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Abstract: Geologic carbon storage (GCS) is widely recognized as a promising strategy to reduce the
emissions of greenhouse gas (GHG) to the atmosphere. However, the potential for mobilization of
heavy metals, including arsenic (As), from their parent minerals in the subsurface because of induced
dissolution due to carbon dioxide injection, remains a concern. In this study, A TOUGHREACT model
was developed to investigate the potential of arsenopyrite dissolution in a deep arsenopyrite-rich
formation in the presence of Fe(III)-bearing minerals under geologic carbon storage conditions (a CO2

injection rate of 0.1 MMT/year, an average reservoir temperature of 50°C and an average reservoir
pressure of 18.7 MPa). The model shows that after injection of CO2, pH decreased as a result of CO2

dissolution, which led to the release of Fe3+from Fe(III)-bearing minerals. The oxidative Fe3+ released
from the dissolution of Fe(III) bearing minerals caused dissolution of arsenopyrite and release of As(III).
Therefore, dissolution of arsenopyrite is possible if Fe(III)-bearing minerals are present at or close to the
arsenopyrite-rich formation. The model also simulated the rate of As(III) migration from the
arsenopyrite-rich formation to a shallow aquifer above the formation. The As(III) migrated toward the
shallow aquifer through a permeable borehole 23 m away from the CO2 injector. Model simulations
show that the As(III) contamination front migrated to 182 m above the As-rich layer at t = 133 days
through the borehole given a CO2 injection rate of 0.1 MMT/yr (3.17 kg/s), which corresponds to an
average migration rate of 1.37 m/day. Model simulations also show that the rate of As(III) contamination
front migration was not significantly affected by borehole permeability change. Those observations
suggest that an aquifer, 1810 m above the As-rich layer as designed in model simulations, has the
potential to be impacted by As contamination if an As-rich layer is present at or close to the CO2

injection interval. It is important to note that this study investigates a worst-case scenario (from the
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perspectives of both site selection and abundance of arsenopyrite) and the results should not be
interpreted as evidences making subsurface CO2 storage projects unfeasible. C© 2016 Society of
Chemical Industry and John Wiley & Sons, Ltd.
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Introduction

CO2 concentration in the atmosphere has
increased significantly since the advent of the
industrial age,1,2 and strategies to mitigate this

problem have been investigated ever since. Among
them, the most promising is geologic carbon storage
(GCS). The strategy entails capture of CO2 from large
point sources of emission (e.g. coal-fired power plants)
and storage in geologic carbon sinks.2–4 Once injected
in the geologic formation, the compressed CO2 starts
dissolving into the formation brine lowering the pH
and could induce the release of metals and other
constituents (e.g. organic compounds) from their
parent minerals. This release could potentially result in
the mobilization of naturally occurring
contaminants.5,6 For example, it is common to have
arsenic (As) bearing minerals such as arsenopyrite
(FeAsS), realgar (AsS), enargite (CuAsS4), scorodite
(FeAsO4·2H2O), tennantite (Cu6[Cu4(Fe,Zn)2]As4S13),
and As2S3in the deep subsurface.7,8 An analysis of rock
samples taken from an aquifer deeper than 100 m at
Zimapán Valley, México, shows an As content ranging
from 10 to 10 500 mg/kg, depending on the location
and rock type.7 The primary sources of As in those
rock samples are arsenopyrite, scorodite, and
tennantite.7 Therefore, an injection of CO2 into a
reservoir with As-bearing minerals may lead to the
release of As from As-bearing minerals. In summary,
due to relative abundance of As-bearing minerals in the
environment and their occurrence in the lithophacies
of GCS formations, there is a growing interest in the
mechanism and kinetics of As release under GCS
conditions. Exposure to As may have mild effects of
human health, such as thickening and discoloration of
the skin, stomach pain, nausea, vomiting, and several
severe ones, such as causing cancer of the bladder,
lungs, skin, kidney, nasal passages, liver, and prostate.9

A few numerical simulation and experimental studies
were conducted to investigate the potential of As
contamination in groundwater related to CO2 injection

into the subsurface. For example, Zheng et al.6
conducted reactive transport simulations to evaluate to
the extent of As mobilization in a shallow potable-water
aquifer due to CO2 intrusion and the involved
mechanisms. The study suggested that oxidation of
arsenian pyrite due to the presence of oxygen and other
oxidative species, and desorption of As from clays and
ferric oxyhydroxides, due to dissolution of clays and
ferric oxyhydroxides as a result of CO2 intrusion and
pH drop, were two major mechanisms of As release.
Viswanathan et al.10 applied the reactive transport
model developed by Zheng et al.6 to evaluate As release
potential at a CO2 sequestration natural analog site in
Chimayo, New Mexico. They concluded that although
As can be released from dissolution of Fe-rich phases
as a result of CO2 intrusion, the released As adsorbs on
the surface of illite, kaolinite, and smectite through
surface complexation reactions, which decrease As
concentration. Keating et al.11 measured impacts of
CO2 dissolution on shallow groundwater quality in a
sandstone aquifer in New Mexico, USA. They
concluded that CO2 is not mobilizing As, uranium, or
lead from minerals within the shallow aquifer. Their
geochemical model study suggested that the
dissolution of calcite buffers against significant pH
depression and may, therefore, inhibit mobilization of
As, uranium, or lead. However, if CO2 enters the
shallow aquifer together with brackish water from deep
formations, As contained in the brackish water may
contaminate the aquifer.11

In this study, we investigated an As-bearing mineral
dissolution scenario proposed by Parthasarathy et al.12

that causes As release under GCS conditions, and a
reservoir-scale numerical model was developed using
two parameters from Parthasarathy et al.12 to evaluate
the impact of As release. Specifically, the dissolution
rate constant of arsenopyrite (10−8.09 mol/m2/s) and
the specific surface area of arsenopyrite (0.04 m2/g)
experimentally determined by Parthasarathy et al.12

were used in this study. In Parthasarathy et al.12

influent flow with dissolved Fe3+ concentration of
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10−4 M went through a 5-cm long PEEK (Poly Ether
Ether Ketone) column filled with arsenopyrite, and the
dissolution rate of arsenopyrite was obtained by
measuring dissolved As concentration at the effluent.
The steady state arsenopyrite dissolution rates obtained
at flow rates of 0.8 mL/min and 1.1 mL/min were
calculated to be 10−8.09 mol/(m2s). The BET surface
area of the cleaned arsenopyrite particles were
measured in triplicate using a 5-point Kr absorption
isotherm and was found to be 0.04 ± 2% m2/g.

Due to the relative abundance of arsenopyrite
(FeAsS) under the reducing conditions predominant in
most aquifers,6,8 we choose arsenopyrite as the host
mineral of As in this study. The process of As release
from arsenopyrite is described as follows: (1) injected
CO2 lowers the pH and causes dissolution of
iron-bearing minerals, which releases Fe3+to solution;
(2) Fe3+causes oxidative dissolution of arsenopyrite,
which results in release of H3AsO3(aq) to solution. The
dissolution reaction of arsenopyrite induced by
Fe3+can be written as:

FeAsS (s) + 5Fe3+ (
aq

) + 3H2O → 6Fe2+ (
aq

)
+ H3AsO3

(
aq

) + S (s) + 3H+(
aq

)
(1)

Based on this process, a numerical model was
developed to determine the concentration of As
released from arsenopyrite dissolution, and the rate of
migration of released As toward shallow aquifers.
Different from previous studies (As-bearing minerals
are in or very close to shallow aquifers), the numerical
model simulates a new scenario in which arsenopyrite
is present in the CO2 injection reservoir, and a
migration pathway (like a leaky well, a natural fault or a
borehole) connects the CO2 injection reservoir with
the shallow aquifer to allow potential migration of As
from the CO2 injection reservoir to the shallow aquifer.
The scenario simulated in this study is a worst-case
scenario, which has the As migration pathway very
close to the CO2 injection well to allow fastest
migration of As from the CO2 injection reservoir to the
shallow aquifer.

Methodology
Reactive transport modeling
The reactive transport code TOUGHREACT13 was
used to simulate the geochemical reactions and
transport process in a typical CO2 injection scenario.

TOUGHREACT is a numerical simulator to model
coupled subsurface multiphase fluid and heat flow,
solute transport, and chemical reactions.14

TOUGHREACT was developed by introducing
reactive transport into the existing framework of a
non-isothermal, multi-component fluid and heat flow
simulator TOUGH2.15 TOUGHREACT has been
previously used in applications that involve flow,
transport, and complicated reaction networks,
especially in the scenarios of carbon sequestration,
enhanced oil recovery and groundwater
remediation.13,16–19

Typical reactive transport formulation divides the
chemical species into primary and secondary species,
where the primary species define the chemistry of the
system and the secondary species are written in terms
of the primary species through the equilibrium
constant expression of fast, instantaneous
reactions.20–22 The reactive transport of primary
species is governed by mass conservation equation:21

d (φCi)
dt

= d
dx

(
φDie

dCi

dx

)
Diffusion term

− d
dx

(φuCi)
Advection term

±
∑N

i=1
virRir

Reaction term

(2)

where φ is the porosity of the porous media
(dimensionless), Ci is the concentration of species i
(mol/m3), Die is the effective diffusion coefficient of
species i (m2/s), u is flow velocity (m/s), Rir is the rth
reaction rate that can produce or consume species i
(mol/m3·s) and vir is stoichiometric number of species
i in the rth reaction (dimensionless).

In the porous media, u is determined by Darcy’s Law:

u = −ke f f −w

μw

(∇Pw − ρwg
)

(3)

where keff-w is the effective permeability of water in the
formation which equals the product of the absolute
permeability and the relative permeability of the liquid
in the unit of m2, μw is dynamic viscosity of water in
the unit of Pa·S, ∇Pwis pressure gradient in the unit of
Pa/m, and ρwg describes gravity effect in the unit of
Pa/m.

The effective diffusion coefficient of species i (Die) in
porous media can be calculated as:

Die = φτDiw (4)
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Figure 1. Dimensions of the modeling region.

where Diw is the diffusion coefficient of species i in
pure water, τ is the tortuosity of porous media, which
is computed from τ = φ1/3S7/3

w , where Sw is water
saturation.14

Model set-up
The TOUGHREACT model was constructed with six
vertically stacked horizontal layers and the domain
dimensions were 2800 m (D) × 1000 m (W) × 1980 m
(H) (Fig. 1). Different layers have different physical and
chemical properties. Physical and chemical properties
of the six layers can be found in Tables 2 and 3. The top
of the sixth layer (aquitard) is in contact with the
shallow aquifer (20 m thick). The Fe2O3-rich layer was
separated from the FeAsS-rich layer because the
dissolution of Fe2O3 always causes dissolution of
FeAsS, which means Fe2O3 and arsenopyrite cannot
exist in the same layer and maintain a steady state. The
FeAsS-rich layer was right above the Fe2O3-rich layer,
which was designed to trigger maximum dissolution of
FeAsS and that corresponded to the worst-case
scenario. Brooks-Corey relative permeability
function23 was used to model relative permeability of
brine and supercritical CO2, and van Genuchten
function24 was used to model capillary pressure. The
configuration of the six layers can be found in Fig. 2,

and details of physical and chemical properties of each
layer can be found in Tables 2 and 3.

The model simulated a 133 days CO2 injection period
with a constant CO2 injection rate of 0.1 MMT/yr (3.17
kg/s), which was the CO2 injection rate for pilot-scale
CO2 storage demonstration projects like Shenhua
Ordos Carbon Dioxide Capture and Storage Project in
Ordos (Inner Mongolia, China) and Kevin Dome
Carbon Dioxide Capture and Storage Project in
Northern Montana, USA.25 A second model with an
industrial scale CO2 injection rate of 1 MMT/yr
(31.7 kg/s) was also run. The CO2 injection interval
was from the top of Layer 1 to the bottom of Layer 3
(Fe2O3-rich layer). A relatively short CO2 injection
period was chosen in this study, because the primary
goal of this study is to explore the potential of As
release at deep subsurface under CO2 storage
conditions and migration of As from deep subsurface
to a shallow aquifer, not to conduct a comprehensive
study of As fate and transport in a long CO2 injection
period. The time step is greatly reduced to run the
model to reach convergence with the increase of
injection time, when more grid blocks become involved
in reactive transport modeling with the propagation of
CO2 plume. Simulations that cover a long-time CO2
injection period (e.g. 30 years) will be conducted in the
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Table 1. Important reactive transport modeling parameters of quartz, hematite and arsenopyrite.

Mineral name
Dissolution/precipitation

reactions Am(m2/g)

Molar
volume

(cm3/mol)
Keq at
25 oC

km at
25 oC,

(mol/(m2s))
∏

an
i

Ea

(kJ/mol)

Quartz (SiO2)a SiO2(s) ↔ SiO2(aq) 0.10 22.70 10−3.74 10−13.99 1.0 91.3

Hematite (Fe2O3)b Fe2O3(s) + 6H+ ↔
2Fe3+ + 3H2O

25.2 30.13 10−0.04 10−10.85 [H+]0.45 71.0

Arsenopyrite (FeAsS)c FeAsS(s) + 5Fe3+ + 3H2O ↔
6Fe2+ + H3AsO3 + S(s) + 3H+

0.04 26.83 1041.55 10−8.09 1.0 62.8

aSpecific surface area of quartz is 0.1 m2/g;39 Molar volume of quartz is 22.70 cm3/mol;39 Keq for quartz dissolution/precipitation is 10−3.74

at 25o C;28 km for quartz dissolution/precipitation is 10−13.99 at 25 °C and
∏

an
i is 1.0;40 Ea is 91.3 kJ/mol.40

bSpecific surface area of hematite is 25.2 m2/g (average of six hematite samples);41 Molar volume of hematite is 30.13 cm3/mol (calculated
based on molecular weight of hematite (159.69 g/mol) and density of hematite (5.30 g/cm3);42 Keq for hematite dissolution/precipitation is
10−0.04 at 25 °C;43 km for hematite dissolution/precipitation is 10−10.85 at 25 °C and

∏
an

i is [H+]0.45;44 Ea is 71.0 kJ/mol.45

cSpecific surface area of arsenopyrite is 0.04 m2/g;12 Molar volume of arsenopyrite is 26.83 cm3/mol (calculated based on molecular weight
of arsenopyrite (162.83 g/mol) and density of arsenopyrite (6.07 g/cm3));42 Keq for arsenopyrite dissolution/precipitation is 1041.55 at 25 °C
(calculated based on �Gf value of FeAsS,31 �Gf value of H3AsO3(aq)30 and �Gf values of Fe3+ (aq), H2O (l), Fe2+(aq), S(s) and H+ 29). km

for arsenopyrite dissolution/precipitation is 10−8.09 at 25o C and
∏

an
i is 1.0;12 Ea is assumed to be the same as the default Ea value for

minerals in TOUGHREACT (62.8 kJ/mol).14

future when a supercomputer is accessible, because it is
important to mimic a long-term CO2 injection
scenario of a carbon capture and storage (CCS) site and
to investigate the behavior of As migration in that
scenario. The CO2 injection well was located at X =
200 m and Y = 500 m, and the perforation zone of the
well penetrated entire CO2 storage formation (Fig. 3).
A vertical borehole with high vertical permeability of
10−13 m2 and a width of 16 m was located 23 m away
from the injection well (Fig. 3), to create a worst-case
scenario with an As leakage pathway very close to the
injection well. Two other vertical boreholes that have
the same properties as the first borehole were 800 m
and 2500 m away from the injection well. The
polygonal mesh was applied in this study and was
automatically generated by TOUGHREACT, with the
maximum individual cell area of 6 × 104 m2. Small
polygonal blocks were automatically generated in the
regions close to the injection well and the boreholes by
TOUGHREACT with the maximum individual cell
area of 100 m2, to capture complex two-phase
transport and chemical reactions close to the injection
well and the boreholes. The model had 19 018 active
grid cells in total. Initial concentrations of aqueous
species in Layers 1–6 can be found in Table 4. It is
important to note that the concentrations of H+, SiO2
(aq), Fe2+, Fe3+ and H3AsO3(aq) were equilibrium
concentrations with the mineral phases in the

sediments. The equilibrium concentrations were
obtained from an equilibrium simulation using
TOUGHREACT with no injection of CO2.

Mineral dissolution and precipitation
modeling – TST rate law
In this study, we use the TST (transition-state theory)
rate law26 to model all mineral dissolution and
precipitation processes. The theory assumes a special
type of chemical equilibrium (quasi-equilibrium)
between reactants and activated transition state
complexes, and the energy required for the reactants to
be converted to activated transition state complexes is
described by a term named activation energy.27 The
TST provides an approach to explain the temperature
and concentration dependence of the reaction rate law.
The TST rate law can be written as:26

R = Amkmexp
(

− Ea

RT

) ∏
an

i
(
1 − exp

(
m2gm3

))m1

(5)

g = �G
RT

= ln
(

Q
Keq

)
(6)

where Am is the mineral surface area, km is the
intrinsic rate constant in the unit of mol/m2/s, Ea is the
activation energy (kJ/mole) that describes temperature
dependency of km, Q is the ion activity product for the
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Table 2. Physical and chemical properties of Layers 1–6, as well as other model parameters.

Parameter Value Parameter Value

Density of rock in Layers 1–6 2600 kg/m3 CO2 injection rate (constant rate) 0.1 MMT/year

Initial pressure at bottom of domain 19.5MPa Brine residual saturation 0.2

Pressure gradient 9800 Pa/m CO2 residual saturation 0.1

Average CO2 storage reservoir temperature 50oC Brooks-Corey β 2

van Genuchten 1/α 2 × 104 Pa

Horizontal permeability of Layers 1 and 5 10−19 m2 (10−7 D) van Genuchten λ 0.46

Vertical permeability of Layers 1 and 5 10−20 m2 (10−8 D) Boundary condition (horizontal and
vertical-top)

Constant pressure
and open
boundary

Horizontal permeability of Layers 2, 3 and 4 10−12 m2 (1 D) Boundary condition (vertical-bottom) closed boundary

Vertical permeability of Layers 2, 3, and 4 10−13 m2 (0.1D) EOS module used in TOUGHREACT ECO2N

Horizontal permeability of Layer 6 10−16 m2 (10−4 D) Thickness of Layer 1 10 m

Vertical permeability of Layer 6 10−17 m2 (10−5 D) Thickness of Layer 2 100 m

Porosity of Layers 1 and 5 0.05 Thickness of Layers 3, 4 and 5 20 m for each layer

Porosity of Layers 2, 3, 4 and 6 0.2 Thickness of Layer 6 1790 m

Total simulation time 133 days Horizontal permeability of borehole 10−12 m2 (1 D)

Simulation time step Automatic adjustment
(initial step = 1000 s)

Vertical permeability of borehole 10−13 m2 (0.1 D)

Rock compressibility 1.2×10−10 Pa−1 Porosity of borehole 0.2

Table 3. Initial mineral composition in Layers 1–6.

Layer
Quartz
(vol%)

Hematite
(vol%)

Arsenopyrite
(vol%)

Layer 1 100 0 0

Layer 2 100 0 0

Layer 3 99.0 1.0 0

Layer 4 99.99 0 0.01

Layer 5 100 0 0

Layer 6 100 0 0

mineral-water reaction, Keq is the corresponding
equilibrium constant, and

∏
an

i is a product
representing the inhibitionor catalysis of the reaction
by various ions in solution raised to the power n. In
this study, we use a simplified form of the TST rate law,
i.e., m1 = m2 = m3 = 1. The simplified form of the TST
rate law can be written as:

R = Amkm exp
(−Ea

RT

) ∏
an

i

(
1 − Q

Keq

)
(7)

For simplicity, only three minerals (quartz, hematite,
and arsenopyrite) were included in the reactive

transport model. Specific surface areas, molar volumes,
equilibrium constants (Keq), dissolution/precipitation
rate constants (km) and activation energy (Ea) of each
mineral can be found in Table 1.

The correlation between Keq and temperature (T) can
be written as:

K2 = exp
[(−�Ho

r

RT2
+ �Ho

r

RT1

)
+ LnK1

]
(8)

where K2 is the equilibrium constant at T2; K1is the
equilibrium constant at T1 (usually T1 equals to 298K);
R is the gas constant; �Ho

r is the enthalpy of reaction.
For quartz, the correlation between Keq and

temperature (T, in the unit of K) can be written as:28

log10
(
Keq−quartz

) = −1077.9
T

− 0.1158 (9)

For hematite, �Ho
r = 68.5 kJ/mol (calculated based

on Ho
f values of Fe2O3 (s), H2O (l), H+ and Fe3+ (aq).29

Given K1of 10−0.04 and T1 = 298K,28 the correlation
between Keq and temperature (T, in the unit of K) can
be written as:

log10
(
Keq−hematite

) = −3578
T

+ 11.97 (10)
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Figure 2. Configuration of 6 layers in the model. Layer 1: bottom of the domain (10 m
thick); Layer 2: SiO2 layer in the CO2 storage formation (100 m thick); Layer 3: Fe2O3-rich
layer in the CO2 storage formation (20 m thick); Layer 4: arsenopyrite-rich layer in the CO2

storage formation (20 m thick); Layer 5: caprock (20 m thick); Layer 6: aquitard (1790 m
thick).

Figure 3. Zoom-in view of the injection well and the borehole.

For arsenopyrite, �Ho
r = −32.7 kJ/mol (calculated

based on Ho
f values of Fe2+ (aq), S(s), H+, H2O (l) and

Fe3+ (aq);29 Ho
f value of H3AsO3 (aq)30 and Ho

f value of
FeAsS31). Given K1 of 1041.55 and T1 = 298K,28 the
correlation between Keq and temperature (T, in the unit
of K) can be written as:

log10
(
Keq−arsenopyrite

) = 1707
T

+ 35.79 (11)

Results and discussion
Injection of CO2 resulted in elevated CO2
concentration near the injection well, and the region
with high dissolved CO2 concentration expanded with
the increase of injection time (Fig. 4). At t = 133 days,
maximum CO2 concentration reached 3.21 wt% in the
CO2 storage formation, which approximately equaled
to 0.73 mol CO2/kg water. In TOUGHREACT, the
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Table 4. Initial concentrations of aqueous species in Layers 1–6.

Aqueous
species

Conc. in Layers
1–2 (mol/kg water)

Conc. in Layer 3
(mol/kg water)

Conc. in Layer 4
(mol/kg water)

Conc. in Layers
5–6 (mol/kg water)

Ca2+ 0.055 0.055 0.055 1.0×10−6

Cl− 0.36 0.36 0.36 6.1×10−6

H+ 3.16×10−7 2.0×10−7 1.0×10−6 3.16×10−7

HCO3
− 1.0×10−8 1.0×10−8 1.0×10−8 1.0×10−8

K+ 0.02 0.02 0.02 1.0×10−6

Mg2+ 0.01 0.01 0.01 1.0×10−6

Na+ 0.21 0.21 0.21 1.0×10−6

SiO2 (aq) 3.55×10−4 3.50×10−4 3.50×10−4 3.1×10−4

Fe2+ 1.0×10−15 1.0×10−15 1.8×10−6 1.0×10−15

Fe3+ 1.0×10−10 4.25×10−7 2.4×10−20 1.0×10−10

H3AsO3

(aq)
1.0×10−15 1.0×10−15 1.9×10−7 1.0×10−15

Note: For Layers 1, 2, 5 and 6, one mineral (quartz) is initially present in these layers. Therefore, the equilibrium concentration of SiO2 (aq)
(which is associated with dissolution of quartz) is calculated by TOUGHREACT. For Layer 3, two minerals (quartz and hematite) are initially
present in that layer. Therefore, the equilibrium concentrations of SiO2 (aq), H+ and Fe3+ (which are associated with dissolution of quartz
and hematite) are calculated by TOUGHREACT. For Layer 4, two minerals (quartz and arsenopyrite) are initially present in that layer.
Therefore, the equilibrium concentrations of SiO2 (aq), H+, Fe2+, Fe3+ and H3AsO3 (aq) (which are associated with dissolution of quartz and
arsenopyrite) are calculated by TOUGHREACT.

Figure 4. Dissolved CO2 concentration (in the unit of mass fraction) near the injection well
from t = 0 to t = 138.1 days.

solubility of CO2 in water is calculated from the
correlations specified in Spycher and Pruess.32 For
input parameters of temperature T and pressure P,
these correlations obtain the compositions of
coexisting CO2 and brine phases and generally within

experimental accuracy in the temperature range 12°C
� T � 110°C, pressures up to 600 bar, and salinity up
to saturated NaCl brines.32 The high dissolved CO2
concentration caused significant increase of [H+] near
the injection well. At the top of the Fe-rich layer near
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Figure 5. H+ concentration (a), Fe3+ concentration (b) and H3AsO3 (aq) concentration (c) at the top of the
Fe2O3-rich layer (the location is marked in Figure 3) within the borehole from t = 0 to t = 133.1 days.

the injection well, the [H+] increases from initial value
of 2.00 × 10−7 mol/kg water to 1.85 × 10−5 mol/kg
water at t = 81 days due to an increase in dissolved
CO2 concentration. [H+] then slowly decreases from
1.85×10−5 mol/kg water to 6.00 × 10−6 mol/kg water
at t = 133 days due to the consumption of H+ to
dissolve hematite (Fig. 5(a)).

The increase of [H+] near the injection well caused
dissolution of hematite and subsequent increase of
Fe3+ (aq) concentration in the Fe2O3-rich layer (Fig.
5(b)). Fe3+ (aq) from hematite dissolution migrated to
the arsenopyrite-rich layer and caused oxidative
dissolution of arsenopyrite (Fig. 5(c)). The maximum
dissolved As concentration at the top of the Fe-rich
layer reached 3.70 × 10−4 mol/kg water after 133 days
of CO2 injection, which equals to 27,721 ppb As.
Although there are no maximum contaminants levels
of As in deep brines, for reasons of comparison, the
estimated value of As being released is 2772 times of
the EPA drinking water As limit (10 ppb).9

Due to the existence of the highly permeable borehole
(which serves as a leakage pathway) and the increase of
the reservoir pressure induced by CO2 injection, As

will migrate upward along the borehole. Here we define
the As contamination front as the location where the
dissolved As concentration reaches Environmental
Protection Agency (EPA) regulated maximum
contamination level of 10 ppb, and the As
contamination plume with the As contamination fronts
as boundaries can be plotted by TOUGHREACT. The
expansion of the plume and the distances of the As
contamination front to the As-rich layer in vertical
direction at different times can be seen in Fig. 6. At
time = 0, the As concentration in the arsenopyrite-rich
layer was high (1.9 × 10−7 mol/kg), because the As
concentration was in equilibrium with arsenopyrite.
Because of CO2 injection, there was a movement of the
As contamination front away from the
arsenopyrite-rich layer and the moving distance of the
As contamination front was positively correlated to the
increase of CO2 injection time.

Figure 7 shows the migration distance of the As
contamination front as a function of time. The average
As migration rate during this 133-day period was 1.37
m/day. For our system, the bottom of the shallow
aquifer is 1810 m away from the As-rich layer.
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Figure 6. Expansion of the H3AsO3 (aq) plume showing the migration distance
of the arsenic contamination front.

Figure 7. The migration distance of the arsenic
contamination front as a function of time given a
borehole vertical permeability of 10−13 m2 and a CO2
injection rate of 0.1 MMT/year.

Therefore, if CO2 keeps being injected and the As
migration rate during the entire injection period
remains at this value, it will take 3.6 years for the As

contamination front to reach the shallow aquifer. As a
result, there is a potential of As contamination at the
shallow aquifer. Moreover, brine with As will continue
to migrate upward after CO2 injection stops. Even
though pressure in the target formation may dissipate
after injection stops, CO2 may continue to rise up the
borehole due to buoyancy forces, pushing brine into
the aquifer at later times (Fig. S1 in the Supporting
Information).

Figure 8 shows the migration distance of the As
contamination front as a function of time, given
different leakage pathway permeabilities (10−12 m2,
10−13 m2 and 10−14 m2) and CO2 injection rates.
Results in Fig. 8 show that the rate of As(III)
contamination front migration was not significantly
affected by leakage pathway vertical permeability
change. An explanation to those results is: the
permeability of the leakage pathway determines the
velocity of the advective brine flow in the leakage
pathway, and the pressure difference (gravity force
needs to be considered when calculating the pressure
difference) between the two ends of the leakage
pathway is the driving force for the upward advective
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Figure 8. The migration distance of the arsenic
contamination front as a function of time given different
borehole vertical permeabilities (10−12 m2, 10−13 m2 and
10−14 m2) and CO2 injection rates (0.1 MMT/year and 1
MMT/year).

flow. In this study, the injection rate of 0.1 MMT/yr
CO2 is not big, and thus the pressure gradient to drive
the vertical flow of brine in the leakage pathway is
relatively small. Therefore, As is able to migrate in
horizontal directions in Fig. 6 and the horizontal
movement of As reduces the amount of As moving
upward. As a result, the change of leakage pathway
vertical permeability does not have a significant impact
on the migration rate of the As front. As for the impact
of CO2 injection rate on As migration, a higher CO2
injection rate resulted in a faster As migration, because
a higher CO2 injection rate creates a higher pressure
gradient to drive vertical brine flow in the leakage
pathway, and the vertical brine migration will be
accelerated by this higher pressure gradient.

This study assumes a worst-case scenario that allows
maximum release of As, and the scenario does not
consider the pH buffering effect of calcite and clay
minerals in the CO2 storage formation. The presence of
pH buffering minerals like calcite and clay minerals in
formation rocks can raise the pH of CO2-rich reservoir

porewaters.33 Therefore, if the pH buffering effect of
formation rocks is considered in our model, the pH of
the Fe-rich layer may not decrease to 4.73 after 81 days
of CO2 injection. A higher pH means a lower
dissolution rate of hematite and the dissolution rate of
arsenopyrite will be lowered as well. Also, the presence
of clay minerals in the CO2 storage formation and the
migration pathway allows sorption of As on the surface
of clay minerals,10 which may significantly reduce the
migration rate of the As contamination front. A
comprehensive geochemical model will be developed
in the future to incorporate pH buffering and sorption
effects. Moreover, in a real-world practice, appropriate
site screening/characterization would certainly locate
such a permeable borehole near the injection well and
address that issue before any injection operations were
initiated. It is also likely that an injection well location
directly adjacent to a permeable borehole would not be
selected. Therefore, though our observations suggest
that a shallow aquifer has the potential to be impacted
by As contamination in the worst-case scenario, those
results should not be interpreted as evidences making
subsurface CO2 storage projects unfeasible.

To the best of our knowledge, this study is the first
study to simulate As release in deep subsurface because
of CO2 injection and migration of As from deep
subsurface to shallow aquifer. Other studies6,10

simulated CO2 migration from deep subsurface to
shallow aquifer and mobilization of As caused by CO2
dissolution at the shallow aquifer. Based on findings in
this work and findings in Zheng et al.6 and
Viswanathan et al.10 there is a chance of shallow aquifer
contamination caused by As migration from deep
subsurface to shallow aquifer, and it is possible to have
the aquifer contaminated by As due to CO2 migration
into the aquifer and subsequent dissolution of As-rich
minerals within the shallow aquifer.

Modeling limitations and
implications
This study is a preliminary numerical simulation study
to model subsurface As release under carbon
sequestration conditions, and there are some
limitations of this study.

(1) This study is a short-time simulation study with a
total CO2 injection period of 133 days. Long-time
simulation is not achieved due to limited
computational capacity. As a result, there is a desire
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to get access to a supercomputer to run long-time
simulations in the future. Simulations that cover a
long-time CO2 injection period (e.g. 30 years) are
needed and will be conducted in the future because
it is important to mimic a long-term CO2 injection
scenario of a CCS site and to investigate the
behavior of As migration in that scenario.

(2) This study does not consider the complexity of
mineral compositions in the CO2 storage
formation. Therefore, secondary carbonate and
clay mineral formation during the CO2 injection
period is not included in the model. Impact of
secondary carbonate and clay mineral formation
on As mobility in deep subsurface is not well
studied, and this issue is definitely worth
investigating in the future.

(3) This study assumes a reductive environment (i.e.,
no oxygen is present and Fe(III) is the only oxidant
to oxidize FeAsS in the model. Other processes
that may cause As release under anoxic conditions
such as interaction between arsenopyrite and
CaCl234 are not considered in this study. However,
there is a potential for the injected CO2 to bring
O2 (O2 is sometimes present in CO2 emitted from
burning of fossil fuels35,36) to the CO2 storage
formation, and O2 may accelerate the dissolution
of FeAsS via the following reaction:37

FeAsS (s) + 3.5O2 + 4H2O → Fe(OH )3 (s)

+ H3AsO4
(
aq

) + 2H+ (
aq

)
+ SO2−

4
(
aq

)
(12)

Compared with Fe(III), O2 is a stronger oxidant and
the dissolution rate of FeAsS induced by O2 is expected
to be higher than the dissolution rate of FeAsS induced
by Fe(III). Therefore, extra caution needs to be taken if
the injected CO2 contains O2 and the target CO2
storage formation contains As-bearing minerals.

(4) This study does not consider desorption of As
from mineral surfaces in the subsurface. As
discussed in Zheng et al.6 and confirmed by Zheng
et al.38 desorption of As from mineral surfaces can
release As to groundwater and potentially cause
groundwater contamination. This study only
considers dissolution of arsenopyrite, which may
underestimate the amount of As released from
formation parent rocks during the CO2 injection
period.

Conclusions
A reactive transport model is developed to simulate
release of As from arsenopyrite near a CO2 injection
well and transport of As along a highly permeable
borehole near the injection well. Simulation results
show that dissolution of arsenopyrite is possible if Fe
(III)-bearing minerals are close to the
arsenopyrite-rich layer. Fe3+ released from Fe
(III)-bearing minerals will cause dissolution of
arsenopyrite and release of aqueous As, and release of
Fe3+ is induced by low pH because of CO2 injection.
The increased reservoir pressure and rising of CO2
plume in the borehole because of CO2 injection may
bring dissolved As upward and cause As contamination
of the shallow aquifer. The As contamination front
(where the As concentration reaches the EPA drinking
water contamination level of 10 ppb) migrates to 182 m
away from the arsenopyrite-rich layer at t = 133 days
and if the As migration rate during a multi-year CO2
injection period remains at this value, it will take 3.6
years for the As contamination front to reach the
shallow aquifer 1810 m away from the deep
arsenopyrite-rich layer. The rate of As contamination
front migration is not significantly affected by borehole
permeability change given a CO2 injection rate of 0.1
MMT/yr. A higher CO2 injection rate (i.e., 1 MMT/yr)
results in a faster As migration than the scenario with a
CO2 injection rate of 0.1 MMT/yr. This study
investigates a worst-case scenario and the results
should not be interpreted as evidences making
subsurface CO2 storage projects unfeasible. Some
issues (e.g. impact of residual O2 in injected CO2 and
precipitation of secondary minerals) on mobility of As
need to be investigated in the future.
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