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a b s t r a c t
Geochemical reactive transport modeling was coupled to bench-scale leaching experiments to investigate and verify the mobilization of geogenic arsenic (As) under a range of redox conditions from an
arsenic-rich pyrite bearing limestone aquifer. Modeling and experimental observations showed similar
results and confirmed the following: (1) native groundwater and aquifer matrix, including pyrite, were
in chemical equilibrium, thus preventing the release of As due to pyrite dissolution under ambient conditions; (2) mixing of oxygen- and nitrate-rich surface water with oxygen-depleted native groundwater
changed the redox conditions and promoted the dissolution of pyrite, and (3) the behavior of As along a
flow path was controlled by a complex series of interconnected reactions. This included the oxidative dissolution of pyrite and simultaneous sorption of As onto neo-formed hydrous ferric oxides (HFO), followed
by the reductive dissolution of HFO and secondary release of adsorbed As under reducing conditions.
Arsenic contamination of drinking water in these systems is thus controlled by the re-equilibration of
the system to more reducing conditions rather than a purely oxidative process.
! 2014 Elsevier Ltd. All rights reserved.

1. Introduction
Aquifer storage and recovery (ASR) is the storage of treated surplus surface water in a confined aquifer followed by its recovery
during times of need. The ASR procedure has been widely implemented around the world to meet increasing water demand and
to provide a more sustainable alternative to extensive groundwater consumption (Alley et al., 1999). However, perturbations of
the physicochemical conditions during ASR in Florida, Australia,
Denmark, and the Netherlands caused elevated arsenic (As) concentrations in recovered water (Arthur et al., 2005; Jones and
Pichler, 2007; Mirecki et al., 2012; Mirecki, 2006; Stuyfzand,
1998; Stuyfzand and Timmer, 1999; Vanderzalm et al., 2007).
In Florida, ASR is currently being widely implemented, but elevated As concentrations of up to 130 lg/L in recovered water
(Arthur et al., 2002; Arthur et al., 2005; Williams et al., 2002)
exceeded the As drinking water standard of 10 lg/L (EPA, 2009),
making permitting more complex. The storage zone for ASR is
generally the Upper Floridan Aquifer (UFA), a regional carbonate
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aquifer system. Arsenic in the aquifer matrix is of geogenic origin
and mostly associated with pyrite (Lazareva and Pichler, 2007;
Price and Pichler, 2006). Arsenic concentrations in pyrite from
the Avon Park Formation (APF) and Suwannee Limestone which
include the Upper Floridan Aquifer, and the Hawthorn Group,
which in part includes the Intermediate Aquifer were reported as
high as 5820, 11,200 and 8260 mg/kg, respectively (Lazareva and
Pichler, 2007; Price and Pichler, 2006; Pichler et al., 2011). Consensus is that the injection of oxygenated surface waters into reducing
native groundwater during ASR operations causes oxidative dissolution of pyrite, and thus the release of As to the stored water
(Arthur et al., 2002; Arthur et al., 2005).
The objective of this investigation was to carry out a series of
column bench-scale leaching experiments at different redox conditions using rock cuttings from the APF to identify important reactions that control water quality changes during ASR cycle testing
and incorporate those results into fully coupled reactive transport
models using the computer code Geochemist’s Workbench
(Bethke, 1998; Bethke, 2006a, 2006b). The goal was to gain a better
understanding of As mobilization from pyrite bearing limestone
aquifers at a much finer scale than previous modeling efforts
(Saunders et al., 2008; Wallis et al., 2011).
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2. Methods
2.1. Experimental setup

Table 1
Reactions and reaction rate constants used for construction of the reactive transport
model (T = 22.3 "C).
Reactions

The leaching experiments were performed in standing PVC columns of 0.019 m in diameter, and 0.3 m and 0.5 m in length, which
were filled with rock cuttings from the Avon Park Formation (APF)
that were collected during installation of a well in Polk County
(central Florida) (Pichler et al., 2011) and represented the interval
from 255 m to 257 m. Until time of preparation and chemical analysis the cuttings were stored in a 5 L bucket under a N2 atmosphere. Prior to packing the columns, the rock cuttings were
dried and ground using agate grinder to a size of coarse sand to
increase the surface area. The cuttings were examined by hand
lens, stereo microscope and scanning electron microscope (SEM)
for the possibility of post-drilling oxidation of pyrite. Two random
samples and 2 ‘‘targeted’’ samples were collected for the determination of chemical composition. The two ’’targeted’’ samples represented cuttings, which were deemed to have higher As, based on
clay or pyrite content, following the reported procedures (Pichler
et al., 2011; Price and Pichler, 2006). To characterize mineral
phases, the samples were examined with a Hitachi S-3500N
SEM-EDS instrument. To determine bulk rock chemical composition the samples were digested in 3:1 mixture of HCl and HNO3 following established procedures (Lazareva and Pichler, 2007; Price
and Pichler, 2006). Calcium, Fe, Mg, Mn, Na, K, S, P, Si and Al were
determined by inductively coupled plasma – optical emission
spectrometry (ICP–OES) and As by hydride generation – atomic
fluorescence spectrometry (HG–AFS) (Table S1).
To simulate ASR injectate, the City of Tampa drinking water was
used as an analog and collected from a tap in the laboratory after
extensive flushing. Mandated by Federal regulation, the ASR injectate has to be treated to meet primary and secondary drinking
water standards and requirements (CFR). Thus, ASR injectate and
drinking water in central Florida, specifically the City of Tampa,
undergo the same treatments including UV disinfection, chlorination or ozonation, and therefore are close with respect to chemical
composition, pH, temperature (T) and dissolved oxygen (DO) content. Native Floridan groundwater (GW) was collected from an
Upper Floridan Aquifer well located on the USF Tampa campus
(Table S3). The water was collected into a 9.5 L amber carboy
equipped with quick disconnect closures. To minimize atmospheric contact prior to sampling the carboy was flushed and filled
with N2. During collection N2 was replaced with groundwater, thus
ensuring an oxygen-free atmosphere. The groundwater and injectate water were immediately analyzed for pH, T, ORP (oxidation–
reduction potential), DO, H2S, and Fe2+. A CHEMets Colorimetric
field kit was used for Fe2+ analysis and H2S was analyzed using
the Methylene Blue Method on a HACH DR 2400 photospectrometer. The water samples were filtered through a 0.45 lm membrane
for the determination of major anions by ion chromatography (IC),
major cations by ICP–OES and As by HG–AFS.
After packing, the columns were flushed with N2 gas for about
24 h to eliminate any O2 present in the pore space. The water was
percolated through the columns from the bottom up, thus allowing
for a more uniform flow through the columns and complete saturation of the rock. To achieve a flow rate of about 2 mL/min and to
avoid any contact with atmospheric oxygen, Watson-Marlow multichannel peristaltic pumps were used. The leachate samples were
collected from the top of the columns at certain intervals (every
60 mL) and analyzed for physical and chemical parameters following the procedures described above. The column porosity was determined as the ratio of the weight of water filling the column to the
total weight of water and sediment in the column, subtracting the
weight of the column as n = mass (water)/(mass (water + sediment)) ⁄ 100% (Table S2).

log K

Minerals (reactants)
Calcite: CaCO3 + H+ = Ca++ + HCO!
3
Dolomite: CaMgCO3 + 2 H+ = Ca++ + Mg++ + 2 HCO!
3
Pyrite: FeS2 + H2O + 3.5 O2(aq) = Fe++ + 2 H+ + 2 SO!!
4
Arsenopyrite: AsFeS + 2.5 H2O + 0.375 SO!!
4 + 0.375
!
H+ = Fe++ + As(OH)!!
4 + 1.375 HS
Gypsum: CaSO4:2 H2O = 2 H2O + Ca++ + SO!!
4
Surface species
>(w)FeH2AsO3 + 2 H2O = H+ + As(OH)!
4 + >(w)FeOH
>(w)FeH2AsO4 + 2 H2O = H+ + 0.5 O2(aq) + As(OH)!
4 + >(w)FeOH
!
>(w)FeHAsO4 + 2 H2O = 0.5 O2(aq) + As(OH)!
4 + >(w)FeOH
+
!!!
>(w)FeOHAsO4
+ H2O + 2 H = 0.5
O2(aq) + As(OH)!
4 + >(w)FeOH

1.7492
2.6096
219.6902
188.1095
!4.4505
!14.6852
!41.7508
!35.9508
!23.0208

(A)

1 mm
(B)

(C)

Fig. 1. Photomicrograph (left corner A), scanning electron micrographs of dodecahedral (A) and framboidal (B) pyrites in the Avon Park Formation and EDX spectrum
(C). Note: Bar scales in lower right are 10 lm and 5 lm.
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" Titration model (2) simulated introduction of injectate water
into an aquifer under open system conditions. This model
titrated the minerals listed in Table S5 into 60 ml of water
(composition in Tables S1 and S3) in 100 increments where
the amount of oxygen was unlimited (O2(aq) constrained by
equilibrium with unchanging atmospheric O2(g)).
" Titration model (3) simulated introduction of injectate water
into an aquifer in the presence of considerable abundance of
pyrite and arsenopyrite under open system conditions. This
model is identical to model (2) excepting that a higher mass
of minerals was used (Table S6).
" Flow-through 1D reactive transport model (4) simulated the
column leaching experiments. Model parameters for this model
are fundamentally different from models (1) to (3) (but the
water composition and minerals are similar) and meant to
model the conditions of the column experiment in more detail
by including flow through a simple column of 10 compartments, or nodes to simulate how key reactions are behaving
across the column in time as water flows through it (Table S7).

2.2. Geochemical modeling
The chemical reactions and chemical evolution of the aqueous
phase were modeled using the Geochemist’s Workbench (GWB)
Professional modeling platform (version 6.0.5) including the React
and X1t modules (Bethke, 2006a,b). The React program calculates
the equilibrium states in solution, the state of mineral saturation,
as well as the fugacity of dissolved gases (Bethke, 2006a). It can consider a number of mineral interactions such as sorption and ion
exchange, plus kinetic constrains on reactions and mixing. At the
same time, X1t constructs a 1D reactive flow and transport model
which is coupled to the React code (Bethke, 2006b). Redox equilibrium of the system is the default state for most thermodynamic
modeling software including GWB – the assumption that all redox
couples are in equilibrium with each other. The program allows
‘‘decoupling’’, which is the removal of specific redox couples from
this assumption to model in limited way true redox disequilibrium.
Setup of the models was based on the bulk rock composition,
the rock mass for a 0.5 m column and the water chemistry analyses
described above. Due to the complexity of the carbonate system
during water–rock interaction in the columns, such as the progressive transformation of the solution and mineral saturation states,
four geochemical models were developed, which represent the
theoretical extremes of column experiments in an open or closed
system:
" Titration model (1) simulated introduction of surface (injectate)
water into an aquifer under closed system conditions. This
model titrated the minerals listed in Table S4 into 60 ml of
water (composition in Tables S1 and S3) in 100 increments
where the amount of oxygen was limited to the amount dissolved in the initial water.
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The simulation was set for 340 min and the volume of reacting
fluid was 60 mL to reflect the conditions of the leaching experiments. The simulation was designed based on the input flow rate
so the model is still in steps related to volume, but converted to
time based on a flow rate. During the geochemical modeling, mineral precipitation, dissolution and sorption were included in the
reaction network (Dzombak and Morel, 1990; Wolery et al.,
1994). The surface complexation modeling the FeOH.dat database
(Dzombak and Morel, 1990) was implemented to account for As
sorption onto hydrous ferric oxides (HFO). It included the surface
complexation constants, surface site density, and the specific surface area of the HFO species (Dzombak and Morel, 1990).
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Fig. 2. As, SO4, pH, and oxidation–reduction potential (ORP) over time in leachates recovered from the Avon Park Formation (255 m to 257 m). Note: GW: groundwater (0.3 m
column); IW-0.3: injectate water (0.3 m column); IW-0.5: injectate water (0.5 m column); each point represents 60 mL of sample pore volume; values for the initial water are
plotted on the Y-axis.
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Table 1 shows reactions and equilibrium constants used in the four
models.
Prior to the simulations, thermodynamic data for arsenopyrite
(AsFeS) in the thermo.dat database (Wolery et al., 1994) was modified to switch the controlling redox couple for the mineral to the
!
redox couple HS!/SO2!
4 instead of AsH3(aq)/As(OH)4 . The dissolution reaction of arsenopyrite was modified from (1) to (2):

AsFeS þ 2 H2 O þ 0:5Hþ ¼ Feþþ þ 0:5AsðOHÞ!4 þ 0:5AsH3 þ HS!

AsFeS þ 2:5 H2 O þ 0:375Hþ þ 0:375SO!!
4
¼ Feþþ þ AsðOHÞ!4 þ 1:375HS!

ð1Þ

ð2Þ

Redefining arsenopyrite was necessary for two reasons: (1) to put
the arsenopyrite dissolution reaction in the same terms as the pyrite dissolution reaction and (2) to put the definition of redox state
for this mineral dissolution in terms of S speciation rather than As
speciation. This allowed modeling of geogenic As in pyrite as a combination of pyrite and arsenopyrite. This combination considers
only the free energy changes in the As–S solid solution as a simple
mechanical mixing of the two end-members, but nevertheless
should provide a reasonable thermodynamic starting point.

3. Results and discussion
3.1. Rock chemical composition
Results from the geochemical and mineralogical analysis of the
255–257 m interval corresponded to previous studies of the APF
(Miller, 1986; Pichler et al., 2011; Scott, 1992). The APF rock cuttings used in the column experiments consisted of a limestone –
dolostone matrix with minor mineral phases, such as pyrite, dark
brown clays and gypsum (Table S1). Commonly, the dark brown
dolostone was highly fractured and sucrosic in texture. The SEM
analysis confirmed the presence of dodecahedral and framboidal
pyrite crystals with unoxidized surfaces (Fig. 1). Bulk rock chemical
compositions are presented in Table S1. The concentration of As
varied from 3.7 mg/kg to 5.2 mg/kg with average value of 4.7 mg/
kg. The amount of FeS2 varied from 0.11 wt.% to 0.04 wt.% with
the average value of 0.08 wt.%. It was calculated from the bulk Fe
concentration due to the presence of gypsum. The average As/
FeS2 molar ratio was 0.01.
3.2. Leaching experiments
During the experiments, groundwater (GW) was injected into a
0.3 m column and injectate water (IW) was injected into 0.3 m and
0.5 m columns to compare As leaching patterns. The columns contained between 162 g and 304 g of sediment with an average

120

800

>(w)FeOHAsO4--

110

700
600

100

As Species (µg/L)

As(OH)3

80
70

Eh (mV)

500

90

300
200
100

60

0

50

–100

40

–200
7.5

30

7.4

As(OH)4-

20
10

7.3

pH

>(w)FeHAsO4-

0
45

7.2
7.1

40

7

35

6.9
550

30

500
450

25

400
20

SO4 (mg/L)

Total As (µg/L)

400

15
10

300
250
200
150

5
0

350

100
50
0

50

10 0

15 0

20 0

Time (min)

25 0

30 0

350

0

50

100

150

200

250

300

350

Time (min)

Fig. 3. Modeled distribution of As species, total As, Eh, pH, and SO4 over time (Model 1: water–rock interaction between the aquifer matrix and surface water – Closed
System).
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porosity of 14.6% (Table S2). All experiments were performed for
about 5 h (280–340 min) and resulted in the recovery of 420 mL
of leachate from each column (Fig. 2, Table S3).
Injection of GW mobilized As at concentrations up to 4.3 lg/L in
the first pore volume. Arsenic concentrations subsequently
declined to <0.1 lg/L at the end of experiment (Fig. 2). The first
peak of As could be due to a possible micro-oxidation of pyrite surfaces along the fractures and crystal borders prior to the experiment and the formation of a thin film of ferrous sulfate phases
such as szomolnokite (FeSO4'H2O) or schwertmannite (Fe8O8(OH)6SO4) with incorporation of As into these structures (Costagliola
et al., 1997; Pratesi and Cipriani, 2000). Therefore, the injection
of anoxic groundwater could facilitate a minute release of As associated with a ferrous sulfate phase. Consistent with this idea, a previous study of As abundance in the Suwannee Limestone of the
Upper Floridan Aquifer showed enrichment of As along the rim
of framboidal pyrite (Price and Pichler, 2006).
The introduction of oxygen- and nitrate-rich surface (Jagucki
et al., 2009) IW into 0.3 m and 0.5 m columns showed that As concentrations in the first pore volume were up to 26.2 lg/L and
35.4 lg/L, respectively (Fig. 2). These values were higher than the
current As drinking water standard of 10 lg/L (EPA, 2009). The
concentration of SO4 increased by more than one order of magnitude from 58 mg/L to 679 mg/L and 1051.2 mg/L, respectively.
The pH values increased from 6.9 to 7.7 and 7.9, while the oxidation–reduction potential (ORP) declined from 223 mV to about

115 mV and 121 mV, respectively, due to consumption of oxygen
by pyrite oxidation. After 280 min of injection, the concentration
of As in leachates decreased to 16.6 lg/L and 23.8 lg/L for 0.3.m
and 0.5 m columns, respectively.
Pyrite is not stable under oxidizing conditions whereas Fe(OH)3
is not stable under reducing subsurface conditions (Evangelou,
1995). Generally, the oxidation and dissolution of pyrite by O2 acts
as a source for acidity, sulfate, iron and arsenic, and is a three step
process:
+
3!
(1) FeAsxS2!x + 7/2O2 + H2O ? Fe2+ + (2 ! x)SO2!
4 + xAsO4 + 2H

Fe2+can be further oxidized to Fe3+, which precipitates as HFO
(displayed as Fe(OH)3):
(1) Fe2+ + 1/4O2 + H+ ? Fe3+ + 1/2H2O and
(2) Fe3+ + 3H2O ? Fe(OH)3 + 3H+
The breakthrough curves for As and SO4 in the leachates
showed initially high concentrations for these species followed
by a rapid decline before reaching almost steady-state conditions
of mineral dissolution after about 3 h (Fig. 2). During experimental
oxidation of arsenopyrite, a similar sudden reduction of As and S
release rates occurred in the first 15 h (Walker et al., 2006) and
were interpreted as limited surface oxidation and preferential
reactions on fractured mineral surfaces (Borda et al., 2004). The
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Fig. 4. Modeled distribution of As species, total As, Eh, pH, and SO4 over time (Model 2: water–rock interaction between the aquifer matrix and surface water – Open System).
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increase in SO4 can be explained by (a) the oxidative dissolution of
pyrite or (b) the dissolution of anhydrite/gypsum. Since the Ca concentration did not increase significantly at the same time as SO4,
the dissolution of anhydrite/gypsum can be ruled out as a significant source for SO4. This leaves the oxidative dissolution of pyrite
to explain the observed increase in SO4 according to Eq. (1). Taking
into consideration the molar ratio of Fe and S in pyrite (1:2), the Fe
concentration in the leachate should have increased as well. However, the concentration of Fe in leachates was substantially lower
or even undetectable, which indicates that Fe was retained in the
column, most likely due to the precipitation of HFO. Due to the
high sorption capacity of HFO, the released As should have been
adsorbed onto neo-formed HFO and thus retained in the column
(Bowell, 1994; Chao and Theobald, 1976; Evangelou, 1995;
Inskeep et al., 2002; Hinkle and Polette, 1999; Hongshao and
Stanforth, 2001; Manning and Goldberg, 1998; Nickson et al.,
2000; Pichler et al., 1999; Vanderzalm et al., 2011). HFO is stable
only in oxic to suboxic conditions (ORP < !200 mV) which typically are not represented in the confined Upper Floridan Aquifer.
It is possible that if As was released from an oxide or sulfate salt
coating on the pyrite grains in the column on initial wetting with
the fluid, that As would have been transported through the column
before HFO mineral formation and subsequent As sorption would
limit it’s mobility. This would explain the initial spike in As and
SO2!
coming out of the column, consistent with experimental
4
studies of pyrite and arsenopyrite oxidation (Moses et al., 1987;

Walker et al., 2006). The results of the column experiments agree
with field experiments in the Netherlands (Wallis et al., 2010)
showing the initial As peak during injection due to the dissolution
of arsenopyrite, which diminishes quickly due to increased availability of HFO, transformation of As(III) to As(V), and As adsorption
on freshly precipitated Fe(OH)3.
3.3. Geochemical modeling
The aim of the modeling effort was to investigate the key geochemical processes and test the conceptual models on As release
during the leaching experiments, assuming four different scenarios. The parameters for each model are listed in Tables S4–S7.
3.3.1. Water–rock interaction between the aquifer matrix and surface
water (Closed System)
The goal of this model was to describe the reaction between the
aquifer matrix and surface (injectate) water under closed system
conditions using the React code. This model did not consider flow
and there was no source of atmospheric O2 to replenish O2 in the
fluid. Based on the results from the bulk rock chemical analysis
(Table S1), the aquifer matrix in the model was represented by
248 g of calcite (CaCO3), 30 g of dolomite (CaMgCO3), 25 g of gypsum (CaSO4), 0.2 g of pyrite (FeS2), and 0.002 g of arsenopyrite
(AsFeS) (Table S4), according to the 0.01 As/FeS2 molar ratio.
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The geochemical modeling showed that about 6 ( 10!4 g of
pyrite and 6 ( 10!6 g of arsenopyrite per total mass rock were dissolved over 340 min. The increasing concentration of Ca2+ indicated the dissolution of limestone during water–rock interactions
(data not shown). The redox conditions remained oxidizing for
about 300 min after which they sharply changed to reducing
(Fig. 3). The Eh decreased from +800 mV to !160 mV; in the model
this switch to reducing conditions was caused by the depletion of
oxygen and thus, a change from oxidative sulfide mineral dissolution to redox equilibrium between the remaining sulfide minerals
and the water phase. The pH of the system increased from 6.9 to
7.15 in the effluent (Fig. 3). The concentration of SO4 increased
from about 50 mg/L to 530 mg/L. About 110 lg/L of As was sorbed
onto HFO via weak bonding (FeOHAsO2!
4 ) until 300 min into the
simulation, when the As was released back to solution as As(OH)3
through the reductive dissolution of HFO. During that time, the
system was saturated with respect to pyrite and arsenopyrite.
The concentration of total As in the leachate was well below drinking water standard until after the sudden change in redox state,
when it went up to 45 lg/L (Fig. 3).
3.3.2. Water–rock interaction between the aquifer matrix and surface
water (Open System)
The goal of this model was to describe the reaction between the
aquifer matrix and injectate water under open system conditions,
i.e. the amount of O2 in the system was fixed and thus, did not

decrease as the reaction progressed. This step was important to
evaluate how much pyrite could react and the amount of As, which
could be leached from the aquifer matrix, if O2 was not limited and
the system remained oxic. The composition of the aquifer matrix
was unchanged from the previous model (Table S5).
This geochemical model demonstrated that similarly to model
(1) about 6 ( 10!4 g of pyrite and 6 ( 10!6 g of arsenopyrite were
dissolved over 340 min. In contrast to the previous model (1), HFO
remained stable and Eh remained positive (Fig. 4). The pH of the
system changed from 6.9 to 7.1 in the effluent. The concentration
of SO4 increased from about 50 mg/L to 530 mg/L. Although
approximately the same amount of pyrite and arsenopyrite reacted
during the simulations, the concentration of total As in the fluid
only reached 0.4 lg/L at the end of the simulation (Fig. 4). About
128 lg/L of As was sorbed onto HFO via weak bonding (FeOHAsO24!
and FeHAsO!
4 ). Thus, maintaining oxic condition in this system
keeps neo-formed HFO stable and limits As release to the water
phase; this process is likely not representative of how significant
As is mobilized in subsurface carbonate aquifers since the dissolved oxygen that is recharged in the Floridan Aquifer is reduced
very quickly (about 24-h half-life) (Mirecki et al., 2012).
3.3.3. Water–rock interaction between the aquifer matrix and surface
water (Open System; higher amount of As)
The major goal of the model (3) was to describe the water–rock
interaction of the system that would release the amount of As
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Fig. 6. Modeled distribution of As species, total As, Eh, pH, and SO4 over time (Model 4: 1D reaction-transport model of water–rock interaction between the aquifer matrix
and surface water).
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3.3.4. 1D reaction-transport model of water–rock interaction between
the aquifer matrix and surface water
The X1t code was used to model reactive transport in one
dimension (Bethke, 2006b) to simulate the geochemical and
hydrodynamic conditions in the column experiments (Fig. 2). This
model was important to investigate the results of bench-scale
experiments in time and space and to evaluate the key geochemical processes occurring along the flow path. This is one step further
than the column experiments, which allowed only the observation
of one point in time, i.e., at the column exit. Based on that one
observation point, chemical reactions along the flow path in the
column had to be inferred.
The transport model was constructed with the same solution
and solid phase compositions as in models (1) and (2). The dimensions of the simulated column were 50 cm (length) by 2 cm
(width). Consistent with the leaching experiments, the discharge
rate of fluid in the column was 0.01 cm3/cm2 sec, and the porosity
was 15 % (Table S7).
Based on the observed sensitivity during the three titration
models the amounts of FeS2 and AsFeS were changed to 0.2 g and
0.0007 g, respectively, to adjust this model with the experimental
data output (Table S7). This geochemical modeling showed that
about 8 ( 10!5 g/cm3 of pyrite and 2.9 ( 10!7 g/cm3 of arsenopyrite were dissolved at the end of the column over 340 min.
The pH of the system varied from 6.9 (initial fluid) to 7.0 at
the end of the column. At the same time the highest pH of 7.3
was reached at 2.5 cm distance along the flow path. The concentration of total As in the leachate reached up to 36 lg/L and the
concentration of SO4 increased from 47 mg/L to 1046 mg/L at the
end of the column. The Eh of the system changed rapidly from
oxidizing to reducing (+800 to !160 mV) from 2.5 cm to
47.5 cm (Fig. 6). Although the model ORP do not agree with
the measured ORP (Fig. 2), it is entirely appropriate to use the
model to look at how chemical processes may occur and evolve

the redox conditions over time or distance based on specific
reactions with oxygen and metal sulfides among other components. The model is a means to look at how the redox conditions
and associated As chemistry may evolve under different
scenarios.
Another way to present the results of this model is to plot the
chemical conditions as a function of space across the column at different times (Fig. 7, with spatial ‘snapshots’ at 170, 340, and
1020 min). Fig. 7 shows the progression of the reaction front across
the column and the subsequent behavior of As species through the
column. According to the model, the oxidative dissolution of pyrite/arsenopyrite, depletion of O2, and As sorption onto newly!
formed HFO via weak bonding (>(w)FeOHAsO2!
4 , >(w)FeHAsO4 ,
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amount of pyrite (FeS2) and arsenopyrite (AsFeS), which was modified to 0.4 g and 0.004 g, respectively, to ensure sufficient sulfide
material available for the model (Table S6).
During the simulations, the Eh of the system remained positive
indicating an oxidizing environment (Fig. 5). The pH dropped from
6.9 to 5.6 contradicting the experimental data (Figs. 2 and 5). The
concentration of SO4 steeply increased within 15 min of simulation
from about 50 mg/L to 1250 mg/L. The concentration of total As in
the fluid did get up to 35 lg/L, similar to the experimental data
(Fig. 2), with a much larger quantity of As adsorbed onto HFO. In
order to achieve this amount of As in solution, 0.4 g of pyrite and
0.004 g of arsenopyrite needed to be dissolved from the column
and the amount of As released remained in equilibrium with the
HFO generated. According to the bulk rock chemical analysis, the
samples from the APF contained about 800 mg/kg of pyrite or
0.2 g in the 0.5 m column (Table S1). This simulation suggests that
the brute force method of generating high-arsenic waters in completely oxidized settings for ASR systems would require much
more sulfide material than is generally available in the aquifer
matrix, and would yield higher sulfate and lower pH than is typically measured. Coupled with the results of model (2), oxidizing
conditions may initiate As release from sulfide minerals, but the
key to aqueous As release in ASR systems lies with the stability
and As sorption capacity of HFO. This confirms the broader
assumptions of several studies about As mobility at other localities
worldwide (Stuyfzand, 1998; Stuyfzand and Timmer, 1999;
Vanderzalm et al., 2007; Wallis et al., 2010), including southwestern Florida (Wallis et al., 2011).
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>(w)FeH2AsO4, and >(w)FeH2AsO3) occurred at the reaction front,
which by 340 min had moved to about 17 cm. The model showed
a sharp decrease of adsorbed As and steep increase of aqueous As
concentration around 22 cm at 340 min which was due the reductive dissolution of HFO (Fig. 7). This peak in As concentration is due
to several processes: the coupled oxidation of pyrite containing As,
As sorption to HFO, and the release of As on reduction of that same
HFO. The fluid down gradient of the reaction front showed that
As(OH)3 and As(OH)!
4 species were dominant in the column, and
that the fluid was saturated with respect to pyrite, as demonstrated
by the coexistence of Fe2+ and HS! species (Fig. 7) (Saunders et al.,
2008). Total As concentration in leachate varied from 49 lg/L (for
170 min) to 0.07 lg/L (for 1020 min). We note that the model does
not account for any initial oxidation of the pyrite and formation of
an oxide or sulfate salt prior to contact with oxygen in the fluid
interacting with the pyrite and arsenopyrite, something that may
have happened in the column experiments. The comparison of the
column experiment and model results (Fig. 2 compared to Fig. 6,
respectively) shows similar As levels in time but different sulfate levels in time. This suggests that the column experiment had a small
amount of initial oxidation and formation of an iron–arsenic–sulfate
salt from the grinding process that is unaccounted for in the model.
The model (4) should be more reflective of conditions potentially
occurring in calcareous aquifers.
As a modification to the model above, the discharge rate was
decreased from 0.01 cm3/cm2 sec to 0.005 cm3/cm2 sec (1 mL/
min), which caused the reaction front to move to 7 cm instead of
about 17 cm. This change in flow rate also caused an increase in
As concentration at 47.5 cm point from 36 lg/L to 49 lg/L.
4. Conclusions
Overall, the geochemical models and column experiments
showed that the injection of oxidizing surface waters into reducing
native groundwater cause a change in redox potential of the system and mobilization of As. The study confirmed previous work
by Jones and Pichler (2007), which predicted the instability of pyrite in the Suwannee Limestone and release of As into storage-zone
water, and informed the following specific conclusions:
" The column experiments suggested that As was released during
injection of oxygen- and nitrate-rich surface water at concentrations higher than the current drinking water standard due
to oxidative dissolution of pyrite, which was confirmed by
increased pH and SO4, and declining ORP values due to the consumption of oxygen.
" Model (1) simulated the introduction of injectate water into an
aquifer under closed batch system conditions, without considering flow and no source to replenish O2 in the fluid. It confirmed that about equivalent of 110 lg/L As was sorbed onto
HFO after 300 min of the simulation, but released back to solution as As(OH)3 due to the reductive dissolution of HFO. The
concentration of total As in the fluid was up to 45 lg/L. The
introduction of injectate water into the 0.5 m column showed
that As in the first pore volume was up to 35.4 lg/L, but
decreased to 23.8 lg/L after 300 min of injection.
" Model (2), modified from model (1), simulated the introduction
of injectate water into an aquifer under open system conditions
and to evaluate how much pyrite could react (dissolve) and to
determine the amount of As, which could be leached from the
aquifer matrix, if O2 was not limited and thus conditions
remained oxic. It showed that maintaining oxic conditions of
the system caused the dissolution of pyrite followed by As
adsorption on neo-precipitated HFO via weak bonding, resulting
in only 0.4 lg/L present in the leachate.
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" Model (3) simulated pyrite/arsenopyrite oxidation in an open
system due to water–rock interaction between the aquifer
matrix and injectate and thus, generate the corresponding
release of As that was observed in the experiments. The model
showed that about 0.4 g of pyrite, under the fixed molar ratio of
As:FeS2 assumed in the model, was required to dissolve from
the column to achieve As concentration of 35 lg/L observed in
the leaching experiments. However, those results did not agree
with the amount of As observed in the native rock, and did not
agree with the geochemical environment associated with ASR
activities.
" 1D reaction-transport model (4) examined the results of the
bench-scale experiments in time and space and evaluated the
key geochemical processes occurring along the flow path. The
model confirmed the assumption that a reaction front would
develop and progress in the column during the injection of oxygen- and nitrate-rich water, which closely controlled the behavior of As. The processes governing the behavior of As were the
oxidative dissolution of pyrite/arsenopyrite, As sorption onto
newly-formed HFO via weak bonding, and the reductive dissolution of HFO causing an increase of aqueous As. The concentration of As in the leachate reached up to 36 lg/L, although it
varied substantially with injection times and discharge rates.
" Models (1) and (4) were the most representative with respect to
the dominant geochemical processes occurring in the columns,
and supported a more complex geochemical pathway involving
sulfide mineral oxidation, formation of HFO with attendant As
sorption, followed by a reductive step where sorbed As is
released from dissolving HFO.
" The release of As from the aquifer matrix could also be affected
by a combination of additional factors outside the scope of this
modeling framework. This includes changes in the porosity and
permeability of the aquifer, the amount of pyrite exposed to
preferential flow paths during water–rock interaction, limited
surface reactivity of pyrite, favored reactions on fractured mineral surfaces, galvanic interactions between different sulfide
minerals in contact, the role of As heterogeneity in individual
pyrite crystals, or reactive ferrous sulfate thin films. Although
these factors were not addressed in the models, they can have
an influence on As mobilization.
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