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CO2 leakage fromunderground CO2 sequestration and storage poses potential risks to degradation of water qual-
ity in shallow aquifers. Increased CO2 concentrations can result in decreased pH and lead to subsequentmetal re-
lease frommineral dissolution or desorption frommineral surfaces. Dissolution of carbonate minerals present in
aquifer sediments or rocks will buffer pH and is generally thought to reduce the potential risk of metal release in
the event of a CO2 leak. As a result, much of the research on geochemical impacts of CO2 leakage has focused on
siliciclastic aquifers with little to no carbonate minerals present. However, carbonate minerals contain trace
amounts of metals in their crystal structure that will be released into solution with dissolution and may pose a
risk to drinking water quality. Here, we perform laboratory water–rock experiments to analyze the potential
for metal release due to carbonate mineral dissolution in limestone aquifers. Rock samples from three limestone
aquifers were dissolved in batch reactors with varying partial-pressures of CO2 (from 0.01 to 1 bar) in the head-
space. As CO2 dissolved into thefluid and decreased the pH, the carbonateminerals dissolved and releasedmetals
into solution. The concentrations of calcium, magnesium, strontium, barium, thallium, uranium, and cobalt in-
creased but remained below any regulatory limits. The concentrations of arsenic and nickel increased and
exceeded primary drinking water standards set by the USEPA and the State of California, respectively. Potential
sources of metals in the rocks were determined through detailed sample characterization using sequential ex-
tractions, laser ablation inductively coupled mass spectrometry, and high resolution mineralogical mapping
with QEMSCAN. We found that calcite dissolution released more metals to solution than pyrite dissolution or
metal desorption from mineral surfaces in these experiments. Geochemical models based on the experimental
data were used to evaluate the relative importance of calcite dissolution versus pyrite dissolution over a 30-
year time frame. Under both oxic and sub-oxic conditions, calcite dissolution is the dominant source of metals
to solution immediately after exposure to CO2. Pyrite dissolution becomes the dominant source at later times
as the fluid reaches equilibrium with respect to calcite. For all model scenarios, the cumulative contribution of
metals to solution was dominated by calcite dissolution. Results from this study suggest that the pH-buffering
benefit of carbonatemineral dissolution in the event of a CO2 leakmay be offset by the potentially negative effect
of trace metal release from the crystal structure. This study highlights the need for detailed sample characteriza-
tion at individual sites to identify sources of metals when assessing the potential risk of CO2 leakage into shallow
aquifers.

© 2013 Elsevier B.V. All rights reserved.
1. Introduction

The increase in global atmospheric CO2 concentrations has
prompted investigations of mitigation actions, including injection of
CO2 into deep geological formations (often referred to as geological
carbon-dioxide capture, utilization and sequestration — CCUS). For
CCUS to be effective, large amounts of CO2 need to be captured,
ineering Department, Colorado
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compressed, and injected underground. As a compressed supercritical
fluid, under geological storage conditions, CO2 is less dense than
surrounding formationwaters causing buoyancy-driven upwardmigra-
tion. Suitable injection sites have a good geological seal (caprock), or
several seals, which are expected to contain the CO2 in the intended
injection formation (Gaus et al., 2005; Birkholzer et al., 2009; Heath
et al., 2011). However, concerns remain about CO2 leakage through
pathways including wells, faults and fractures, driven by large pressure
increases in the injection formation (Lindeberg, 1997; Gasda et al.,
2004; Duguid and Scherer, 2010).

CO2 leakage may cause deleterious effects to water quality in fresh-
water aquifers that overlie injection formations (Harvey et al., 2013).
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For example, leaking CO2 can induce geochemical reactions that in-
crease concentrations of unwanted solutes, such as metals (Wang and
Jaffe, 2004; Zheng et al., 2009; Apps et al., 2010; Little and Jackson,
2010; Lu et al., 2010; Wilkin and DiGiulio, 2010; Bearup et al., 2012;
Frye et al., 2012; Siirila et al., 2012; Atchley et al., 2013; Cahill et al.,
2013; Navarre-Sitchler et al., 2013; Wunsch et al., 2013). The increased
acidity of CO2-richwaters is considered themaindriver ofmetal desorp-
tion and dissolution of minerals that may contain metals (Wang and
Jaffe, 2004; Zheng et al., 2009; Lu et al., 2010). Human health risk asso-
ciated with increases in metal concentrations in shallow aquifers is an
important aspect of risk assessment of CO2 sequestration projects
(Siirila et al., 2012).

To date, little attention has been given to carbonate aquifers in the
CO2-leakage risk-assessment framework. High water transmissivity of
carbonate aquifers makes them convenient and important water
sources. Globally, an estimated 20–25% of the world's population uses
carbonate aquifers for water supply (Ford and Williams, 2007). In the
US, carbonate aquifers provide approximately 17% of the ground-
water supply used for public consumption (Maupin and Barber, 2005),
and carbonate rocks cover 17% of the land surface (Davies et al.,
1984). Carbonate aquifers in the US have highwater quality, and gener-
ally meet drinking-water standards (Lindsey et al., 2009). Given the
ability of carbonate minerals to buffer pH in the event of a CO2 leak, it
has generally been assumed that carbonate aquifers are less likely to
be negatively impacted by CO2 leakage. However, dissolution of carbon-
ate minerals, such as calcite (CaCO3) or dolomite (CaMg(CO3)2), can re-
lease trace metals contained in the crystal lattice (Thorstenson and
Plummer, 1977).Manyminor and trace elements adsorb to the growing
carbonate lattice and get incorporated into the mineral (Comans and
Middelburg, 1987; Rouff et al., 2004; Ahmed et al., 2008). Adsorption
and subsequent co-precipitation are known to be important metal re-
moving processes in marine environments (Zachara et al., 1991). Diva-
lent cations, such as Mg2+, Mn2+, Co2+, Zn2+, Sr2+, Ba2+, Ni2+, Pb2+,
Sc2+ and Cd2+ can substitute for Ca in the lattice (Zachara et al., 1991;
Pingitore et al., 1992; Reeder et al., 1999; Fisler et al., 2000; Harstad
and Stipp, 2007). Trivalent cations such as Sc3+ (Bogoch et al., 1984),
tetravalent ions such as U4+ (Sturchio et al., 1998), rare-earth elements
(REE) such as Dy3+, Sm3+ and Yb3+ (Elzinga et al., 2002), structurally-
compatible anions such as SeO4

2− (Aurelio et al., 2010), and structurally-
incompatible anions such as SO4

2−, BaO4
2−, CrO4

2−, BO3
3− and AsO3

3− (ar-
senite) and AsO4

3− (arsenate) (Reeder et al., 1994; Alexandratos et al.,
2007; Tang et al., 2007; Bardelli et al., 2011) are all potentially found
at trace concentrations in calcite.

Despite the evidence of metal association, carbonate minerals are
not perceived asmetal sources inmost CCUS-modelingworks, but rath-
er as buffering agents (Wang and Jaffe, 2004; Apps et al., 2010; Wilkin
and DiGiulio, 2010). Instead, the release of metals from metal sulfide
minerals has been explored as the primary metal source in aquifers
(Zheng et al., 2009; Apps et al., 2010). While sulfide minerals are often
associated with carbonate rocks and the concentration of metals in sul-
fides ismuch higher than that in carbonateminerals, sulfides in carbon-
ate rocks generally constitute a relatively low percentage of the total
rock. In addition, dissolution of carbonate minerals is more sensitive to
pH variations than dissolution of sulfide minerals (Palandri and
Kharaka, 2004). Thus, carbonate minerals may be a greater source of
metals than associated sulfides, especially under sub-oxic conditions
(Navarre-Sitchler et al., 2013). Additionally, high concentrations of Ca
and Mg resulting from calcite dissolution or dolomite dissolution can
outcompete trace metals in ion exchange sites and promote trace
metal release into solution (Zheng et al., 2012).

Here we combine detailed characterization of two limestones, in-
cluding the metal concentrations of the bulk carbonate and trace min-
erals and laboratory water–rock experiments with geochemical
modeling to analyze the potential for metal release due to carbonate
mineral dissolution in limestone aquifers and compare themetal release
from carbonate dissolution and sulfide mineral dissolution.
2. Materials and methods

2.1. Rock samples

Samples were collected fromwell cores at the USGS Core Laboratory
in Lakewood, Colorado, USA. The Joins Limestone sample came from a
well drilled in Bryan Country, Oklahoma, USA (latitude/longitude
34.006996/−96.423809), at a depth of ~11,048′ below ground surface
(bgs). The Kindblade Limestone sample came from a well in Carter
County, Oklahoma, USA (latitude/longitude 34.330141/−97.458727),
at a depth of ~10,300′ bgs. The surfaces of the rock sampleswere ground
away to remove any contamination related to drilling, coring, storage or
cutting operations. The rock samples were broken in a Rocklabs Boyd
crusher and sieved to 4–30 mm in diameter. Samples for the experi-
ments were then rinsed with Milli-Q water and dried at 50 °C for 6 h
prior to storage.

2.2. Rock characterization

False colormineralmapswere created for a thin section of each sam-
ple in the AdvancedMineralogy Research Center at the Colorado School
ofMines, in Golden, Colorado, USA. Energy-dispersive X-ray spectrosco-
py (EDS) data of element distribution was collected at 10 μm spacing
using a Carl Zeiss EVO 50 SEM. Quantitative evaluation of minerals by
scanning electron microscopy (QEMSCAN) was used to produceminer-
al volume percent estimates (iDiscover software package, FEI, Inc.). The
QEMSCAN analysis was not sensitive enough to determine porosity and
pore surface area. Therefore, the surface area of each rock sample was
determined by the BET method (with N2 as the adsorbing gas), using a
Micrometrics ASAP 2020 surface area analyzer.

The rock samples were analyzed by X-ray diffraction using a Scintag,
Inc. XDS 2000. Approximately 10 g of each samplewas ground in a Spex
8000 ball mill. Random orientation powders and oriented clay fractions
(prepared according to the Millipore method (Moore and Reynolds,
1997)) were scanned from 4 to 50° 2-theta at a scan rate of 2° per min-
ute and resolution of 0.02°. Mineral peaks were identified based on d-
spacing versus 2-theta data from Brindley and Brown (1980) and
Moore and Reynolds (1997).

Laser ablation–inductively coupled plasma-mass spectrometry (LA–
ICP-MS) analysis was conducted at the Urban Environmental Biogeo-
chemistry Laboratory at Towson University, Maryland, USA. LA–ICP-
MS was performed using a CETAX LSX-213 ablation unit (213 nm Nd:
YAG laser) connected to a GBCOptiMass 9500 inductively coupled plas-
ma–time of flight–mass spectrometer with spot sizes of 150 μm for cal-
cite and clay, and 50 μm for pyrite. The instrument was calibrated with
NIST SRM glasses 610, 612 and 614, using the concentrations reported
in Jochum et al. (2011). For calcite, clay (illite) and pyrite analyses,
44Ca, 29Si, and 57Fe, respectively, were used as internal standards. Detec-
tion limits for each element were calculated as 3 σ of the background
for a sample run. In the Joins Limestone, calcite (n = 12) and clay
(n = 12) were each sampled 4 times in 3 different locations and
seven individual pyrite grains were analyzed. In the Kindblade Lime-
stone, only calcite was sampled (n = 21), as pyrite and clay could
not be located with the light microscope that is integrated with the
LA–ICP-MS.

Sequential metal extractions for each rock followed the method of
Li et al. (1995) with minor modifications, using trace-metal grade
chemicals, LC/MS-pure Optima® water (Fisher Scientific) and acid-
washed supplies. In summary, the sequential extraction steps are:
(1) leaching of sorbed metals, (2) dissolution of carbonate fraction,
(3) dissolution of metal oxides, (4) dissolution of sulfides and organic
matter, and (5) dissolution of the residual fraction from the previous
steps. Modifications to the sequential extraction procedure from
Li et al. (1995) were as follows: (a) the volume of 1 M sodium
acetate/acetic-acid buffer in step 2 was increased to 80 ml to ensure
complete dissolution of the carbonate material, and (b) in step



Table 1
Stages in the pressurized experimental work.

Stage

A B C D E

Stage duration (days) 5 5 10.5 10.5 10.5
Overall pressure (bar) Atmospheric 1 1 1 1
% CO2 0.039 0 1 10 100
% N2 78.084 100 99 90 0
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(5) digestion was performed using the method of Farrell et al. (1980),
by which the residual fraction was dissolved in polysulfone vials,
using a mixture of 1.5, 2 and 3.5 ml of reagent-grade HF, HNO3 and
HCl, respectively. Following dissolution, the HF in the mixture was neu-
tralized by the addition of 43 ml of 1.5% H3BO3. Step (5) was carried out
at the Laboratory for Environmental and Geological Studies, the Depart-
ment of Geological Sciences, University of Colorado in Boulder,
Colorado, USA. Solute concentrations of leachates from each step were
analyzed using a Perkin Elmer Optima 5300 DV ICP-AES using inorganic
standards “CCV-1 Solution A™” and “CCV-1 Solution B™” from High-
Purity Standards, Inc. to correct for drift. A blank solution from the
residual-fraction digestion was used as the background for the
residual-fraction samples.

2.3. Pressurized experimental setup

In batch reactors, 150 g of each carbonate rock sample were reacted
with 750 ml (water:rock ratio = 5) of 1.128 mmol/l ACS-grade NaCl
solution in Milli-Q water (following Lu et al., 2010). The reactors were
1 l borosilicate glass jars sealed with Teflon-lined plastic caps and
were acid-washed and heat-sterilized prior to the experiment. Each
plastic cap was fitted with three 316 stainless steel bulkhead-unions.
Gas flowwas facilitated through 1/8″ I.D. 316 stainless steel or PFA tub-
ing, whereas only PFA tubing was used for fluid sampling. An ISFET pH
probe (Campbell Scientific, Inc.) was installed in each reactor for in-
situ, continuous pH monitoring (Fig. 1). Total pressure in the reactors
was maintained at 1 bar using an Equilibar QPV downstream pressure
controller. A manifold was used to split the gas flow from a single tank
to the headspace of each reactor (Fig. 1). The partial-pressure of CO2

was varied by using different pre-mixed CO2–N2 compressed-gas
tanks, ranging from 1% to 100% CO2 (Table 1). To prevent pressure
loss, input gas flow was diverted instantaneously from used to new
gas tanks using a three-way valve. Tubing for aqueous samples was at-
tached to a 0.5 μm316 stainless steel filter (Swagelok) and a three-way
valve (TWV3 in Fig. 1). The three-way valve allowed for opening of the
sampling tube to the atmosphere and sampling by using the pressure
difference between the enclosed reactor and the atmospheric pressure.
Fig. 1. Schematic diagram of the experime
Turned the other way, the valve allowed the compressed input gas to
push water remaining in the tubing back into the reactor, eliminating
the need to purge sampling lines at each sampling event. The pH probes
and the pressure controller were connected to a CR-1000 datalogger
(Campbell Scientific) that recorded data at 15-s intervals. Experiments
were conducted at room temperature (22 °C).

An experimental control containing 3 g of N99.999% pure CaCO3

powder (Sigma Aldrich, Inc.) was also performed at the same time as
the water–rock experiments described above. Powdered CaCO3 was
used as the control to maintain pH levels similar to the other reactors.
In a separate experiment, 0.1942 g of pyrite (Ward's Natural Science,
Inc.) was added to the pure CaCO3 and NaCl solution to test the effect
of elevated pCO2 on pyrite dissolution. The pure CaCO3 standard was
dissolved in HCl, and the trace element composition was measured
with an ICP-MS (Varian model X), at the Laboratory for Environmental
and Geological Studies, the Department of Geological Sciences, Univer-
sity of Colorado in Boulder, Colorado, USA.

The experiments were divided into 5 stages (A through E), during
which the headspace in the reactors was filled with varying partial-
pressures of CO2 (Table 1). Stage A was used to dissolve any remaining
fines from the mineral surface. At the end of stage A the fluid in the re-
actors was replaced. In stages C through E, pre-mixed N2–CO2 gas was
used with 1%, 10% and 100% CO2 resulting in 0.01, 0.1 and 1 bar pCO2

in the reactors, respectively.
During stages C through E aqueous samples were taken at 0.5, 1,

3, 6, 12, 24, 96 and 240 h after the beginning of the stage. Samples
collected for cation and trace metal analysis were acidified to
ntal setup. TWV = three-way valve.



Table 2
Geochemical properties of the natural rock samples. Mineralogical composition is based
on thin section EDS analysis (QEMSCAN).

Joins Limestone Kindblade Limestone

vol.% Mass (mol)a vol.% Mass (mol)a

Quartz 7.04 3.58
Dolomiteb 4.68 3.9 × 10−2 5.58 4.6 × 10−2

Calcite 77.04 1.21c 89.23 1.35c

Calcite (Mg-bearing)d 1.94 1.12
Clay 6.65e 0.43
Feldspar 2.25 0.01
Anhydrite/gypsum 0.13 9.9 × 10−4 0.01 9.3 × 10−5

Apatite 0.01 0.00
Pyrite 0.20 4.6 × 10−3 0.03 6.8 × 10−4

Others 0.07 0.01
BET surface area (m2/g) 0.2883 ± 0.0018 0.1517 ± 0.0016

a Mass in moles, given a total rock mass of 150 g. Molar masses are given for minerals
that were included in the geochemical PHREEQC simulations.

b Ca-, Mg- and O-richminerals with Ca/Mg ratios of roughly 1 to 1.47 were classified as
dolomites (carbon was used to coat the carbonate samples and therefore excluded from
calculations of mineral composition).

c Sum of “calcite” and “Mg-bearing calcite”.
d Calcites with Ca/Mg ratios of roughly 1.48 to 27.57 were classified as “Mg-bearing

calcites”.
e Joins Limestone clays were identified as illite or glauconite with XRD.
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pH b 2 with concentrated HNO3 and analyzed with ICP-MS (Varian
model X). Samples for anion analysis were not acidified, and ana-
lyzed on a liquid ion chromatograph (Dionex Series 4500I) at the
Laboratory for Environmental and Geological Studies, the Depart-
ment of Geological Sciences, University of Colorado in Boulder,
Colorado, USA. Aqueous samples were collected from the pyrite-
containing reactor with the same frequency as the other reactors,
but were analyzed for sulfate only.

The approach described here allowed for the amount of dissolved
CO2 in the reactive fluid to be calculated using geochemical modeling
simulations, given the pCO2 in the headspace and measured pH (see
Section 2.4). In comparison, previous experiments that focused on con-
ditions relevant for shallow aquifers consisted mostly of bubbling CO2

through aquifer material under atmospheric conditions (Little and
Jackson, 2010; Lu et al., 2010), which provided little control on the
amount of dissolved CO2.

2.4. Geochemical modeling

Geochemical modeling was used to elucidate experimental results,
and evaluate long-term metal release from carbonate aquifers. Equilib-
rium and kinetic geochemical simulations were performed using the
geochemical code PHREEQC (Parkhurst and Appelo, 1999) and the Law-
rence Livermore National Laboratory (LLNL) thermodynamic database.
Additional thermodynamic constants of aqueous As–carbonate were
taken from Neuberger and Helz (2005) and Sø et al. (2008). All simula-
tions were carried out at 22 °C.

QEMSCAN mineral volumetric percents were converted to relative
molar quantities in 150 g of rock and used to define the initial mineral
molar quantities for geochemical simulations. In specific cases, we
slightly adjusted the amounts of gypsum. The Na concentration in the
simulated solutions was set to 30 mg/l, and the chloride concentration
was used to maintain charge balance. The pe of the simulated solutions
was set initially to 0 and allowed to vary to satisfy charge andmass bal-
ance calculations of oxygen redox pairs. Precipitation of secondarymin-
erals was disabled in the simulations.

Kinetic calcite dissolution was calculated using the following disso-
lution rate (Pokrovsky et al., 2009):

logR ¼ Aþ B� pCO2 þ C� pCO2ð Þ2 ð1Þ

where R is the dissolution rate in mol/m2/s, and A, B and C are fitting
parameters that reflect specific experimental pH and temperature. The
reported values of these fitting parameters at 25 °C and pH range of
4.5–5.2 are A = −8.69, B = 0.048 and C = 6.01 × 10−4. Pyrite disso-
lution was calculated using the following dissolution rate (Palandri
and Kharaka, 2004):

R ¼ k1 � exp − Ea1
Rg T−298:15ð Þ

 !
� Hþn oa

Fe3þ
n ob þ k2

� exp − Ea2
Rg T−298:15ð Þ

 !
� O2 aqð Þ
n oc ð2Þ

where k1, k2 (mol/m2/s), a, b, and c (unitless) are fitting parameters, Ea
is activation energy (J/mol), Rg is the gas constant (8.314 J/K/mol), and
{} denotes activity of solutes. Palandri and Kharaka report fitted values
to pyrite dissolution data from McKibben and Barnes (1986) of:
log k1 = −7.52, log k2 = −4.55, a = −0.5, b = c = 0.5, and
Ea1 = Ea2 = 56.9 J/mol. Distance from equilibrium was calculated by
multiplying each rate expressions by (1 − IAP/K), where IAP denotes
the ion activity product and K the equilibrium constant of each mineral.
Lastly, Eqs. (1) and (2) weremultiplied bymineral reactive surface area
to produce mass transfer rates in units of mol/s.

Assuming congruent release of impurities during mineral dissolu-
tion, the following equation was used to calculate the relative
contribution of calcite dissolution and pyrite dissolution to metal con-
centration in solution:

contCC=Py ¼
mCC;dis

mPy;dis

impCC
impPy

ð3Þ

where mCC,dis/mPy,dis is the ratio of moles of dissolve calcite to moles of
dissolved pyrite as calculated at each time step and cumulatively in
the kinetic model, and impCC/impPy is the ratio of impurities in calcite
to pyrite from the LA–ICP-MS data.

When contCC/Py N 1, more impurities are released to solution by
calcite dissolution than by pyrite dissolution, and the opposite when
contCC/Py b 1. This simplemetric allowed us to determinewhichmineral
is more important as a source of trace elements.

3. Results

Concentrations for all elements analyzed in the experiments are
provided in electronic Appendices 1–3. Trace element concentrations
reported in the results and subsequent discussion are limited to ele-
ments that were detected in the fluid during the course of the experi-
ments and that meet the following criteria: (1) regulated in drinking
waters by the United States Environmental Protection Agency
(USEPA) or the State of California (Ni only) or follow release trends sim-
ilar to Ca2+, and (2) were not detected in the control experiments at
significant concentrations.

3.1. Mineralogical composition

QEMSCAN and XRD analyses confirmed that calcite was the domi-
nant mineral in the rocks, with minor amounts of quartz, dolomite
and clay, and trace abundances of feldspar, anhydrite/gypsum, pyrite
and apatite (Table 2, Fig. 2). Overall, the mineralogical distribution in
the Kindblade Limestone was more homogeneous than that of the
Joins Limestone.

3.2. Trace element composition of the rocks

Calcite grains were analyzed for trace metal concentrations using
LA–ICP-MS in both the Kindblade and Joins samples (Table 3). In the
Joins sample, single pyrite grains and clusters of clay mineral grains
were analyzed with LA–ICP-MS (Table 3); in the Kindblade sample,



Fig. 2. Mineral abundance information and distribution maps for the Joins Limestone and the Kindblade Limestone as determined by QEMSCAN.
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Table 3
Trace element composition of calcite, clay and pyrite in the studied rocks (LA–ICP-MS results), and in the pure CaCO3 (complete HCl dissolution— ICP-MS results) that was used as control.

Kindblade Limestone Joins Limestone Pure CaCO3

ppma (n/nTotal)b Ratios ppm

Calcite Calcite Clay Pyrite Clay/calcite Pyrite/calcite Pyrite/clay

Mg 1610
(21/21)

1004
(12/12)

2149
(12/12)

2782
(7/7)

2.14 2.77 1.29

Co 0.6
(21/21)

1.4
(12/12)

9.7
(12/12)

91.2
(7/7)

6.88 64.86 9.43 0.5

Ni 5.8
(21/21)

5.9
(12/12)

29.5
(12/12)

296.8
(7/7)

4.97 50.06 10.06 9.5

As b1.0
(0/21)

3.6
(10/12)

12.2
(12/12)

1449.9
(7/7)

3.37 400.97 118.83 197.7

Sr 334.8
(21/21)

503.8
(12/12)

805.5
(12/12)

199.3
(7/7)

1.6 0.4 0.25 7.4

Ba 3.5
(21/21)

37.9
(12/12)

549.9
(12/12)

723.6
(5/7)

14.5 19.08 1.32 0.3

Tl 0.1
(21/21)

0.1
(8/12)

0.8
(12/12)

6.5
(5/7)

6.99 59.83 8.56 b2.1 × 10−4

Pb 0.2
(21/21)

1.2
(12/12)

12.8
(12/12)

64.5
(7/7)

10.62 53.6 5.05 b2.2 × 10−5

U 1.0
(21/21)

0.6 4.1
(12/12)

b1.0
(1/7)

6.75 – – b1.25 × 10−5

(12/12)

a Average concentrations.
b n/nTotal is the number of results that were above detection limit, out of total number of measurements.
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the volume fractions of pyrite and clay were low and grains were too
small and dispersed to detect with the light microscope mounted in
the laser ablation unit. Detection limits of trace elements in the sequen-
tial extraction analysis were generally higher than in the LA–ICP-MS
analysis. As a result, several elements (Tl, U, Pb, Co) were below the de-
tection limit in some fractions of the sequential extraction procedure,
but were detected by the LA–ICP-MS (Table 3). In contrast, As was
found in the carbonate fraction of the Kindblade Limestone through se-
quential extraction, but was not detected in the Kindblade calcite crys-
tals using the LA–ICP-MS method (Table 3). The main results from the
LA–ICP-MS analysis are:

• Concentrations of As, Ba, Ni, Tl and Pb in the Joins Limestone were
higher in pyrite than those in calcite and clay on a per-mass basis
(Table 3). Concentrations of Sr and U in minerals of the Joins Lime-
stone followed the order clay N calcite N pyrite.

• Calcites in the Joins Limestone contained higher concentrations of im-
purities than calcites in the Kindblade Limestone, although Ni and Tl
concentrations were approximately the same (Table 3).

• Sulfur was detected in significant amounts in the Joins calcite crystals
(795.35 ppm on average).

The sequential extraction analysis provided insight into the concen-
trations of several elements of interest in different fractions of each rock
(sorbed, carbonate, oxide, sulfide + organic, and residual; Fig. 3, Ap-
pendix 1). The main results from the sequential extraction analysis are:

• Several elements were more abundant in the carbonate fraction than
in any other fraction in both rocks (Fig. 3, Appendix 1). These include
Ba (71.1% and 80.7% of total elemental mass was found in the carbon-
ate fractions of Kindblade and Joins, respectively), S (71.8% and
62.2%), Ni (93.4% and 60.1%), Sr (78.1% and 82.9%) and As (90.8%
and 49.7%).

• The concentrations of As, Ba, Co, Ni, Pb, S and Sr in the sorbed fraction
represented a small portion of the total concentration in the samples
(b4%) (Fig. 3, Appendix 1). High concentrations of sorbed S (8.7% of
the total) were detected in the Kindblade sample (Fig. 3, Appendix
1), yet these may be overestimates due to the presence of gypsum
(see discussion in Section 4.3).

• The sulfide fraction of Joinswas themain host of Co (78.7% of the total
Co) and Pb (89.9% of the total Pb) in this rock, and the secondary host
(after carbonate) of As (42.8% of the total As) andNi (35.9% of the total
Ni). Overall, As and Co were more abundant in the Joins Limestone
than in the Kindblade Limestone (10.0 ppm compared to 3.9 ppm
As, and 0.6 ppm compared to 0.07 ppm Co, respectively). The differ-
ence in As and Co concentrations between the rocks was mostly due
to the presence (in Joins) or absence (in Kindblade) of sulfides. Co
was below the detection limit in the carbonate fraction of both rocks
(Fig. 3, Appendix 1).

• Ba concentrations were higher in Kindblade than in Joins, primarily
due to the presence of Ba in the sorbed and oxide fractions (3.9%
and 12.8% of total Ba concentrations, respectively) of Kindblade
(Fig. 3, Appendix 1).

3.3. Pressurized dissolution experiments

At each stage of the experiment, as pCO2 increased, the pH decreased
and aqueous concentrations ofmany elements increased (Fig. 4, Appen-
dix 2). All reactors showed a decrease in pH in the first 1–2 days of
stages C–E (Fig. 4a), followed by a pH increase over the next 8 days.
Overall, pH decreased from a value of ~9.5 in stage B to b6.5 in stage
E, a trend expected from the dissolution of CO2 inwater and subsequent
formation of carbonic acid. Concentrations of Ca increased at the begin-
ning of each stage, then stabilized over the course of 10 days of reaction
(Fig. 4b).

The release patterns of major, minor and trace elements into solu-
tion, as a function of pCO2 and time, differed between metals. The
main observations in the release patterns are:

• Concentrations of Ca increased at the beginning of each stage, then
stabilized over the course of 10 days of reaction (Fig. 4b).

• The elements Ba (Fig. 4c), Sr (Fig. 4d), Co (Fig. 4e) and As (Fig. 4j) ex-
hibited increases in concentration proportional to that of Ca: an initial
fast release following increase in pCO2, then approaching steady state
concentrations over time. This behavior was true also for Mg in
Kindblade, but not in Joins (Fig. 4f), where the release of Mg seemed
to depart from the Ca trend.

• Other elements increased in concentration with increased pCO2,
but with release trends different than Ca. These include Pb (in the
Kindblade reactor, Fig. 4g), Tl (Joins, Fig. 4g), Ni (Kindblade,
Fig. 4h) and U (both rocks, Fig. 4i). The U, Pb and Tl concentrations



Fig. 3. Sequential extraction results for selected elements.
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were b1 μg/l in all reactors. Ni spiked in the Kindblade reactor to
~870 μg/l.

• Sulfate concentrations increased throughout the experiment (Fig. 4k),
although the sampling frequency and timing (3 data points overall, at
the end of stages C, D and E) do not allow us to draw any conclusions
regarding trends within each stage. Aqueous sulfate concentrations
were lower in the Joins reactor than in the Kindblade reactor, despite
higher abundances of gypsum and pyrite in the Joins Limestone
(Table 2). Sulfate concentrations in the reactor containing only pyrite
and pure CaCO3 were very close to, or below, the detection limit of
0.2 mg/l, and comparable with the control reactor concentrations (see
Appendix 3). This result strongly suggests that pyrite dissolved very
slowlyunder our experimental conditions, and that pyritewas probably
not the source of sulfate in reactors containing natural rock samples.

4. Discussion

4.1. Comparison of LA–ICP-MS and sequential extraction results

In general, sequential extraction and LA–ICP-MS indicated that the
carbonate fraction of the Joins Limestone contained higher concentra-
tions of trace metals than that of the Kindblade Limestone. For example,
both methods indicated that carbonate minerals in Joins contained ap-
proximately three timesmore Fe and1.5 timesmore Sr than the carbon-
ate minerals in Kindblade. One exception was Ba where the LA–ICP-MS
and sequential extraction results were not consistent for concentrations
in carbonateminerals. Ba concentrations in the carbonate fraction of se-
quential extractions of both rocks were approximately the same
(33.35 ppm in Joins and 36.94 ppm in Kindblade; Fig. 3). In contrast,
Joins calcites contained 11 times more Ba than Kindblade calcites
(37.93 ppm in Joins and 3.48 ppm in Kindblade) according to the LA–
ICP-MS data (Table 3).We attribute the overestimation of Ba in the car-
bonate fraction and Ba in the sorbed fraction (Fig. 3) of the Kindblade
to Ba-containing gypsum (Chan and Chung, 1987) that dissolved
during the sequential extraction procedure but was not analyzed for
by LA–ICP-MS.

4.2. Controls on release of Ca, Mg and sulfate

The distance of minerals from equilibrium is often a good indicator
of the minerals that control the solubility of aqueous species (Kramer,
1967; Apps et al., 2010). Saturation indices for calcite and dolomite
were b0 at the beginning of each stage and increased to saturation or
near saturation at the end of each 10-day stage (Fig. 5). Gypsum and py-
rite were undersaturated at the end of each stage (Fig. 5), yet for differ-
ent reasons: while pyrite dissolved too slowly to reach equilibrium,
reactive gypsum dissolved very quickly and was depleted before equi-
librium could be achieved.

To further evaluate the extent of primary mineral dissolution in the
experiments we performed equilibrium simulations of mineral dissolu-
tion at log pCO2 ranging from −3.5 (atmospheric) to 0 with varying
mineral compositions. Initial mineral quantities were based on
QEMSCAN results (Table 2) and the aqueous concentrations of Ca2+,
Mg2+ and SO4

2− were compared to measured concentrations after
10 days of reaction at the equivalent experimental log pCO2. Results
from these simulations indicate that aqueous concentrations of Ca2+,
Mg2+and SO4

2− are controlled by the dissolution and solubility of calcite
and gypsum (Fig. 6). When only calcite was present in themodel, SO4

2−



Fig. 4.Aqueous concentrations of variousmetals as a function of time in the pressurized experiments. Data points that were below the detection limit are not plotted (for example, Pb data
from the Joins Limestone). Note that in some cases results for the control reactor overlay the x-axis, indicating that very low concentrations were detected.
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concentrations were underpredicted (Fig. 6). Inclusion of pyrite in the
model resulted in SO4

2− concentrations much higher than observed
(Fig. 6). In contrast, adding gypsum to the simulations resulted in
modeled SO4

2− concentrations that matched the observed, and even im-
proved fit to Ca2+ observations (Fig. 6).

Similarly, when dolomite was included in the model the Mg2+ con-
centrationswere higher than observed in the Kindblade reactor (Fig. 6).
Dolomite was present in both rocks at approximately the same volume
percent (Table 2), and calcites in the Kindblade Limestone were richer
in Mg than calcites in the Joins Limestone (Table 3). However, more
Mg2+ was released into solution in the Joins reactor than in the
Kindblade reactor. Therefore, it is likely that Mg2+ in the Joins reactor
desorbed from clays, which were present in higher abundance in the
Joins Limestone compared to the Kindblade Limestone (Table 2). The



Fig. 5.Calculated saturation indices (SI) of calcite, dolomite and gypsum in the pressurized experiments. Dots indicate time intervalswith calculated SI values, connecting lineswere added
for clarity.
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lack of dolomite dissolution is consistent with previous studies demon-
strating an inhibition effect of Ca2+ on dolomite dissolution (Busenberg
and Plummer, 1982; Pokrovsky and Schott, 2001). Both experimental
and modeling results suggest that calcite was the dominant carbonate
mineral that dissolved in our experiment.We therefore focus on calcite,
rather than dolomite, in the following discussions.

4.3. Controls of trace metal release

The relevant mechanisms controllingmetal release into solution are
desorption and mineral dissolution. We have established through ex-
perimental work and modeling results of major ions that calcite and
gypsumwere themost reactiveminerals in our experiment, with calcite
dissolving in the greatest quantities. However, desorption may have
contributed to increased aqueous concentrations as well. In this section
we compare and contrast sequential extraction, LA–ICP-MS and aque-
ous concentration results from the experiments to evaluate calcite dis-
solution and desorption as sources of trace metals to solution in the
experiments.

The experimental data suggest that Sr, Co, Ba and U were released
into solution through calcite dissolution. Aqueous Sr concentrations
were ~1.6 times higher in the Joins reactor compared to the Kindblade
reactor (Fig. 4d). Similarly, the carbonate fraction of the Joins Limestone
contained 1.7 times more Sr than the carbonate fraction of the
Kindblade Limestone (Appendix 1), and calcite grains in the Joins Lime-
stone contained 1.5 times more Sr than calcite grains in the Kindblade
Limestone (Table 3).We rule out desorption as the primarymechanism
controlling Sr release because Kindblade containedmore sorbed Sr than
Joins (Appendix 1, Fig. 3), contrary to our observations of Sr in solution.

Concentrations of Co in Joins calcites were approximately 2.5 times
higher than those in Kindblade calcites (Table 3), and a similar ratio
was observed between aqueous Co concentrations in the Joins and
Kindblade reactors (Fig. 4e). Additionally, Co concentrations in the
Kindblade and control calcites were very similar (Table 3), as were the
aqueous concentrations of Co in the respective reactors (Fig. 4e). Aque-
ous Ba and U concentrations closely followed those of Ca in both the
Joins and Kindblade experiments, with the exception of a sharp increase
in Ba concentration at the beginning of stage C (Fig. 4c) and decreases in
U concentrations at the beginning of each stage (Fig. 4i). The sharp
increase in Ba concentration is attributed to fast dissolution of gypsum
(see discussion in Section 4.1). Decreased U concentrations during the
first hours of each stage may be related to changes in U speciation and
sorption with rapid changes in pH (Dong and Brooks, 2006).

Tl aqueous concentrations increased rapidly in the Joins reactor
under 0.1 bar pCO2 (Fig. 4g). This rapid release and the association of
Tlwith pyrite in the Joins Limestone, observed in X-ray adsorption spec-
tra from scanning electron microscopy (not shown), suggest that Tl
release is likely controlled by desorption from the surfaces of pyrite.
The release of Tl may be enhanced by the formation of stable aqueous
Tl-carbonate complexes, of which stability constants are not well
constrained (Fedorenko et al., 1980; Glaser, 1995). The very low maxi-
mum contaminant level (MCL) for Tl in drinking water (0.002 mg/l;
USEPA, 2011) and potential aqueous Tl-carbonate interactions make Tl
an area of needed research with regard to geochemical impacts of CO2

leakage on shallow aquifers.
Aqueous concentrations of As increased in a trend similar to Ca

under 0.01 and 0.1 bar pCO2 (Fig. 3b, j), pointing to co-dissolution
with calcite (Bardelli et al., 2011; Yokoyama et al., 2012). However, As
concentrations increased very quickly under pCO2 of 1 bar, suggesting
a desorption mechanism of arsenate or arsenite at this stage (Sø et al.,
2008). While aqueous concentrations of As in the Joins and Kindblade
reactors were comparable to the control, high concentrations of As
were detected in the pure CaCO3 material that was dissolved in the
control reactor (Table 3).
4.4. Kinetic modeling

Calcite was close to equilibrium in our pressurized experiments
within 10 days after an increase in pCO2 (Fig. 5). Conversely, pyrite dis-
solution was negligible (see Appendix 3). Pyrite kinetics are very slow,
drivenmainly by oxidation, and to a lesser extent by an increase in acid-
ity. While introduction of CO2 to an aquifer system will reduce the pH
and drive carbonate dissolution, it will not have a direct effect on
oxygen availability, the main driver for pyrite dissolution. The question
remains, whether pyrite dissolution – and release of trace metals from
pyrite – is slow enough that calcite acts as the main source of metals re-
leased into solution at a time span of tens of years. We evaluate this



Fig. 6. Comparison of observed (experimental) andmodeled concentrations in solution as a function of varying pCO2 after 10 days of reaction. The solution chemistry of different mineral
assemblages at chemical equilibrium was modeled using PHREEQC.
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possibility with kinetic geochemical simulations based on our experi-
mental results.

4.4.1. Model setup
The modeling software PHREEQC was used to simulate kinetic cal-

cite and pyrite dissolution at elevated pCO2 for 30 years in a batch reac-
tion under oxidizing (log(pO2) = −1) and sub-oxic (log(pO2) = −
10) conditions. These high and low pO2 values correspond to dissolved
oxygen concentrations similar to those found in principal carbonate/
sandstone aquifers in the US, at the 75th and 25th percentile levels
(McMahon and Chapelle, 2008). Dissolved oxygen was kept at
equilibrium with the imposed pO2. Conceptually, the oxygen boundary
condition is analogous to an aquifer where water flow, and hence the
rate of supply of dissolved oxygen, is faster than the rate of oxygen con-
sumption from oxidation of sulfide and ferrous iron. Three pCO2 bound-
ary conditionswere tested aswell, in accordancewith our experimental
setup. The calcite dissolution rate in the model was determined by
fitting the dissolution rate equation from Pokrovsky et al. (2009)
(Eq. (1)) to the experimental data (Fig. 7) using a calcite surface area
of 6.67 m2 (5× less than the measured BET surface area for the rock).
The pyrite dissolution rate constant was taken from Palandri and
Kharaka (2004) (see Section 2.4).



Fig. 7.Observed (experimental) Ca concentrations and simulated Ca concentrations using the formulation and parameterization of Pokrovsky et al. (2009). The total reactive surface area
of calcite was adjusted from 34.95 m2 to 6.67 m2 to improve model fit.
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A routinewas created in PHREEQC to implicitly simulate pyrite crys-
tals as surrounded by calcite in the rock matrix, in accordance with the
QEMSCAN observations (Fig. 2). Thus, the modeled pyrite was not in
contact with reactive fluids unless calcite dissolved. The mass of pyrite
exposed to fluid resulting from calcite dissolution was calculated as fol-
lows:

Py tð Þ ¼ Py t−1ð Þ þ Pyfresh t−1ð Þ−Pydissolved t−1ð Þ
when Py t−1ð ÞNPydissolved t−1ð Þ

ð4aÞ

Py tð Þ ¼ Pyfresh t−1ð Þ−Pydissolved t−1ð Þ
when Py t−1ð Þ≤Pydissolved t−1ð Þ

ð4bÞ

where Py(t) is the mass of pyrite that is exposed to reactions at the
current time step, Py(t − 1) is the exposed pyrite mass from the previ-
ous time step, Pyfresh(t − 1) is the mass of pyrite newly exposed to re-
actions following calcite dissolution in the previous time step, and
Pydissolved(t − 1) is themass of pyrite that is removed due to pyrite dis-
solution in the previous time step. At each time step, calcite dissolution
was computed and the mass of calcite that dissolved was recorded. At
the end of each time step, the mass of pyrite that was exposed due to
calcite dissolution was assumed to be a fraction of the dissolved calcite
mass (1/263, based on the molar abundance ratio of pyrite to calcite in
the Joins Limestone according to the QEMSCAN analysis). The exposed
pyrite mass was converted to exposed pyrite surface area by multiply-
ing the mass by 3.01 m2/mol (0.0251 m2/g; McKibben and Barnes,
1986). The exposed pyrite area was then used in the next time step in
conjunction with the rate expression of pyrite dissolution to determine
the mass of pyrite that dissolved.

4.4.2. Modeling results
Calcite dissolution rates were higher than pyrite dissolution rates

throughout the simulation in the oxic scenario, leading to higher mass
of calcite dissolved compared to pyrite at every time step (Fig. 8). Calcite
dissolution rates in the oxic scenario were very low after 10–30 days
and both calcite and pyrite stopped dissolving at approximately
300 days as the minerals approached chemical equilibrium (Fig. 8). Py-
rite dissolution in the sub-oxic scenario was initially several orders of
magnitude lower than that in the oxic scenario, but the pyrite dissolu-
tion rates at later times were higher and pyrite continued to dissolve
over the 30 year simulation time (Fig. 8), resulting inmore pyrite disso-
lution in the sub-oxic scenario than in the oxic one. This result can be
explained by the dependence of pyrite dissolution on calcite dissolution
through exposure of pyrite surface area. In both scenarios calcite
dissolution led to exposure of fresh pyrite at the beginning of the simu-
lation (Fig. 8). Pyrite dissolution rates increased as themass and surface
area of exposed pyrite increased. Under oxic conditions, any pyrite ex-
posed dissolved quickly due to the oxidative dissolution. After approxi-
mately 10 days the pyrite dissolution rate exceeded the exposure rate of
new pyrite surfaces (Fig. 8). In contrast, under sub-oxic conditions the
pyrite dissolution rate was slower than the pyrite exposure rate, and
the continued pyrite dissolution fed protons to solution that continued
to promote calcite dissolution and expose more pyrite (Fig. 8). Thus,
the slower pyrite dissolution rate kept calcite from reaching complete
equilibrium with the solution.

In both scenarios the cumulativemolarmass of dissolved calcite was
greater than that of pyrite (Fig. 9). Assuming stoichiometric dissolution,
the ratio of Pb released into solution from calcite versus pyrite dissolu-
tion (Eq. (3)) was calculated at each time step and cumulatively. Initial-
ly, calcite was the dominant source of Pb at each time step (Fig. 10a). As
calcite approached equilibrium and dissolution slowed, pyrite became
the dominant source of Pb (Fig. 10a). The transition between calcite-
dominated and pyrite-dominated release was between 3 and 13 days
depending on the scenario. However, the cumulative release of Pb
from calcite is always greater than that of pyrite in all scenarios, demon-
strating the secondary role of pyrite as a source of Pb (Fig. 10b).

4.5. Implications for carbonate USDWs

The results here highlight the importance of understanding the
source of metals in aquifers when using geochemical simulations to
evaluate the potential for metal release in shallow aquifers impacted
by a CO2 leak. Other limestone formations will have varying concentra-
tions ofmetals and varyingmineralogies thatwill impact themagnitude
of metal release from dissolution and desorption. Results of this study
suggest that an evaluation of metal sources in limestone rocks (through
sequential or selective extraction) can provide initial guidance regard-
ing potential release of metals, especially if that release is expected to
be controlled by calcite solubility.

Increased pCO2 resulted in higher trace metal concentrations, and
maximumconcentrationswere observed at 1 bar pCO2. However, an in-
crease in pCO2 by an order of magnitude did not correlate to an order of
magnitude increase in major and trace metal concentrations. Of the el-
ements analyzed in the pressurized experiments, only As exceeded a
federally-mandated MCL in drinking water (of 10 μg/l; USEPA, 2011)
in both Kindblade and Joins reactors (Fig. 4j). Ni concentrations
exceeded the State of California MCL (100 μg/l; California Code of
Regulations, 2011) in the Kindblade reactor, but not in the Joins reactor
(Fig. 4h). Tl concentrations exceeded the federal non-enforceable



Fig. 8.Modeled calcite and pyrite dissolution rates and calculated exposed surface areas for the kinetic simulations.
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maximum contaminant level goal (MCLG; 0.5 μg/l) in the Joins reactor,
but remained below the MCL (of 2 μg/l) (Fig. 4g). Concentrations of U
remained b1 μg/l and were far below the MCL of 30 μg/l (Fig. 4i).
Fig. 9. Cumulative dissolution ratios of calcite and pyrite (m
While quantitative results from the batch experiments and geo-
chemical modeling do not transfer directly to expected impacts on
water quality in an aquifer setting due to high water-to-rock ratios
ol calcite/mol pyrite) at various pCO2 and various pO2.



Fig. 10. Ratio of Pb release from calcite and pyrite, (a) at each time step and (b) cumulatively. The horizontal red line indicates 1:1 ratio (equal contributions of calcite and pyrite to Pb
release). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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and short time scales, the results do provide insight into metals that
may be released in the event of a CO2 leak. Also, in an aquifer, solutes
may be removed from solution along a flow path through sorption, pre-
cipitation and co-precipitation, regardless of their source. For example,
trace elements may co-precipitate with common metal oxyhydroxides
(Karthikeyan et al., 1997; Lee et al., 2002; Tokoro et al., 2010) or with
calcite (Ahmed et al., 2008), although these processes were not explic-
itly evaluated in this study. Alternatively, some solutes may persist in
solution through complexation with other solutes. In addition, the
redox state, mineralogy and flow pattern in a carbonate aquifer can
greatly affect the fate and transport of trace elements. The redox state
of a carbonate aquifer determines the valence state of redox-sensitive
aqueous species: in an oxidized carbonate aquifer, metals can precipi-
tate as oxides, or oxy-hydroxides (Luiszer, 1987). In a reducing environ-
ment, redox-sensitive elements can remain mobilized (Oren et al.,
2006). In some cases, metal mobilizationmay be greatest in a transition
zone between oxidizing and reducing conditions (Schürch et al., 2004).

The several-order of magnitude discrepancy betweenmineral disso-
lution ratesmeasured in a laboratory and those observed in the field has
been explored in recent decades (Lichtner, 1993; White and Brantley,
2003; Navarre-Sitchler and Brantley, 2007; Li et al., 2008; Maher,
2010; Navarre-Sitchler et al., 2011;Moore et al., 2012). The factors lead-
ing to the discrepancies include differences between fresh and weath-
ered mineral surfaces, reaction affinities, precipitation of secondary
minerals, mineral age and microbial activity that sustains departure
from equilibrium (Li et al., 2008 and references therein; Wallmann
et al., 2008; Navarre-Sitchler et al., 2011Moore et al., 2012). Therefore,
reaction rates in our simulations – originally fitted to rates observed in
the laboratory – may be faster than expected in a field setting. As a re-
sult, an actual aquifermay not reach equilibrium as quickly as suggested
here. From a hydrological point of view, however, ourwell-mixed batch
kinetic model is adequate: Taylor-type dispersion (Taylor, 1953) and
scale effects diminish under most natural flow velocities, and fracture
flowpaths longer than a fewmm, for a fast-reactingmineral such as cal-
cite (Li et al., 2008). Also, the effect of long residence timeon slowing re-
action rates is not pronounced when the reactions are driven by high
pCO2 (Maher, 2010).

The acute toxicity of As, and the measured aqueous concentrations
relative to the USEPA-mandated MCL, warrant a further discussion on
the processes that affect mobilization of As in a carbonate aquifer set-
ting. These processes include complexation of As with carbonate ions
and sorption onto calcites. Kim et al. (2000) hypothesized the persis-
tence of stable aqueous arsenic–carbonate complexes under reducing
conditions and high concentrations of carbonate ions. The stability of
the aqueous complexes postulated by Kim et al. was later challenged,
although an As(OH)2CO3
− species was shown to exist with a small sta-

bility constant (Neuberger and Helz, 2005). Geochemical modeling of
a system in equilibriumwith calcite and at 1 bar pCO2 shows that com-
plexation of As with carbonate is negligible or minimal in both reducing
and oxidizing conditions, even at a pCO2 of 100 bar (Fig. 11). Therefore,
As–carbonate complexationmay not be an important mechanism in re-
leasing As into the aqueous phase in carbonate aquifers at high pCO2.
When the solution is in equilibrium with calcite, the dominant species
of As are either neutral (under reducing conditions; Fig. 11a) or anionic
(under oxidizing conditions; Fig. 11b). The calcite surface is always
positively-charged in waters containing CO2 (Eriksson et al., 2007)
and Ca N 1.6 mg/l (Foxall et al., 1979), which should promote re-
sorption of anionic As species, and be non-reactive with respect to
zero-charged As species. Indeed, adsorption and co-precipitation of
As3+ (i.e., in reduced form) with calcite were shown to be negligible
compared to adsorption and incorporation of As5+ (oxidized form; Sø
et al., 2008; Yokoyama et al., 2012), suggesting little removal of As in re-
ducing aquifers. Still, sorption of anionic As species on calcitewill dimin-
ish in the presence of high concentrations of carbonate ions, sustaining
As in solution even under oxidizing conditions (Sø et al., 2008). It is
therefore imperative to focus on anion-exchange processes and aquifer
redox conditions in future modeling efforts of As transport in carbonate
aquifers at high pCO2.

5. Conclusions

Laboratory experiments were used to evaluate the potential for
metal release from carbonate aquifer samples under elevated pCO2 con-
ditions that are relevant to CO2 leakage from geological CCUS opera-
tions. Results from these laboratory experiments were combined with
detailed sample analysis to identify potential sources ofmetals and eval-
uated the relative contribution of calcite and pyrite dissolution tometal
release. We find that increased pCO2 leads to increased metal concen-
trations from mineral dissolution, and that calcite dissolution is the
dominant mechanism of metal release. Metal desorption from mineral
surfaces also contributes to some degree. Slow dissolution kinetics and
low oxygen levels limited the impact of pyrite dissolution on metal
release.

With the exception of arsenic and nickel, aqueous metal concentra-
tions in the experiments did not exceeddrinking-water standards. Arse-
nic concentrations increase above the EPA-set MCL of 10 ppb under a
pCO2 of 1 bar in both the Joins and Kindblade experiments. Nickel con-
centrations exceeded the State of California drinking water limit of
100 ppb under a pCO2 of 1 bar in the Kindblade dissolution experiment.
Geochemical modeling results indicate that over a 30-year time span



Fig. 11. Relative abundances of aqueous As species (total concentration of 20 μg/l) in a high pCO2 system in equilibrium with calcite, under (a) reducing and (b) oxidizing conditions.
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calcite dissolution will be more important to cumulative metal release
in an aquifer impacted by a CO2 leak than pyrite under either oxic or
sub-oxic conditions. However, pyrite dissolution under sub-oxic condi-
tions may play an important role in the long-term dissolution of calcite
by releasing protons to solution that drive further dissolution of calcite.
Where pyrite is surface-area limited – or shielded by the calcitematrix –
calcite dissolution exposes the pyrite, which can then dissolve and drive
further calcite dissolution in a complex feedback system. The dissolu-
tion of pyrite in our models is strongly controlled by oxygen availability
under sub-oxic conditions, and by limited reactive surface area under
oxidizing conditions.

This article highlights the potential impact of CO2 leakage on carbon-
ate aquifers, which are important sources of drinking water worldwide.
We have provided evidence for calcite dissolution as an importantmech-
anism of metal release. These results warrant further investigation of the
impacts of trace metal release from carbonate minerals on water quality
degradation in shallow aquifers and underground sources of drinking
water in the event of a CO2 leak. Additionally, ourwork highlights the im-
portance of detailed geochemical characterization of trace metal sources,
particularly in fast-dissolving mineral phases such as calcite.
Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.chemgeo.2013.10.036.
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