments were
performed in cylindrical glass columns (length: 11.7 cm, inner
diameter: 1.75 cm) schematically illustrated in Figure 1. The
columns were filled with a wet-packing procedure to minimize
the entrapment of air in the pores.48 The resulting porous

Figure 1. (a) Diagram illustrating the columns with the reactive mineral inclusions, the different hydrochemical and hydrodynamic conditions of
the experiments, and the simultaneous calibration approach adopted in the process-based simulations; (b) backscattered electron image of the
inclusion and relative elemental composition of selected mineral grains from SEM−EDS measurements shown in atomic percent; (c) spectra of the
SEM−EDS measurements performed on the selected mineral grains; and minerals were identified based on the elemental composition.
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matrix was physically homogeneous, as the quartz sand and the
As-bearing sulfide minerals had the same grain size (125−250
μm), but chemically heterogeneous, as the sulfide minerals
were embedded as inclusions (10 vol %) in the sandy matrix.
The reactive inclusions consisted of 45 wt % arsenopyrite
(FeAsS) and 55 wt % löllingite (FeAs2), as shown by scanning
electron microscopy (SEM) and energy-dispersive X-ray
spectroscopy (EDS) analyses (Figure 1b) and quantified by
X-ray diffraction (XRD) analysis.
The experiments were performed by applying a continuous

vertical injection from the bottom to the top using two ports at
each end of the columns. Steady-state flow conditions with
different flow velocities (i.e., 1.5 m/day for experiments 1−4
and 30 m/day for experiment 5) were established by
connecting the inlet and outlet ports to high-precision
multichannel peristaltic pumps (IPC-N24 and IPC-24,
ColeParmer). The column experiments started by flushing
the domain with an oxygen-depleted solution (1 mM NaCl
and O2 < 0.022 mM) in order to maintain the setup under
anoxic conditions and to equilibrate the surface of the porous
media with the initial aqueous conditions. The exposure of the
sulfide minerals to O2 prior to the experiment was minimized
by using the sulfide minerals immediately after their
preparation (details on the preparation method are provided
in the Supporting Information) and by flushing with the
oxygen depleted solution at a high flow rate (∼10 m/day) to
minimize the time for equilibration. At the beginning of the
experiments, oxic solutions with different pH and background
electrolyte concentrations (Figure 1) were injected in the
column setups.
All columns were equipped with oxygen-sensitive strips (SP-

PSt3-NAU, PreSens GmbH, accuracy ± 0.4%) glued onto the
inner walls of the setups to track the propagation of the oxygen
fronts during the flow-through experiments. We measured
high-resolution spatial profiles of O2 concentrations (5 mm
spacing) along the columns at different times. Breakthrough
curves of oxygen were recorded before and after the inclusions
(i.e., 2 and 9.6 cm from the inlet, respectively) by continuously
measuring the oxygen concentration at a 5 min interval.
Furthermore, the pH breakthrough curves were monitored at
the outlet of the columns by connecting one of the outlet ports
to a 10 mL flow-through vial, where a pH electrode (Hach
IntelliCAL PHC281) measured pH at a time interval of 5 min.
The remaining outlet port was used to measure the eluted
solute concentrations during the experiments, with a sampling
interval of 1 h. Total Fe and As concentrations and total Na,
Al, and S were measured from 2% HNO3

− acidified samples
with inductively coupled plasma mass spectrometry (7700×
ICP−MS, Agilent Technologies) and ICP optical emission
spectroscopy (ICP-OES, PerkinElmer Avio 200, in axial and/
or radial mode), respectively. The confidence in the measure-
ments was ensured by using triplicates and obtaining a
measurement standard deviation < 5%. In column experiments
1, 2, and 3, a part of the sample was passed through an arsenic
speciation cartridge containing 0.8 g of aluminosilicate
adsorbent in order to selectively adsorb As(V), whereas
As(III) remained in solution for the analysis.49,50 The applied
flow rates were gravimetrically measured at the end of the
column experiments, and the effluent pH breakthrough curves
were determined by accounting for dilution effects in the flow-
through vial (see the Supporting Information for details). All
experiments were conducted at 20 °C and the laboratory
solutions were prepared using Milli-Q water.

The effects of pH and ionic strength on the dissolution of
As-bearing sulfide mineral and arsenic sequestration during the
formation of secondary mineral phases were investigated by
performing column experiments with the injection of oxic
solutions with different pH values (i.e., pH ≈ 6 and pH ≈ 2.8,
the latter obtained by adding 1.6 mM HCl) and with different
ionic strengths (i.e., 1 and 100 mM using NaCl as a
background electrolyte). These three experiments, denoted
columns 1−3 throughout the text, had a 2 cm long inclusion of
As-bearing sulfide minerals embedded in the sandy matrix
(Figure 1) and were run at flow velocity of 1.5 m/day.
The individual effects of spatial and temporal scales on the

mineral transformation and the release of arsenic were assessed
by repeating column 1 with a longer mineral inclusion (5 cm,
column 4) and with a higher flow velocity (30 m/day, column
5). In particular, such high velocity can represent fast flow
observed in highly permeable aquifers and/or during engineer-
ing applications where active pumping is applied.51−54 Details
about the preparation and characterization of the porous media
and the flow-through experiments are provided in Section S1
of the Supporting Information.

Scanning Electron Microscopy. At the end of the
column experiments performed under neutral and acidic
conditions (i.e., columns 1 and 3), solid samples from the
inclusions were collected for SEM in order to characterize the
alteration of the As-bearing sulfide minerals surfaces and to
explore the effects of pH on their surface morphology and
composition. A sample representative of the inclusion at the
beginning of the experiments was obtained by preparing a
column (i.e., wet-packing and equilibration with an anoxic
solution) that was sacrificed before the injection of the oxic
solution. SEM analyses on carbon-coated samples were
performed with a Quanta FEG 250 operated at 20 keV and
consisted in inspecting the surface morphology and composi-
tion with secondary and back-scattered electrons, respectively.
Furthermore, surface elemental composition (expressed as
atomic percentage [at %]) was analyzed by EDS with an X-
Max silicon drift detector (Oxford Instruments). As shown in
Figure 1, the SEM analyses performed on the unaltered sample
confirmed the outcomes of the XRD analysis showing that
both arsenopyrite and löllingite compose the reactive sulfide
mineral inclusion and that these minerals are well-segregated in
different grains. The higher mass density of the sulfide minerals
(bright gray) allows distinguishing them easily from the silica
sand grains (dark gray) on the backscattered electron image.

Modeling Approach. The model simulates the transport
of oxygen and aqueous charged species introduced in the
initially anoxic setups, the interaction between the reactive
mineral surfaces and the aqueous charged species, the oxidative
dissolution of the sulfide minerals, and the subsequent mineral
transformation and leaching of solutes from the reactive
minerals. The reactive transport model was implemented in the
geochemical code PHREEQC-355 coupled with Matlab by
using the IPhreeqc module.56 Such coupling allowed
combining the capabilities of PHREEQC to model solute
transport, as well as kinetic and equilibrium reactions, with the
automatic calibration and data analysis capabilities of
Matlab.57−60 The thermodynamic database WATEQ4f,
amended with the aqueous speciation reactions of arsenic
from Dixit and Hering,37 was used to calculate the aqueous
speciation and reactions. A single set of kinetic model
parameters describing the mineral transformation and capable
of reproducing the experimental data set under the various
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tested hydrochemical conditions and spatial configurations was
calibrated through parallelization of the simulations of columns
1−4. Details regarding the calibration procedure are provided
in the Supporting Information. A global sensitivity analysis was
performed to assess the relative linear and nonlinear influence
of the calibrated model parameters (Table 1) on the model
outputs (arsenic elution, mineral dissolution/precipitation, and
surface passivation). This sensitivity analysis, presented in the
Supporting Information together with the collected exper-
imental data set, shows the importance of constraining the
model calibration by observations encompassing a range of
hydrochemical, geochemical, and hydrodynamic conditions.61

Reaction Network. The model accounts for a series of
geochemical processes triggered by the changes in hydro-
chemistry and by the transition from anoxic to oxic conditions.
Such geochemical processes include: (i) the oxidative
dissolution of arsenopyrite and löllingite, (ii) the precipitation
of iron (hydr)oxides and ferric arsenate phases, (iii) the surface
passivation of the As-bearing sulfide minerals induced by the
formation of new mineral phases,7 (iv) the adsorption of
arsenic onto freshly precipitated iron (hydr)oxides,37 and (v)
the electrochemical interactions between the quartz sand
surface and the aqueous charged species.62 The abiotic mineral
transformations were described with the set of reactions listed
in Table 1. These key reactions are controlled by the rate
expressions defined by means of thermodynamic constraints
and hydrochemical composition.
Dissolution and Precipitation Mechanisms. The dissolu-

tion rates of arsenopyrite and löllingite were expressed as a
function of (i) oxygen and proton concentrations, (ii) surface
areas of the sulfide minerals, and (iii) precipitated iron
(hydr)oxide and ferric arsenate phases that coat and passivate
the reactive sulfide mineral surfaces25,31−33,41−43,63

= × [ ] × [ ] × × { }

×
+ { } + { }

{ } ×

R k A mO H ( )
1

1

x x

m K

m m 2 m

FeOOH FeAsO

1,m 2,m

4

ox,m (1)

where km is the rate constant, x1,m and x2,m are calibrated
exponents, Am is the exposed surface area of the sulfide mineral
[m2·mol−1], {m} is the amount of mineral per unit volume of
solution [mol·L−1], and Kox,m is a calibrated constant.
Quantities in brackets and braces, [ ] and { }, represent the
molar concentration of the dissolved species and minerals,
respectively.
The abiotic oxidation of ferrous iron to ferric iron in the

presence of oxygen was kinetically controlled by the
concentration of the reactants and the pH according to the
rate47,64

= × [ ] × [ ] × [ ]

+ × [ ] × [ ]

+ −

+

R k

k

Fe O OH

Fe O

Fe Fe
2

2(aq)
2

Fe
2

2(aq)

1

2 (2)

where kFe1 and kFe2 are rate constants. The abiotic oxidation of
arsenite by oxygen was catalyzed by the oxidation of ferrous
iron under circumneutral pH and enhanced under acidic
pH65,66

α= × + × [ ] × [ ] × [ ]+R R k As(III) O HAs Fe As 2(aq) (3)

where α is a coefficient coupling the abiotic oxidation rates of
ferrous iron and arsenite and kAs is a rate constant.
The precipitation of the secondary mineral phases was

expressed as a function of the degree of oversaturation of the
minerals

δ= Ω −‐ Ω>R k ( 1)FeAsO FeAsO pptn FeAsO 14 4 4 (4)

Table 1. Geochemical Reactions and Kinetic Parameters Included in the Reactive Transport Modela

Oxidative dissolution of the As-bearing sulfide minerals

arsenopyrite FeAsS + 2.75O2 + 1.5H2O → Fe2+ + H3AsO3 + SO4
2−

parameter unit calibrated value
kFeAsS [mol−2·L3·m−2·s−1] 2.55 × 10−7 [1.51 × 10−7; 3.74 × 10−7]
x1,FeAsS [-] 0.59 [0.51; 0.63]
x2,FeAsS [-] 0.25 [0.22; 0.27]
AFeAsS [m2·mol−1] 72.65 [53.23; 89.05]
Kox,FeAsS [-] 4.44 × 10−3 [3.18 × 10−3; 5.67 × 10−3]
lo ̈llingite FeAs2 + 2O2 + 2H2O → Fe2+ + 2H2AsO3

−

parameter unit calibrated value
kFeAs2 [mol−2·L3·m−2·s−1] 1.00 × 10−7 [9.36 × 10−8; 1.10 × 10−7]
x1,FeAs2 [-] 0.69 [0.68; 0.69]

x2,FeAs2 [-] −0.02 [−0.02; −0.01]

AFeAs2 [m2·mol−1] 140 [134; 144]

Kox,FeAs2 [-] 4.44 × 10−3 [3.18 × 10−3; 5.67 × 10−3]

Oxidation of aqueous species

kFe1 [mol−3·L4·s−1] kFe2 [mol−1·L2·s−1]

ferric iron Fe2+ + 0.25O2 + H+ → Fe3+ + 0.5H2O 9.84 × 1015b 1.28 × 10−6c

α [-] kAs [mol−2·L3·s−1]
arsenite H3AsO3 + 0.5O2 + H+ → H2AsO4

− 1.05 [0.97; 1.10] 3.74 × 103 [2.56 × 103; 6.81 × 103]
Precipitation of secondary mineral phases

log(Ksp) [-] km [mol·s−1]
ferric arsenate Fe3+ + 0.5O2 + AsO4

3− + 2H2O → FeAsO4·2H2O 27.20 [26.88; 28.57] 1.57 × 10−11 [8.64 × 10−12; 9.19 × 10−11]
iron (hydr)oxide Fe3+ + 2H2O → FeOOH + 3H+ −3.68 [−3.88; −3.52] 2.86 × 10−12 [1.73 × 10−12; 3.50 × 10−12]

a95% confidence intervals of the calibrated parameters are shown in brackets. bHaberer et al. (2015).48 cSinger and Stumm (1970).64
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δ= Ω −‐ Ω>R k ( 1)FeOOH FeOOH pptn FeOOH 1 (5)

where kFeAsO4
and kFeOOH are the rate constants and Ωm is the

saturation ratio of the mineral m. Ωm = IAPm/Ksp,m, where
IAPm and Ksp,m are the ion activity product and the solubility
product of the mineral m, respectively, with δ = 1 if Ωm > 1.
The total pool of iron (hydr)oxide was represented with a
simplified stoichiometry FeOOH in the reactive network.
Surface Complexation. The interactions between protons,

major ions, and the quartz sand surface, as well as the
adsorption of trace elements onto the freshly precipitated iron
(hydr)oxides, were simulated using surface complexation
models. The adsorption reactions at the surface of the natural
sand are listed in Table S7 and included the protonation and
deprotonation of the quartz surface, as well as the formation of
Na, Br, and Cl outer-sphere complexes.62 These reactions were
defined for a single type of surface site (i.e., SiOH, 4.6 sites/
nm2) using the Basic Stern model with an inner layer
capacitance C1 = 8.55 F/m2. The diffuse double layer
(DDL) model of ferrihydrite with a specific surface area of
600 m2/g and with weak and strong adsorption sites (i.e., Hfow
and Hfos, respectively)

67 was used to describe the adsorption
reactions at the surface of the precipitated iron (details are
provided in the Supporting Information). Arsenic adsorption
onto the freshly precipitated iron oxides was simulated using
the set of surface complexation reactions and parameterization
from Dixit and Hering.37

Reactive Transport. The transport of oxygen and aqueous
charged species in the mobile aqueous phase was described
with the governing multicomponent transport equation,

accounting for the compound-specific diffusive/dispersive
properties, the Coulombic interactions between charged
species,68−70 as well as the kinetic partitioning of oxygen
between the aqueous and an entrapped gas phase42

∑ ∑
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1
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(6)

θ λ
∂

∂
= −

C

t
C(HC )g

g,O
w,O g,O

2

2 2 (7)

where Cw,i, Cg,i [mol·L−1], and Si [mol·kg−1] are the aqueous,
gas phase, and surface concentrations of species i, θw and θg [-]
are the volumetric water and gas content, respectively, q is the
specific discharge, ρs is the mass density of the solids, and DL

ij is
the matrix of longitudinal cross-coupled dispersion coefficients
of the charged species in the pore water. Rk [mol·L−1·s−1] and
vik [-] represent the reaction rate and the corresponding
stoichiometric coefficient of species i for the kth reaction and t
[s] is the time. λ [s−1] is the kinetic water-gas mass transfer
coefficient; H [-] is the Henry’s law coefficient. λ = 7.55 × 10−6

s−1 was determined based on the O2 transport behavior in a
separate conservative flow-through experiment (see the
Supporting Information), whereas θg was considered as a
fitting parameter for each flow-through setup. DL

ij was
calculated as71

Figure 2. Measured (symbols) and simulated (lines) breakthrough curves of arsenic, iron (a−d), and pH (e−h) at the outlet of the columns (note
that pH was not measured in column 4). Oxygen evolution at two locations at a distance of 2 and 9.6 cm from the inlet of the columns (i−l) and
oxygen spatial profiles at different times (m−p) during the column experiments 1−4. The gray areas show the location of the reactive As-bearing
sulfide mineral inclusions. The hydrochemical compositions of the inlet solutions are specified for each column at the top of the figure.
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where DL
i is the longitudinal hydrodynamic dispersion

coefficient of species i, δij is the Kronecker index which is
equal to 1 when i = j and 0 when i ≠ j, zi is the charge of
species i, and N is the number of mobile species. For each
species i, DL

i was calculated with a linear parameterization72,73

θ= +D D dv0.5i i
L w (9)

where Di is the aqueous self-diffusion coefficient of specie i
calculated and corrected for temperature and viscosity at T =
20 °C (see the Supporting Information), d is the average grain
size, and v the flow velocity. The reactive transport model
includes a total of 36 species (Table S6) and the 1-D domain
representing the column setup was discretized into 50 grid-
cells (Δx = 2.3 mm).

■ RESULTS AND DISCUSSION
Impact of Hydrochemical Conditions. Figure 2 displays

the measured and simulated breakthrough curves of arsenic,
iron (Figure 2a−d), pH (Figure 2e−h), and oxygen (Figure
2i−l), as well as the spatial profiles of oxygen at different times
(Figure 2m−p) in columns 1−4. The results demonstrate the
strong impact of the hydrochemical conditions on the
dissolution of the As-bearing sulfide minerals and the release
of arsenic.
The shift from anoxic to oxic conditions triggers the

dissolution of the As-bearing sulfide minerals leading to the
release of arsenic and iron which are detected at the outlet of
the columns under all tested conditions (Figure 1a−d).
Although the concentration of arsenic is of similar magnitude
in the four experiments, the dynamics and amounts of arsenic
released strongly differ. In column 1, performed under
circumneutral and low ionic strength conditions, the arsenic
concentration reaches a maximum (108.4 μM) shortly after
flushing 1 PV and, then, steadily declines with time. A similar
behavior for arsenic is observed in column 2, performed under
circumneutral and high ionic strength conditions. However,
the maximum concentration (114.5 μM) and the total amount
of arsenic released are larger than in column 1. Column 3 was
performed by injecting an acidic solution with a low
concentration (1 mM) of NaCl as the background electrolyte
and the results show a significantly different shape of the
arsenic breakthrough curve (Figure 2c). In this case, the
arsenic concentration increases sharply at breakthrough time
reaching a significantly higher value (i.e., 152.3 μM) than the
ones measured in experiments 1 and 2 and remains steady until
the end of the experiment. This results in a significantly larger
concentration (160.2 μM after 40 PV) and amount of total

arsenic released (64.5 μmol after 40 PV) compared to
experiments 1 and 2 ([72.9−78.6] μM and [33.6−35.2]
μmol after 40 PV). The major species of arsenic is arsenite
(average: 90 [84−100]%, 92 [89−98]%, 81 [71−94]% in
columns 1, 2, and 3, respectively), although the data show a
slight oxidation of arsenite to arsenate upon the introduction of
oxygen in the column that is captured by the model (Figure
S5).
The breakthrough curves of iron also differ in the three flow-

through experiments with the same length of the reactive
mineral inclusion (columns 1−3) and can be associated with
the behavior of arsenic. In fact, the amount of released arsenic
and iron are positively correlated (Table 2). In particular,
higher concentration of arsenic in column 2 (high ionic
strength), corresponds to the peak of iron detected between 1
and 10 PV (average measured concentration of Fe is 23.6 μM,
Figure 2b) in comparison to column 1 (low ionic strength) for
which the concentration of Fe remains below 10.2 μM (Figure
2a). In column 3 (acidic conditions), significantly higher and
steady concentrations of Fe are observed after 1 PV similar to
the As behavior (average concentration of Fe is 71.6 μM,
Figure 2c). Furthermore, in both columns 2 and 3, Fe peaks at
1 PV before reaching lower concentration.
Higher concentrations of arsenic and iron are related to

lower pH conditions (Figure 2e−g). This is particularly visible
in experiment 3, as strong acidic conditions (pH 2.8),
prevailing throughout the experiment, prevent the precipitation
of iron (hydr)oxide phases. In contrast, the decrease in Fe and
As concentrations observed in columns 1 and 2 suggests that
the precipitation of secondary mineral phases takes place under
the circumneutral pH condition28 and impacts the dynamics of
As concentrations through sequestration mechanisms (i.e.,
adsorption and coprecipitation) and/or passivation of the
sulfide minerals. The effect of pH can also be seen in
experiment 2 as a sharp drop in pH, with a minimum value of
3.73 is visible at 1 PV and co-occurs with higher As
concentrations. This drop in pH, followed by a sluggish
recovery toward the pH value of the injected solution, results
from the injection of the NaCl salt solution and the interaction
between Na and the surface of the quartz sand, which triggers
the deprotonation of the quartz surface.62 This experimental
result illustrates the potential impact that the mineral
assemblage (i.e., quartz in this specific case) can exert on the
dissolution of As-bearing sulfide mineral by influencing the
hydrochemical conditions.
Regarding the propagation of oxygen in the columns, the

breakthrough curves and spatial profiles for oxygen are similar
in columns 1 and 2 (Figure 2i,j,m-,), while significantly more
O2 is consumed in column 3 (Figure 2k,o). This is in
agreement with the arsenic breakthrough curves suggesting
similar dissolution of the As-sulfide minerals during the flow-

Table 2. Measured Amount of As and Fe Released and O2 Consumed after 40 PV during the Column Experiments

Experiment 1 2 3 4 5

size inclusion [cm] 2 2 2 4 2
flow velocity [m/day] 1.5 1.5 1.5 1.5 30
ionic strength NaCl [mM] 1 100 1 1 1
injected solution pH ∼6 ∼6 2.8 ∼6 ∼6
total arsenic released [μmol] 33.6 35.2 64.5 47.5 5.1
arsenic concentration [μM] 72.9 78.6 160.2 111.3 11.1
total iron released [μmol] 3.2 6.4 28.8 9.1 7.48 × 10−3

O2 consumed after 40 PV [%] 81 76 98 99 18
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through columns 1 and 2, whereas the acidic conditions in
column 3 enhance the dissolution of the As-sulfide minerals
and the consumption of oxygen.
The calibrated model could reproduce the complex trends of

arsenic, iron, and pH breakthrough curves by explicitly
accounting for the impact of the specific hydrochemical
conditions (Figure 2). The calibrated model allows us to
identify the geochemical mechanisms controlling the dis-
solution of the sulfide minerals. In particular, we analyze the
contribution of mineral phases in releasing and sequestering
arsenic, as well as the temporal evolution of the dissolution/
precipitation rate and of the passivation of the reactive sulfide
mineral surface. The model indicates that although only a
minor amount of As-bearing sulfide mineral is consumed
during the experiments (<1%), it greatly impacts the
hydrochemical conditions and the release of arsenic. The
rates of the two minerals are different: löllingite dissolution was
significantly faster than that of arsenopyrite (Figure S5),
leading to a higher amount of arsenic released from löllingite
(i.e., 97, 97, and 77% of the total amount of arsenic released in
columns 1, 2, and 3, respectively). This result is corroborated
by the low level of sulfur that was measured in all experiments
as concentrations remained below the detection limit (6.2 μM)
in agreement with the low dissolution of arsenopyrite
simulated by the model (see model results for sulfate
concentrations in Figure S5). Furthermore, a substantial part
of the mobilized arsenic is sequestered in secondary mineral
phases in experiments 1 and 2 performed by injecting
circumneutral pH solutions (i.e., 40 and 37% in columns 1
and 2, respectively). Arsenic sequestration primarily results
from the co-precipitation of arsenic in a ferric arsenate phase,
whereas adsorption onto the freshly precipitated iron (hydr)-
oxide is minor (<1%). This observation is in agreement with
previous findings reporting amorphous ferric arsenate phase
precipitation in the presence of high arsenic concentration.74

Conversely, the strong acidic conditions prevailing in column 3
lower the saturation and prevent the precipitation of the
secondary mineral phases. In column 2, the short period of
acidic pH conditions induced by the release of protons from

the natural sand surface leads to a delay in the precipitation of
secondary mineral phases (Figure S5) which explains the
higher concentrations of As and Fe at 1 PV compared to
column 1.
The experimental and modeling results show that the

relative importance of the geochemical mechanisms varies with
the tested conditions and that the measured stoichiometric
ratio of the aqueous species might not reflect the
stoichiometric ratio of the dissolution due to precipitation/
sequestration mechanisms. In particular, the global sensitivity
analysis, presented in detail in the Supporting Information,
indicates that the sensitivities of the model kinetic parameters
vary with the hydrogeochemical and hydrodynamic conditions
but that all parameters are sensitive across the range of
conditions explored in this study.

Effect of pH on the Evolution of Sulfide Mineral
Surfaces. The effect of pH on the alteration of sulfide mineral
surfaces was investigated by performing SEM and EDS
analyses on 186 mineral grains collected at the end of the
column experiments 1 and 3, performed under circumneutral
and acidic pH conditions, respectively. Figure 3 summarizes
the results of these analyses and provides important insights
into the fundamental importance of pH in the evolution of the
sulfide mineral surface.
Formation of coatings at the surface of the löllingite and

arsenopyrite cannot be directly observed from the SEM
backscattered electron image. However, SEM−EDS quantifi-
cation analyses reveal a significant change in the elemental
composition of the surface for both sulfide minerals during the
column experiments. In particular, under circumneutral pH
conditions, the relative proportion of oxygen at the surface of
löllingite and arsenopyrite (Figure 3b,e) increases by 45 and
63%, respectively, indicating the formation of freshly
precipitated secondary mineral coatings on the surface of the
sulfide minerals. The backscattered electron images together
with the SEM−EDS quantification analyses suggest that these
coatings are thin (<1 μm) and well distributed over the surface
of the grains. In contrast, the amount of oxygen in column 3
slightly decreases (29 and 19% for löllingite and arsenopyrite,

Figure 3. Backscattered electron image of löllingite (a−c) and arsenopyrite (d−f) at the beginning and at the end of the column experiments
performed by injecting a circumneutral (column 1) and an acidic solution (column 3). The bar plots summarize the SEM−EDS elemental
quantification analyses (in at %) performed on As-bearing sulfide minerals at the beginning and at the end of the column experiments (details of the
SEM-EDS analyses are reported in the Supporting Information).
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respectively), showing that the acidic conditions prevent the
formation of coatings. Similar SEM−EDS quantification results
were obtained when operating the SEM at 8 keV (Figure S4).
Furthermore, backscattered electron images reveal the
formation of micrometer-size cavities on the surface of the
löllingite grain exposed to acidic conditions (Figure 3c),
suggesting higher dissolution of löllingite under acidic
conditions.
In order to distinguish the relative contribution of secondary

mineral precipitation, surface passivation and the impact of pH
on the sulfide mineral dissolution and release of arsenic,
additional simulations were performed using the calibrated
model in which surface passivation of arsenopyrite and
löllingite and/or precipitation of secondary mineral phases
were deactivated (Figure 4).

The simulation results indicate that the direct influence of
pH on the reactive minerals dissolution rate (i.e., corrosion) is
of minor importance compared to the effect of pH in inhibiting
the precipitation of iron (hydr)oxide and ferric arsenate
phases. In fact, the precipitation of these secondary minerals is
of primary importance since it strongly affects the dissolution
of sulfide minerals and the transport of arsenic. Higher acidity
prevents surface passivation leading to enhanced dissolution of
sulfide minerals as well as significantly lower arsenic

sequestration. In particular, the model shows that surface
passivation mechanisms hinder the dissolution of sulfide
minerals by 26% under the circumneutral conditions prevailing
in column 1, whereas sequestration of arsenic into secondary
mineral phases leads to a decrease of 70% in As concentration.
These results suggest that the cavities visible on the surface of
löllingite in Figure 3c result from the absence of surface
passivation under acidic conditions which promote the
dissolution of the minerals.

Mineral Spatial Distribution Effects. The effects of the
spatial distribution of the reactive minerals on the passivation
of the As-bearing sulfides through the formation of secondary
mineral phases and on the release of arsenic were tested by
repeating column 1, initially performed with an inclusion of 2
cm and under low ionic strength conditions, with a longer
inclusion of 5 cm (column 4). The comparison of the arsenic
breakthrough curves (Figure 2a,d) shows that the amount and
dynamics of the arsenic released strongly depend on the size of
the inclusion. Interestingly, this difference occurs despite equal
concentration of reactants (i.e., bulk mineral and injected
oxygen concentrations), similar flow velocity, and an amount
of reactive mineral largely in excess compared to the total
amount of injected oxygen in both experiments (i.e., <1% of
arsenopyrite and löllingite were consumed after 40 PV).
While arsenic concentration peaks at 1 PV and thereafter

diminishes due to the passivation of the reactive surface in
column 1 (Figure 2a), the maximum As concentration is higher
(∼118.1 μM) and remains constant in the experiment
performed with a longer inclusion (column 4; Figure 2d).
This results in a significantly higher total amount of arsenic
released (47.5 μmol after 40 PV in column 4 compared to 33.6
μmol in column 1). Similar to the arsenic breakthrough curve,
the iron concentration is higher in column 4 (∼23.1 μM) than
in column 1 (<10.7 μM) and remains steady until the end of
the experiment. The comparison of the propagation of oxygen
between the short and long inclusion cases and the analysis of
the measured breakthrough curves confirms that the higher
release of As and Fe in column 4 is related to the complete
consumption of O2 within the longer inclusion (Figure 2l).
Indeed, O2 reacts with the sulfide minerals over a longer
distance in column 4 and the spatial profiles measured along
the column show that almost all oxygen is depleted before 6
cm (Figure 2p). In contrast, in column 1, a significant amount
of oxygen is passing through the inclusion and reaches the

Figure 4. Measured and simulated arsenic breakthrough curves in
columns 1 and 3 considering different mechanisms of mineral
transformation and arsenic sequestration using the calibrated model.

Figure 5. Simulated evolution of the secondary mineral phases in columns 1 and 4 performed by injecting low ionic strength circumneutral
solutions. The gray areas show the location of the reactive As-bearing sulfide mineral inclusions. The concentrations of löllingite and arsenopyrite in
the inclusions were 2.41 and 2.33 M, respectively.
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outlet of the column before the end of the experiment (Figure
2m). The evolution of the reactants and products suggests that
the passivation of the mineral reactive surfaces plays a less
important role in the system with the longer inclusion. Figure 5
displays the simulated spatial distribution of precipitated
secondary mineral phases at different times and shows that
the precipitation of such secondary mineral primarily occurs in
the upstream portion of the inclusion. This pattern results from
the higher concentration of oxygen leading to higher mineral
dissolution, dissolved species release, and precipitation rates in
the upgradient part of the reactive inclusion (Figure S5). Both
oxygen and dissolved iron are progressively depleted along the
flow direction, leading to lower precipitation in the down-
gradient portion of the reactive sulfide mineral inclusion.
The model shows that the spatial extent of secondary

mineral precipitation relative to the total length of the
inclusion decreases for longer mineral inclusions. Therefore,
the effects of surface passivation by the formation of coatings
on the overall sulfide mineral dissolution rates occur more
rapidly for shorter inclusion. For a longer As-bearing sulfide
mineral inclusion, the surface passivation effects on the
concentrations of the released aqueous species only become
significant at later times, as sufficient coatings hampering
oxidative dissolution are progressively distributed over the
sulfide minerals surface and as the dissolution front propagates
downgradient.
Impact of Hydrodynamic Conditions. We examine the

role of flow velocity and time scale of solute transport on the
dissolution rate of the sulfide minerals by repeating the first
flow-through experiment (column 1, v = 1.5 m/day) with a
higher flow velocity (column 5, v = 30 m/day). The
breakthrough curves of As and Fe, as well as the propagation
of O2 measured in column 5, indicate that the dissolution of
As-bearing sulfide minerals is considerably reduced under high
flow velocity (Figure 6).
The maximum As concentration and total amount of arsenic

released after 40 PV decreases by nearly 90% under fast flow
conditions (14.7 μM) compared to column 1 (108.4 μM).
Similar to column 1 (Figure 2a), the concentration of arsenic

at the outlet of column 5 decreases after reaching its maximum
value at ∼5 PV (Figure 6a). This observation suggests that the
effect of surface passivation on the dissolution rate of sulfide
minerals caused by the precipitation of secondary minerals
remains visible under fast transport conditions. Furthermore,
less oxygen is consumed by the reactive inclusion and higher
O2 concentrations reach the outlet of the column (Figure 6b).
The calibrated model can reproduce the maximum

measured arsenic concentration indicating that the overall
decrease in the effective rate of sulfide mineral dissolution
compared to column 1 is due to the shorter residence time of
oxygen (Figure S7). However, in order to capture both the Fe
concentration at the outlet and the temporal decrease in As
concentration, it was necessary to increase the kinetic mass
transfer coefficient of oxygen, the precipitation rates of
secondary mineral phases, and the surface passivation factor
(eq 1). This may be explained by the enhanced contact
between oxygen and the released ferrous iron, which favors the
precipitation of secondary mineral phases75 and the passivation
of the sulfide mineral surfaces (Figure S8).

Environmental Significance. The experiments and
simulations conducted in this study highlight the complex
interactions between multiple co-occurring geochemical
mechanisms controlling the dissolution of As-bearing sulfide
minerals and the transport of arsenic in groundwater. Such
process-based understanding is of pivotal importance for the
practical management of groundwater resources both under
natural conditions and in the presence of engineered
interventions such as managed aquifer recharge, MAR.20−22

In particular, our results show that the precipitation of
secondary mineral phases affects both the dissolution of the
sulfide minerals and the mobility of arsenic by promoting the
passivation of the sulfide mineral reactive surface and
significant sequestration of arsenic. pH plays a key role in
the mobilization of arsenic and mineral surface evolution by
controlling the dynamics and extent of the secondary mineral
phase precipitation. As illustrated in this study by the effects of
reactive quartz surfaces on the acidity of the pore water,
mineral phases naturally present in the subsurface influence the
groundwater hydrochemical conditions and can indirectly but
significantly impact the dissolution of sulfide minerals.
Furthermore, the mineral spatial distribution and the temporal
scale under flow-through conditions are key factors for the
kinetics of reactive mineral dissolution and for the mobility of
aqueous species in groundwater. In particular, during transient
change from anoxic to oxic conditions, the decrease in sulfide
mineral reactivity due to surface passivation propagates
downgradient. Therefore, the scale of reactive mineral
inclusions determines the magnitude and dynamics of surface
passivation and its impact on solute concentrations in the
subsurface. Our results clearly show that such an effect
decreases in the presence of longer inclusions. This finding has
important implications for analyzing spatially distributed
mineral transformation dynamics and underpins the impor-
tance of appropriate scales of investigation to detect and
quantify the surface passivation impacts on mineral con-
sumption and reaction product dynamics. Moreover, the
relatively high concentrations of arsenic measured in the
experiments compared to field measurements (e.g., refs 2 8,
and 12) may be representative of the concentrations occurring
in the vicinity of dissolving As-bearing sulfide minerals. Such
high concentration of arsenic leads to a sequestration
mechanism primarily occurring via arsenic-iron co-precipita-

Figure 6. Measured (symbols) and simulated (lines) breakthrough
curves of arsenic and iron (a) and oxygen spatial profiles at different
times (b) in column experiment 5 that was performed by injecting a 1
mM NaCl, pH ≈ 6 solution with a flow velocity of 30 m/day.
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tion into a ferric arsenate phase.74 In contrast, the adsorption
of arsenic onto iron (hydr)oxide is less important under these
conditions but is expected to become the dominant
mechanism of arsenic sequestration farther away from the
sulfide minerals inclusion where ferric arsenate phase
precipitation is hampered by the lower arsenic concentration.
Finally, fast flow conditions decrease the overall dissolution

rate of sulfide minerals due to shorter solute residence time
and consequently lower reaction between O2 and the reactive
minerals. The fast flow conditions also cause an increase in the
surface passivation of the sulfide minerals which is interpreted
as an enhancement of the reaction between O and the other
solutes, in particular Fe(II), leading to higher precipitation of
secondary mineral phases and consequently faster coatings of
the reactive minerals. Such enhancement could lower the
release of arsenic in both natural and engineered systems.
However, fast flow conditions could also decrease the
adsorption due to incomplete mixing occurring in pore
channels at high flow velocity.76 Mass transfer limitations
such as incomplete mixing and intraparticle diffusion77,78

would, therefore, decrease the arsenic retardation capacity of
the porous medium.
The results of this study are of interest for natural fate and

transport of geogenic contaminants in groundwater, as well as
at the interface between different environmental compartments
(e.g., surface/groundwater) where the exchange of atmos-
pheric oxygen and its mixing with anoxic pore water can trigger
different biogeochemical reactions.79−81 The outcomes of this
investigation may help designing MAR strategies that minimize
the oxidative dissolution of sulfide minerals and the release of
arsenic. As an example, infiltration and/or injection rates could
be adequately chosen to favor the retention of arsenic in solid
phases, thus limiting the risk of freshwater contamination
during MAR. Future investigation should also address further
geochemical aspects that were not considered in this
investigation but will be important in natural settings. For
instance, the impact of additional minerals (e.g., carbonates
and pyrite) that can control the pore water pH and, thus, the
oxidative dissolution of As-bearing minerals. These additional
minerals can also affect the hydrochemistry by the release of
dissolved species, such as high sulfate concentrations that are
often observed in many natural and engineered subsurface
systems.82,83 Finally, the developed process-based model,
validated with the experimental observations in the different
flow-through experiments, could be extended to multidimen-
sional systems with complex patterns of physical and/or
geochemical heterogeneity.84−91 This will represent a valuable
tool to explore arsenic release and reactive mineral dissolution
and transformation in different subsurface systems.
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