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a b s t r a c t

The potential for metal release associated with CO2 leakage from underground storage formations into
shallow aquifers is an important consideration in assessment of risk associated with CO2 sequestration.
Metal release can be driven by acidification of groundwaters caused by dissolution of CO2 and subsequent
dissociation of carbonic acid. Thus, acidity is considered one of the main drivers for water quality degra-
dation when evaluating potential impacts of CO2 leakage. Dissolution of carbonate minerals buffers the
increased acidity. Thus, it is generally thought that carbonate aquifers will be less impacted by CO2 leak-
age than non-carbonate aquifers due to their high buffering potential. However, dissolution of carbonate
minerals can also release trace metals, often present as impurities in the carbonate crystal structure, into
solution. The impact of the release of trace metals through this mechanism on water quality remains rel-
atively unknown. In a previous study we demonstrated that calcite dissolution contributed more metal
release into solution than sulfide dissolution or desorption when limestone samples were dissolved in
elevated CO2 conditions. The study presented in this paper expanded our work to dolomite formations
and details a thorough investigation on the role of mineral composition and mechanisms on trace ele-
ment release in the presence of CO2. Detailed characterization of samples from dolomite formations dem-
onstrated stronger associations of metal releases with dissolution of carbonate mineral phases relative to
sulfide minerals or surface sorption sites. Aqueous concentrations of Sr2+, CO2+, Mn2+, Ni2+, Tl+, and Zn2+

increased when these dolomite rocks were exposed to elevated concentrations of CO2. The aqueous con-
centrations of these metals correlate to aqueous concentrations of Ca2+ throughout the experiments. All
of the experimental evidence points to carbonate minerals as the dominant source of metals from these
dolomite rocks to solution under experimental CO2 leakage conditions. Aqueous concentrations of Ca2+

and Mg2+ predicted from numerical simulation of kinetic dolomite dissolution match those observed
in the experiments when the surface area is three to five orders of magnitude lower than the surface area
of the samples measured by gas adsorption.

� 2013 Elsevier Ltd. All rights reserved.
1. Introduction

The dramatic increase in atmospheric concentrations of CO2

over the last few centuries (IPCC, 2007) has led to mitigation efforts
to reduce CO2 emissions to the atmosphere. While ex situ options
for sequestering CO2 have been proposed (Bauer et al., 2011; Haug
et al., 2010; Orlando et al., 2012; Perez-Lopez, 2008), the most
promising mitigation technique, in terms of scale and storage po-
tential, is geological carbon capture, utilization and storage (CCUS).
Geological CCUS consists of injection of compressed CO2 into deep
saline geological formations or depleted oil and gas reservoirs. In
the deep injection zone, supercritical CO2 is less dense than forma-
tion waters resulting in buoyant upward movement of the CO2.
Structural trapping of CO2 into the injection formation by overlying
low-permeability caprocks should ensure containment. However,
if leakage pathways exist in the caprock, such as improperly placed
or sealed wells and faults or fractures, some CO2 may migrate into
shallower formations, leading to acidification of groundwater and
potentially subsequent metal release from aquifer material
through desorption and/or mineral dissolution. Where shallow
aquifers are also underground sources of drinking water (USDWs),
intrusion of CO2 may lead to degradation of water quality (Carroll
et al., 2009; Navarre-Sitchler et al., 2013; Siirila et al., 2012).

The effects of increased CO2 concentrations on metal release in
shallow aquifers have been studied using numerical simulation
(Apps et al., 2010; Atchley et al., 2013; Navarre-Sitchler et al.,
2013; Siirila et al., 2012; Wang and Jaffe, 2004; Wilkin and DiGiu-
lio, 2010; Zheng et al., 2012), field studies (Kharaka et al., 2009;
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Trautz et al., 2013) and laboratory experiments (Frye et al., 2012;
Little and Jackson, 2010; Lu et al., 2010; Wei et al., 2011; Wunsch
et al., submitted for publication). Harvey et al. (2013) provide a
good review of results to date. In most studies, exposure of aquifer
material to CO2 increased aqueous concentrations of metals,
though in one study, concentrations of several metals increased
only temporarily (Lu et al., 2010). In another study concentrations
of some metals decreased altogether (Little and Jackson, 2010).

In much of the current literature on potential impacts of CO2

leakage on aquifers, the role of primary carbonate minerals (i.e.,
calcite and dolomite) is thought to be acting as a buffer to the in-
creased acidity through carbonate mineral dissolution (Eqs. (1a)
and (1b)) (e.g., Apps et al., 2010; Atchley et al., 2013; Wang and Jaf-
fe, 2004):

CaCO3ðCalciteÞ þHþ�Ca2þ þHCO�3 ð1aÞ

and

CaMgðCO3Þ2ðDolomiteÞ þ 2Hþ�Ca2þ þMg2þ þ 2HCO�3 ð1bÞ

It is also assumed in current literature that pH buffering from
carbonate mineral dissolution will lower the risk of metal release
into groundwater in aquifers where metals are sorbed to mineral
surfaces or contained in oxides. As a result of this assumption,
the risk of CO2 leakage into carbonate aquifers has not been eval-
uated as extensively as non-carbonate aquifers. However, calcite
and dolomite minerals often contain various minor and trace ele-
ments as impurities in solid-solution. Impurities such as Cd2+,
Fe2+, Mg2+, Mn2+, Sr2+, Co2+, Zn2+, Pb2+, and Ba2+ may substitute
for Ca2+ in the calcite lattice (Ahmed et al., 2008; Harstad and Stipp,
2007; Pingitore et al., 1992; Reeder et al., 1999). In addition, arse-
nate ðAsO3�

4 Þ, selenate ðSeO2�
4 Þ, sulfate ðSO2�

4 Þ and chromate ðCrO2�
4 Þ

may substitute for CO2�
3 (Alexandratos et al., 2007; Aurelio et al.,

2010; Bardelli et al., 2011; Reeder et al., 1994; Staudt et al.,
1994; Tang et al., 2007). In dolomite minerals, cation substitution
can occur either in the Ca2+ sites (Wright et al., 2002) or in the
Mg2+ sites (Prissok and Lehmann, 1986). Adsorption of an impurity
onto a carbonate mineral surface is considered a precursor to
incorporation into the lattice in solid-solution (Ahmed et al.,
2008; Comans and Middleburg, 1987). Therefore, the valence state
of an impurity may affect the extent of substitution in the lattice,
as evident for U (Sturchio et al., 1998) and As (Sø et al., 2008;
Yokoyama et al., 2012). Given the presence of trace metal impuri-
ties in the carbonate mineral lattice, dissolution of primary carbon-
ate minerals that provides buffering of pH can also result in co-
release of impurities into solution along with the major compo-
nents of the carbonate mineral (i.e., Ca2+, Mg2+ and CO2�

3 ; see
Eqs. (1a) and (1b)). Additional sources of metals to carbonate aqui-
fers are non-carbonate minerals, such as oxides, clays and sulfides
that were co-deposited with the carbonate, and which may con-
tribute to release of trace elements into solution. While trace metal
concentrations in calcite and dolomite minerals are generally low-
er than in sulfides and oxides (Barker et al., 2003; Kamber and
Webb, 2007; Querol et al., 2001), carbonate minerals are more sen-
sitive to pH variations and dissolve in larger quantities than asso-
ciated sulfides and oxides under elevated partial-pressures of CO2

(pCO2) (e.g., Wunsch et al., submitted for publication). For example,
Lu et al. (2010) and Kirsch et al. (submitted for publication) con-
cluded that calcite or dolomite were the main sources of several
trace metals in their elevated-pCO2 experiments, even though cal-
cite and dolomite were only minor fractions of the reacted rocks.

In previous work (Wunsch et al., submitted for publication), we
evaluated metal release from natural limestone rocks at pCO2 of
0.01, 0.1 and 1 bar and low O2 concentrations. Calcite dissolution
was the dominant geochemical reaction in these experiments
and was responsible for release of several metals, including Ba2+,
Sr2+, and Co2+, into solution, albeit at concentrations that did not
exceed regulatory limits. Aqueous concentrations of As in these
previous experiments exceeded USEPA-mandated maximum con-
taminant levels (MCL) (USEPA, 2011), mainly due to desorption
at 1 bar pCO2. Concentrations of other metals, such as Ni, increased
but specific release mechanisms were uncertain. In this paper, we
expand this experimental work to dolomite rocks, focusing on the
following questions: (1) which mineral phase is most likely to con-
tribute to metal release based on impurity content, (2) which min-
eral is most likely to contribute to metal release based on mineral
reactivity, and (3) which elements are released to solution and to
what concentrations under elevated pCO2 conditions? These ques-
tions were addressed by thorough characterization of the dolomite
samples, batch dissolution experiments and geochemical
modeling.
2. Methods

2.1. Dissolution experiments

Sevy Dolomite and Kindblade Dolomite samples were obtained
from the United States Geological Survey core laboratory in Lake-
wood, Colorado, USA. A sample of Cotter Dolomite was obtained
from a road-cut several miles south of Ozark, Missouri.

The samples were prepared and reacted with CO2 in an experi-
mental setup (Fig. 1) following Wunsch et al. (submitted for publi-
cation). Initially, each rock was crushed with a Boyd jaw crusher
(Rocklabs Limited, Auckland, New Zealand) and sieved to achieve
rock fragment sizes larger than 4 mm in diameter. After rinsing
with water to remove fines, 150 g of each rock were placed in a
closed polycarbonate beaker (i.e., a reactor), with an initial pure
water volume of 750 ml and an N2 atmosphere for 18 days. The
partial pressure of CO2 in the head-space of the reactors was then
progressively increased from 0.01 bar to 1 bar, in stages that lasted
15 days each (Table 1). As an experimental control, 3 g of pure
CaCO3 powder (Sigma Aldrich, Inc.) were reacted in a fourth reac-
tor. The reaction took place at ambient room temperature (�22 �C).
The total pressure in the reactors was 1 bar and controlled by a sin-
gle downstream pressure regulator (Equilibar Inc., Fletcher, North
Carolina, USA), whereas partial-pressures of CO2 and N2 were
achieved by pre-mixing these gasses in compressed tanks. Experi-
ments were conducted in six stages (A through F) with increasing
pCO2 and decreasing pN2 during stages B through E (Table 1). At
the end of the pressurized experiment, the system was allowed
to equilibrate with the atmosphere by disabling the pressure regu-
lator and loosening the reactor lids. Four ml of aqueous samples
were extracted at 3, 6 and 12 h and at 1, 2, 4, 7, 11, and 15 days
from the beginning of each stage, with the exception of stage B
(100% N2), where sampling was less frequent. Pressure in the beak-
ers was maintained during sampling. These aqueous samples were
filtered and acidified for cation analysis by ICP-MS. Anion concen-
trations were measured by ion chromatography in 1 ml of samples
taken at the end of each stage. Overall, a total of approximately
160 ml of solution were removed from each reactor for aqueous
analyses by the end of the experiment. Sampled volume was not
replaced with fresh water to prevent dilution. pH was measured
in situ using ISFET pH probes (Campbell Scientific, Inc.). Reactor
pressure and pH were recorded at 15-s intervals with a datalogger
(Campbell Scientific, Inc.).

Two minor changes in the experimental setup from Wunsch
et al. (submitted for publication) were implemented in the exper-
imental design: (1) 1 L polycarbonate containers (Nalgene) were
used as reactors (instead of glass), and (2) external, disposable
0.45 lm PVDF filters were used to filter the aqueous samples (in-
stead of in situ 0.5 lm stainless-steel filters). The container mate-



Fig. 1. Schematic of the pressurized experiment setup. TWV = Three Way Valve (modified from Wunsch et al., submitted for publication).

Table 1
Different stages of the pressurized experimental work.

Stage

A B C D E F

Stage duration (days) 9 18 15 15 15 12
Pressure (bar) above atmospheric Atmospheric 1 1 1 1 Atmospheric
% CO2 0.039 0 1 10 100 0.039
% N2 78.084 100 99 90 0 78.084
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rial was changed to polycarbonate to reduce potential glass disso-
lution during the experiment. These polycarbonate containers
were harder to sealand pressure fluctuations lasting several hours
were observed at day 60 of the experiment. Difficulties sealing the
reactors also lead to integrity failure of the control reactor on the
last day of the experiments in the 1 bar CO2 stage. At this point
the pressure in the other reactors dropped from 1.0 to 0.94 bar,
resulting in an increase in 0.3–0.4 pH units due to this failure. No
aqueous samples were taken from the control reactor after the
failure.

2.2. Rock characterization

Mineral composition of the rock samples was determined using
Quantitative Elemental Mapping (QEMSCAN) on thin sections and
XRD analysis on powdered samples. The QEMSCAN method com-
bined automated SEM point-counting at 10 lm point spacing with
post-processing to determine sample mineralogy and mineral vol-
umetric abundance. The SEM used was a Carl Zeiss EVO 50 SEM,
equipped with four Bruker X275HR silicon drift X-ray detectors.
Post-processing was done using the iMeasure/iDiscover software
suite (FEI, Inc., Hillsboro, Oregon, USA).

XRD analysis was performed on a XDS 2000 instrument (Ther-
mo ARL Inc. [formerly Scintag], Waltham, Massachusetts, USA). A
portion of powdered sample from each rock was used for whole-
rock, randomly-oriented XRD scan. Another portion was treated
to remove the carbonate fraction using 1 M Na-acetate/acetic acid
buffer (Jackson et al., 1950), followed by isolation of the clay frac-
tion by the Millipore method (Moore and Reynolds, 1997). The
remaining clay fraction was scanned air-dried. The clay fraction
of the Cotter Dolomite was re-analyzed after glycolation because
the air-dried scan produced a broad peak that suggested the pres-
ence of swelling clays The presence of kaolinite was confirmed in
the Sevy Dolomite by comparing peaks from before and after heat-
ing samples at 500 �C for 2 h (Moore and Reynolds, 1997). Each
sample was scanned in a 2h angle range of 4–50�, at a scan rate
of 2� per minute, with a resolution of 0.02�. DMSNT software (Ther-
mo ARL Inc. [formerly Scintag], Waltham, Massachusetts, USA) was
used for data reduction and plotting. Peak intensity data from
Brindley and Brown (1980) and Moore and Reynolds (1997) was
used to identify minerals. Surface area was measured on 2 g of rock
chips approximately 0.5 cm in diameter (not powders) using a
Micrometrics ASAP 2020 surface area analyzer with N2 gas.

Laser ablation-inductively coupled plasma-mass spectrometry
(LA-ICP-MS) analysis was performed on polished billets of each
rock, to determine impurity concentrations in specific minerals.
The LA-ICP-MS system consisted of a LSX-213 ablation unit with
a 213 nm Nd:YAG laser (CETAC Technologies, Omaha, Nebraska,
USA) connected to an Optimass 9500 Inductively Coupled Plas-
ma-Time of Flight-Mass Spectrometer (GBC Scientific Equipment,
Braeside, Victoria, Australia). Minerals were identified using a light
microscope in the ablation unit, and by inspection of the major-
element composition of ablated material. Elemental peaks were
calibrated against NIST SRM glasses 610, 612 and 614, which have
trace element concentrations on the order of 1, 50 and 500 ppm,
respectively, according to Jochum et al. (2011). Ablation was done
with a laser spot size of 150 lm. Internal standards used were 44Ca,
29Si, and 57Fe for calcite, clay (kaolinite), and pyrite, respectively.
Detection limits for each element were calculated as 3r of the
background for each sample run. The number of individual ablated
grains for each mineral was: Dolomite: 32, 24 and 13 in Kindblade,
Sevy and Cotter, respectively; Calcite: 12 in Kindblade; Pyrite: 8 in
Kindblade; Clay 22 in Sevy. Not all mineral phases identified by
QEMSCAN in each sample were measured by LA-ICP-MS, because
the mineral phases were too small or dispersed to be identified
using the integrated light microscope in the ablation unit.
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Concentrations of trace elements in different fractions of the
samples were also determined using the sequential extraction
(SE) method of Li et al. (1995) with two adaptations for our sam-
ples. The SE included: (1) leaching of sorbed metals, (2) dissolution
of carbonate fraction, where 80 ml instead of the prescribed 8 ml of
sodium acetate/acetic-acid (NaOAc/HOAc) buffer was used due to
the high carbonate content of the samples, (3) dissolution of metal
oxides, (4) dissolution of sulfides and organic matter, and (5) disso-
lution of the residual fraction from the previous steps using the
method of Farrell et al. (1980) where boric acid (H3BO3) is added
to neutralize the hydrofluoric acid (HF), in order to protect glass-
ware and the ICP-AES nebulizer. Analysis of metal concentrations
in extraction products was carried out using a Perkin Elmer Optima
5300 DV ICP-AES, with the multi-element inorganic standards
CCV-1 Solution A™ and CCV -1 Solution B™ (High-Purity Stan-
dards, Inc.) for reference. In addition, results from the HF digestion
(residual fraction extraction) were corrected against a blank that
was prepared during the digestion.

All of the analyses were performed at the Colorado School of
Mines, in Golden, Colorado, USA, with the exception of the LA-
ICP-MS work, which was performed at Towson University, Towson,
Maryland, USA, and the HF-digestion step of the sequential extrac-
tion, which was performed at the University of Colorado, Boulder,
Colorado, USA. Aqueous samples from the pressurized experiments
were also analyzed at the University of Colorado at Boulder.

2.3. Geochemical modeling

Equilibrium and kinetic geochemical calculations were per-
formed using the geochemical code PHREEQC (Parkhurst and
Appelo, 1999). The thermodynamic constants used in this work
were taken from the Lawrence Livermore National Laboratory
(LLNL) thermodynamic database. Equilibrium models were con-
structed with various mineral assemblages, containing different
combinations of calcite, dolomite, disordered dolomite and gyp-
sum. The abundances of minerals initially present in the simula-
tions were based on volumetric estimates from the QEMSCAN
analysis (Table 2). Mineral masses were calculated from the volu-
metric estimates (in 150 g of rock) by:

Mi ¼
Vi � qiPn
i V i � qi

� 150 ð2Þ

where Mi is the mass of mineral i, and Vi and qi are the volume and
density, respectively.

The mineral molar amounts represent the initial conditions of
geochemical simulations and were also used in calculation of sat-
uration indices. In specific cases, we applied minor adjustments
to the estimates of the amount of gypsum initially present (dis-
cussed later). Modeling results were then compared to observed
aqueous concentrations of Ca2+, Mg2+ and pH after 15 days of reac-
tion at each stage (a period long enough to reach equilibrium with
respect to calcite and dolomite).

Kinetic simulations of dolomite dissolution were performed by
programming the dissolution rate law from Palandri and Kharaka
(2004) into PHREEQC:

dm
dt
¼�SA kacid�exp � Ea1

RgðT�298:15Þ

� �
�fHþga

�

þkneutral�exp � Ea2

RgðT�298:15Þ

� �

þkcarbonate�exp � Ea3

RgðT�298:15Þ

� �
�pCOc

2ðgÞ

�
1� IAP

Keq

� �
ð3Þ

where SA (m2) is the total mineral surface area in the experiment,
kacid, kneutral, kcarbonate (mol/m2/s) are rate constants for the acid, neu-
tral and carbonate dissolution mechanisms. a and c (unitless) are fit-
ting parameters, Ea is activation energy (J/mol) of each dissolution
mechanism, Rg is the gas constant (8.314 J/K/mol), T is the tempera-
ture (K),fg denotes activity of solutes, IAP denotes the ion activity
product and Keq the equilibrium constant of dolomite. Palandri and
Kharaka (2004) report fitted values to dolomite dissolution data
from Busenberg and Plummer (1982) of: log kacid ¼ �3:76,
log kneutral ¼ �8:60, log kcarbonate ¼ �5:37, a ¼ c ¼ 0:5, Ea1 ¼ 57:6,
Ea2 ¼ 95:3 and Ea3 ¼ 45:7 J/mol.

Rate law parameters were optimized to match experimental
Ca2+ and Mg2+ concentrations using the optimization code UCODE
(Poeter et al., 2005). The optimization was an iterative process,
whereby PHREEQC simulation results were compared to the Ca2+

and Mg2+ concentrations measured during the experiments and
then values of parameters in the rate laws were incrementally ad-
justed by UCODE (up to 2% change from the previous value). Sub-
sequently, PHREEQC was re-run with the adjusted parameters and
simulation results compared to experimental data (see Skold et al.,
2007, for a comprehensive overview of UCODE-PHREEQC cou-
pling). This process was repeated until the sum of weighted-
squared-residuals with respect to parameter values reached a min-
imum, after which the parameters were considered optimized. The
criteria for optimization convergence was <1% fractional change for
all parameters. Concentrations of both Ca2+ and Mg2+ were given
equal weights during optimization and calculations of sum of
weighted-squared-residuals. The last two measurements of Mg2+

in the 1 bar pCO2 stage were not representative of dolomite disso-
lution (as explained in Section 3.2.2) and therefore omitted from
the optimization. Sensitivity analyses and optimizations were per-
formed using the log-transformed values of parameters with initial
or expected small values, to compensate for bias caused by orders-
of-magnitude differences and for ease of calculation (Hill, 1998).
Optimization was performed in several stages. First, the dolomite
dissolution rate was implemented as reported in Palandri and Kha-
raka (2004) with total surface area as the only optimized value.
Second, a sensitivity analysis was run on all rate law constants re-
ported by Palandri and Kharaka (2004), excluding activation ener-
gies (simulations were run at 22 �C, close to the reference
temperature of 25 �C for which the fitting parameters were calcu-
lated) but including total surface area. Then, the optimization pro-
cess was re-run by varying only the parameters that the results
proved most sensitive to.
3. Results

3.1. Rock properties

3.1.1. Mineralogical composition and textural description
QEMSCAN and XRD analyses confirmed that dolomite was the

dominant carbonate mineral in all three rocks (Figs. 2 and 3, Ta-
ble 2). However, the different rocks contained different abun-
dances of major, minor and trace minerals, as detailed below.
Metal oxides could not be readily quantified using XRD and QEM-
SCAN. However, the presence of oxides cannot be ruled out as Fe
was detected in the oxide fraction of the SE analysis (Table 2). Pyr-
ite was detected only in trace amounts in all rocks using QEMSCAN
(Table 2). Concentrations of oxides and pyrite were estimated from
Fe concentrations in the oxide and sulfide fractions following the
SE analysis, respectively (Table 2). Several tens of ppm of S were
detected in the sequential extraction in the SE ‘‘sorbed’’ fraction
of all three rocks which may indicate the presence of gypsum.
3.1.1.1. Kindblade Dolomite. In addition to dolomite, the Kindblade
Dolomite contained minor amounts of calcite, mostly in distinct,
white veins, and trace amounts of quartz, feldspar, and pyrite
(Fig. 2a). The percentage of clay minerals detected in the QEMSCAN



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

Kindblade Dolomite Sevy Dolomite Cotter Dolomite

Vol% Mass, ppm Vol% Mass, ppm Vol% Mass, ppm

Quartz 2.16 20,313 57.22 558,069 19.08 178,036
Dolomitea 74.93 754,226 36.41 280,540 78.41 784,257
Calcite 6.61 130,880b 0.04 5932b 0.08 15,800b

Calcite (Mg-bearing)c 6.68 0.54 1.53
Clay 8.91 86,812d 5.65 54,078e 0.81 7863d

Feldspar 0.54 5,105 0.05 82 0.05 13,545
Anhydrite/gypsum 0.02 163 0.01 57 0.01 83
Apatite 0.01 76 0.03 303 0 19
Pyrite 0.08 1332 (204f) 0.02 329 (1549f) 0 4 (118f)
Others 0.07 1093 (300g) 0.04 610 (5176g) 0.03 393 (1161g)

BET surface area (m2/g) 0.1583 ± 0.0013 0.4917 ± 0.0031 0.3338 ± 0.0006

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

b Sum of ‘‘calcite’’ and ‘‘Mg-bearing calcite’’.
c Calcites with Ca/Mg ratios of roughly 1.48–27.57 were classified as ‘‘Mg-bearing calcites’’.
d Based on average illite density (2.75 g/cm3).
e Based on average kaolinite density (2.6 g/cm3).
f Mass based on Fe concentrations in the SE sulfides fraction.
g Mass based on Fe concentrations in the SE oxides fraction, assuming Fe present as goethite.
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analysis of Kindblade was 8.9% (vol%). However, clay minerals
were not detected in the XRD data, even after removal of the car-
bonate fraction (see Section 2.2, Fig. 3a) and lowering the XRD scan
rate. Upon closer inspection, the clay identified in the QEMSCAN of
Fig. 2. False-color maps of mineral distribution in the (a) Kindblade Dolomite, (b)
interpretation of the references to colour in this figure legend, the reader is referred to
the Kindblade Dolomite only appeared as single pixels (spot size)
and with the pixels widely dispersed throughout the sample
(Fig. 2a), which may point to false identification of clays by the
QEMSCAN along mineral boundaries. Kindblade also had low over-
Sevy Dolomite and (c) Cotter Dolomite obtained from QEMSCAN analysis. (For
the web version of this article.)



Fig. 3. X-ray diffraction (XRD) patterns of the (a) Kindblade Dolomite, (b) Sevy Dolomite and (c) Cotter Dolomite. Superimposed XRD patterns correspond to: WR – Whole
Rock (randomly-oriented powdered sample), MP – Millipore (scan after dissolution of carbonate fraction and isolation of clay fraction using the Millipore method), HT – Heat
Treatment (post-Millipore and heating to 550 �C), GLY – Glycolation (post-Millipore and desiccation in ethylene glycol atmosphere). Scans HT and GLY were performed as
needed for specific rocks, as detailed in Section 2.2. Mineral identification abbreviations are as follows: Q – Quartz, C – Calcite, D – Dolomite, K – Kaolinite, I – Illite, Or –
Orthoclase/Anorthoclase.
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all surface area of the bulk rock compared to the other samples (Ta-
ble 2), which is consistent with a rock with low clay concentra-
tions. The Kindblade rock contained the most pyrite among the
rocks according to the QEMSCAN analysis, and pyrite crystals were
observed in this rock using the optical microscope of the LA-ICP-
MS. In contrast, Kindblade had the second-most pyrite based on
Fe abundance in the sulfide fraction of the SE analysis (Table 2).
3.1.1.2. Sevy Dolomite. Quartz was the most abundant mineral in
the Sevy sample (52.2 vol%), followed by dolomite grains



Table 3
Elemental abundances in dolomite and calcite grains (LA-ICP-MS analysis). Concentrations are averages of multiple grains, as indicated in the ‘‘detected’’ columns (BDL = below
detection limit).

Kindblade Dolomite Sevy Dolomite Cotter Dolomite

Dolomite Calcite Dolomite Dolomite

Conc. (ppm) Detected (/32) Conc. (ppm) Detected (/12) Conc. (ppm) Detected (/24) Conc. (ppm) Detected (/13)

Mn 59.37 32 13.21 12 157.56 24 254.07 13
Co 2.70 31 0.25 12 4.06 24 0.77 13
Ni 12.50 32 2.57 12 30.77 24 5.13 13
As 2.80 29 0.30a 1 12.27 14 0.76 8
Sr 131.95 32 141.89 12 99.88 24 83.07 13
Tl 0.23 22 0.04 7 0.64a 1 0.10 13
Zn 8.73 32 0.66 12 14.87 24 5.22 13
Mo 7.49 31 0.72a 1 3.80 6 BDL 0

a Mostly BDL.
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(36.4 vol%). The Sevy rock also contained clay, primarily kaolinite
based on XRD peak identification (Figs. 2b and 3b). Sevy contained
the most pyrite based on Fe abundance in the sulfide fraction of the
SE analysis (Table 2). It was also richest in metal oxides based on Fe
concentrations in the oxide fraction of the SE.

3.1.1.3. Cotter Dolomite. The Cotter Dolomite had a clastic texture,
with dolomitic cement between dolomite and quartz grains, and
only trace amounts of other minerals (Table 2, Figs. 2c and 3c).
One clay peak was identified in Cotter using XRD. This peak corre-
lated to either illite or glauconite; other clay peak intensities were
too low to identify definitively (Fig. 3c). The Cotter Dolomite had
the lowest concentration of metal oxides and sulfides based on
both the QEMSCAN and SE analyses.

3.1.2. Distribution of trace elements: sequential extraction
The SE analysis provided insight into the mineral pool that

hosted the most impurities in each rock (Fig. 3, Supplemental
Material 1). It should be noted that the detection limits of elements
in the carbonate fraction (in ppm of rock) were approximately two
orders of magnitude higher than those of the other fractions, due to
the addition of relatively large amounts of reagent in the carbonate
dissolution process (see Section 2.2, Supplemental Material 1).
Similarly, the detection limits of elements in the residual fraction
were approximately one order of magnitude higher than that of
the other fractions (excluding carbonate), because HF-digested
samples were diluted by a factor of 10 prior to ICP-AES analysis.
Higher detection limits in the carbonate fraction may lead to
underestimation of impurity content compared to the other frac-
tions. However, where results were below detection limit in the
carbonate fraction, LA-ICP-MS analysis provided trace element
concentrations of the carbonate fraction. The main observations
from the SE analysis are as follows:

� Sevy contained the highest overall concentrations of As, Ba, Cd,
Co, Cr, Fe, Mn, Ni, Pb, S, Sr, Ti, and Zn (Fig. 3, Supplemental Mate-
rial 1). Kindblade contained the most Li and Mo. Se was found
mostly in the Cotter rock.
� Concentrations of Tl, U, Sn, and Sb were below detection limits

in all rocks.
� The carbonate fraction was the primary host of minor and trace

elements in the samples as follows: As (Kindblade), Ba (all
rocks), Cd (Kindblade, Cotter), Cr (Kindblade, Cotter), Li (all
rocks), Mn (Kindblade), Pb (Cotter), Se (Sevy, Cotter) and Zn
(Kindblade, Cotter).
� Several elements were found sorbed in appreciable amounts

relative to the total concentrations in the rock (>5%): As (Cot-
ter), Co (Cotter), Mo (Kindblade), Ni (all rocks), and Se (Kind-
blade, Sevy).
� The sulfide mineral fraction of Sevy contained a significant pro-
portion of many minor and trace elements of interest (e.g., As,
Co, Mo), even though the overall abundance of sulfide minerals
was low (Table 2).

3.1.3. Distribution of trace elements – LA-ICP-MS
Dolomite and quartz minerals were analyzed for metal impuri-

ties using LA-ICP-MS. Calcite in a vein and pyrite in the Kindblade
sample, as well as kaolinite in the Sevy sample, were also analyzed
using LA-ICP-MS. The LA-ICP-MS results for dolomite minerals
were generally in good agreement with the SE analysis of the car-
bonate fractions of the different rocks. The main observations from
the LA-ICP-MS analysis are as follows:

� Dolomite minerals in the Sevy rock contained, on average, more
Co, Ni, As, Nb, Cs, U and Zn than dolomite minerals in other
rocks (Table 3; Supplement Material 2). Sm, Ge and Eu concen-
trations in dolomite minerals of Sevy were the highest, yet
these elements were only detected in a few ablated minerals.
The Kindblade dolomite minerals were richest in Ba, Mo, Sr, Tl
and Pb. The Cotter dolomite minerals contained the highest
concentrations of Mn compared to the other dolomites.
� The Kindblade dolomite minerals had higher impurity concen-

trations, per ablated mass, than Kindblade calcite minerals, with
the exception of Sr. Also, Kindblade pyrites contained higher
impurity concentrations than any other ablated mineral across
all three rock samples, most notably of Mn, Co, Ni, Ge, As, Tl
and Pb.
� Almost all minor and trace elements, apart from Co and Ni, were

below detection limit in the kaolinite minerals of the Sevy rock.

3.2. Pressurized experiments

3.2.1. pH
Temporal changes in pH reflected the boundary conditions im-

posed during different stages of the experiment. When the system
was purged with N2, and pCO2 � 0, pH increased to >9 (Fig. 5a).
During this stage, pH readings were not steady in the Kindblade
reactor due to severe pressure leaks, which were fixed before tran-
sitioning to the next stage. Upon increase in pCO2, pH dropped to a
minimum value for that stage (6.73–6.8 in Stage C, 6.1–6.29 in
Stage D, 5.53–5.73 in Stage E) within a few hours, then increased
slowly over the course of several days by �0.5 pH units, indicating
acidity buffering through mineral dissolution. The buffering capac-
ities of the different rocks were overall similar, despite the differ-
ent mineralogical compositions and perhaps dissolution of
different reactive minerals (see Section 4.1).



Fig. 4. Selected results of elemental abundances in different mineral fractions (sequential extraction procedure). Concentrations refer to abundance in the whole rock. Notice
the break and change of scale in the y-axes of As, Co, Mn and Sr plots.
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3.2.2. Release of major elements
Concentrations of Ca and Mg increased rapidly at the beginning

of stages C through E, then approached a constant value towards
the end of each stage (Fig. 5b and c). Noticeable declines in Mg2+

concentrations were observed in the reactors containing natural
rock samples around day 60, which we attribute to the unexpected
pressure fluctuations in the system at that time. Interestingly, Ca2+
concentrations were not affected by the pressure fluctuations,
which may rule out carbonate precipitation as the mechanism that
led to decreases in Mg2+ concentrations (given that magnesite pre-
cipitation rates are much slower than that of calcite; Saldi et al.,
2009). Also, Ca2+ and Mg2+ exhibited opposite trends during system
decompression: Ca2+ concentrations decreased while Mg2+ concen-
trations increased. Concentrations of SO2�

4 generally remained



Fig. 5. pH and aqueous concentrations of metal as a function of time throughout the pressurized experiments.
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<6 mg/L (not shown); the low sampling frequency did not allow us
to determine a particular trend.

3.2.3. Release of minor and trace elements
Aqueous concentrations of many elements increased during the

experiment, including As, Ba, Co, Cs, Ge, Mn, Mo, Ni, Rb, Sb, Sr, Tl
and Zn (Fig. 5; Supplemental Material 3). Aqueous concentrations
of several trace elements increased, but remained <1 lg/L, includ-
ing Ce, Eu, La, Nd, Ru, Sm, U, Y and Zr. Aqueous concentrations of Pb
did not exhibit a particular trend, and remained <0.5 lg/L. The
Kindblade Dolomite released the most Ge, Sr, Ba, Sm and Eu, while
the Sevy Dolomite released the most Co, Ni, As, Cs and U. The Cot-
ter Dolomite was the least dominant source of metals, yet released
Mn into solution in concentrations that were significantly higher
than in the other reactors. The Cotter Dolomite also released the
most Tl. During the decompression stage (Stage F), some elements
decreased in concentrations (Ba, Ce, Co, Ge, La, Mn, Nd, Ni, Ru, Sr, Y,
Zn, Zr) while others increased (Cs, As in the Kindblade and Cotter
reactors). Aqueous concentration trends of As and U varied among
rocks during decompression.

Aqueous concentrations of As and Ni in the control reactor were
comparable with concentrations in reactors that contained the
dolomite rock samples. These high aqueous concentrations proba-
bly resulted from the high As and Ni concentrations of 197.7 and
9.5 ppm, respectively, that were found in the control CaCO3. There-
fore, we regard the aqueous As and Ni concentrations in the



Fig. 6. Saturation indices (SIs) calculated for calcite, dolomite, gypsum and pyrite in each reactor. Pyrite and gypsum SIs were only calculated where sulfate was measured, at
the end of each stage. In some instances sulfate was BDL, therefore calculation of pyrite and gypsum SIs were not possible.
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Kindblade and the Cotter reactors as genuine. However, As concen-
trations in the Sevy reactor were exceptionally high from the
beginning of the pressurized experiment, even before reaction with
CO2, and may be a result of unknown contamination. Furthermore,
the Sevy Dolomite did contain high concentrations of sorbed As
(Fig. 4). It is therefore possible that As desorbed in this rock upon
contact with initially-pure water (Radu et al., 2005).

4. Discussion

4.1. Calcite and dolomite dissolution with increased pCO2

The observed trends of Ca2+ and Mg2+ can be attributed to dis-
solution of carbonate minerals, which approached equilibrium to-
wards the end of each stage according to saturation index (SI)
calculations (Fig. 6). Simulated equilibrium concentrations of
Ca2+, Mg2+ and acidity following mineral dissolution were com-
pared to observed concentrations at the end of each stage (after
15 days of reaction). We did not expect a good fit to data at the
end of the 1 bar CO2 stage due to the pressure drop that occurred
shortly before sampling. Nonetheless, the mineral assemblages
that produced model results closest to observed data were consis-
tent with minerals detected in the QEMSCAN analysis: dolomite
alone (Cotter), dolomite and gypsum (Sevy) and dolomite and cal-
cite (Kindblade) (Fig. 7). The co-dissolution of calcite and dolomite
in the Kindblade reactor is apparent in the higher concentrations of
Ca2+, and lower concentrations of Mg2+ compared to other reactors
(where calcite dissolution was not significant) (Fig. 8a). According
to equilibrium simulations, calcite dissolves �14 times more than
dolomite (on a molar basis) when both minerals are present, even
when calcite is much less abundant than dolomite. However, based
on the observed Ca:Mg ratio in solution (Fig. 8a) it is likely that cal-
cite only dissolved �3 times more than dolomite in the Kindblade
reactor (this value could be lower if the dolomite minerals in the
Kindblade Dolomite were Mg-poor, and higher if some Mg2+

emerged from solid-solution in calcite during dissolution). The dif-
ference between the equilibrium simulations and calculated
masses of calcite and dolomite that dissolved in the Kindblade
reactor can be explained by the low surface area of calcite, pre-
dominately confined to veins, that was available for reaction com-
pared to that of dolomite. Surface area considerations are not
included in the equilibrium simulations. Regardless of the exact



Fig. 7. Comparison of experimental aqueous Ca, Mg and pH (symbols) to results
from equilibrium simulations (lines).
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amount of calcite that dissolved in the Kindblade reactor, the rela-
tively low Ca-to-Mg ratio is expected due to a preferential dissolu-
tion of calcite over dolomite resulting from the inhibiting effect of
high Ca2+ concentrations on dolomite dissolution (Busenberg and
Plummer, 1982; Pokrovsky and Schott, 2001). Finally, the acidity-
buffering response of each rock was similar, regardless of whether
dolomite or calcite was the main buffering agent.

4.2. Sources of minor and trace elements

To investigate the sources of metals to aqueous solution in the
experiments, we compare aqueous concentrations of metals to the
solid-phase metal distribution from SE and LA-ICP-MS analyses. Let
us take Sr2+, for example. Sevy contained the highest total soild-
phase Sr concentrations, and the highest Sr concentrations in the
oxide and sulfide fractions (see Supplement Material 1, Fig. 4). If
total rock dissolution, or dissolution of oxides and sulfides, con-
trolled Sr release we would expect aqueous Sr2+ concentrations
to be highest in the Sevy reactor. Similarly, all three rocks con-
tained approximately the same amount of sorbed Sr, thus we
would expect similar aqueous concentrations in all reactors if
desorption were controlling Sr release to solution. However, the
highest aqueous Sr2+ concentrations were observed in the Kind-
blade experiment. The dolomite phase in the Kindblade Dolomite
contained higher Sr concentrations than dolomite grains in the
Sevy and Cotter samples (Table 3). Increased Sr2+ concentrations
are highly correlated to increased Ca2+ concentrations, leading to
the interpretation that carbonate mineral dissolution is the domi-
nant mechanism for Sr release to solution (Fig. 8b). It is not surpris-
ing that carbonate mineral dissolution is the dominant release
mechanism for Sr, which has long been known to substitute for
Ca in the calcite and dolomite lattices (e.g., Bowen, 1956; Kulp
et al., 1952).

Mn provides another example. Sorbed Mn concentrations were
similar in all three rocks and Sevy contained the highest concentra-
tions of Mn in the oxide and sulfide fractions. However, the highest
aqueous Mn2+ concentrations were observed in the Cotter reactor
(Fig. 8c). Amongst the three rocks, Cotter had the highest Mn con-
centration in the carbonate fraction (Fig. 4, Table 3). In addition,
aqueous Mn2+ concentrations correlated well with aqueous Ca2+

concentrations. These observations lead to the interpretation that
carbonate dissolution was also the dominant release mechanism
for Mn2+.

Other trace elements can also be associated with the carbonate
mineral pool. Co concentrations in the carbonate fraction were be-
low the detection limit of the SE procedure in all rocks, yet Co was
found in dolomite and calcite minerals using LA-ICP-MS. The rela-
tive enrichment of Co among dolomite minerals in all rocks, as well
as correlations between Co2+ and Ca2+ concentrations (Fig. 8d),
support carbonate mineral dissolution as the major release mech-
anisms for Co in these experiments. All three rock samples released
Ni into solution in accordance with the relative abundance of Ni in
both the carbonate and oxide mineral fractions of the rocks. How-
ever, correlation between aqueous Ni2+ concentrations and Ca2+

concentrations (Fig. 8e) suggests that carbonate mineral dissolu-
tion was again the main release mechanism of Ni into solution.
Aqueous Tl+ correlated well with aqueous Ca2+ in the Cotter reac-
tor, and to a lesser extent in Kindblade reactor (Fig. 8) It is possible
that some Tl in the Kindblade and Cotter reactors was released
from sorption sites in pyrite, similar to limestones investigated
by Wunsch et al. (submitted for publication). However, the calcite-
and dolomite-bound concentrations of Tl (assuming preferential
dissolution of calcite in the Kindblade Dolomite) are consistent
with the relative amounts of Tl+ in solution.

Trends of Zn2+ release were inconsistent among the reactors.
Aqueous concentrations of Zn2+ correlated with Ca2+ concentra-
tions in the Kindblade reactor (Fig. 8g), which can be interpreted
as Zn release through carbonate-mineral dissolution. Interestingly,
trends in Zn2+ increase were not consistent in all stages of the Sevy
Dolomite dissolution (Fig. 5l): Zn2+ concentrations decreased
approximately 7 days into the 0.1 bar pCO2 stage. The reason for
the decrease is unknown, however, the stages of increase correlate
very well to Ca2+ increase in the Sevy reactor, suggesting a carbon-
ate mineral source. Aqueous Zn2+ concentrations in the Cotter and
control reactors were similar and probably represent experimental
background. Aqueous concentrations of Mo2+ in the Kindblade
reactor were up to 60 times higher than in the Sevy reactor
(Fig. 5h), yet Mo abundance in the sulfide fractions of the Kind-
blade and Sevy Dolomites were similar (Fig. 4). LA-ICP-MS data
indicated that Kindblade dolomite grains contained more Mo than
Sevy dolomite grains, yet the correlations between Mo2+ and Ca2+

was not very robust compared to other elements (R2 < 0.9, not
shown). In this case, Mo aqueous concentrations can be explained
by a combination of release by calcite dissolution and the presence
of Mo in the sorbed fraction of Kindblade.

4.3. Kinetic simulations

Equilibrium simulations suggested that dolomite was the main
source of aqueous concentrations of Ca2+ and Mg2+ in the Cotter
Dolomite reactor (see Section 4.1). We therefore used aqueous data
from the Cotter reactor as reference for optimizing the rate law
from Palandri and Kharaka (2004). In the first optimization at-
tempt, only surface area was allowed to vary. Overall, the fit of
the original parameters from Palandri and Kharaka to experimental



Fig. 8. Correlation of Mg and trace metal concentrations to Ca concentrations in solution.
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data was reasonable, with fit-to-data R2 = 0.962 (Fig. 9, upper pa-
nel). In addition, the simulated pH matched the observed pH quite
well, even though pH data was not included in the optimization.
However, the fit was achieved only by assigning a dolomite surface
area that was 5 orders of magnitude lower than the measured BET
surface area (Table 2).



Fig. 9. Comparison of kinetic dolomite dissolution simulations and observed Ca, Mg
and pH from the pressurized experiments. See Section 2.3 for definition of
parameters.

A. Wunsch et al. / Applied Geochemistry 38 (2013) 33–47 45
It is generally expected that addition of more parameters to an
optimization attempt would result in a better fit. At the same time,
it is practical to focus on the few most-sensitive parameters that,
when varied, lead to greater impact on simulation results. Sensitiv-
ity analysis revealed that results were most sensitive to variations
in logðkcarbonateÞ, followed by surface area. Therefore, only these two
parameters were allowed to vary in the second optimization. The
addition of logðkcarbonateÞ to the optimization process had a dual ef-
fect: not only the R2 of the fit improved slightly to 0.978 (Fig. 9,
lower panel), but the calculated reactive surface area of dolomite
was two orders of magnitude higher than in the previous optimiza-
tion. Still, the optimized surface area was three orders of magni-
tude lower than the measured BET surface area. The difference
between the optimized values and the BET values is perhaps not
surprising. For example, White and Peterson (1990) report reactive
surface area to be 1–3 orders of magnitude smaller than the total
surface area (measured BET).

The exercise of fitting an existing kinetic rate law to experimen-
tal data resulted in several interesting observations: (a) The most
sensitive parameter in the dolomite dissolution rate law is
logðkcarbonateÞ, representing the carbonate mediated dissolution
mechanism. The proton mediated dissolution mechanism
(log(kacid)) has only minor importance in predicting dolomite dis-
Table 4
Elements that exceeded drinking water quality regulatory limits as set by the USEPA (201

Element Regulatory limit, ppb (MCLGa/
MCLb/SSc)

Maximum observed aqueous concentra
ppb (Rock)

As 10 (MCL) 41.3 (Kindblade)

Mn 50 (SS) 2827.95 (Cotter)
Ni 100 (MCLd) 891.09 (Sevy)
Tl 0.5 (MCLG) 1.57 (Cotter)

a MCLG: Maximum contaminant level goal (non-enforceable limit, concentrations bel
b MCL: Maximum contaminant level (enforceable limit).
c SS: Secondary standard (non-enforceable guideline, concentrations above which cos
d State of California California Code of Regulations, 2011.
solution. Pokrovsky et al. (2005) demonstrated that dolomite dis-
solution rates were strongly dependent on pCO2 at low pCO2

values (<10 atm). In a later paper, Pokrovsky et al. (2009) were able
to explain much of the variability in their dolomite and calcite dis-
solution experiments simply by fitting dissolution rates to second-
order polynomials, where the only independent variable was pCO2.
(b) Previously published rate laws and fitted parameters should be
used with caution. Use of dolomite dissolution rate from Palandri
and Kharaka (2004) and the measured BET, with no optimization,
resulted in very fast dissolution of dolomite and almost instanta-
neous (�10 min) establishment of new steady-state conditions in
our simulations. Both optimization attempts resulted in reactive
surface areas that were several orders of magnitude lower than
the measured BET value for the Cotter Dolomite, a phenomenon
linked to selective reactivities associated with different types of
surface sites (e.g., Washton et al., 2008), inactivity of etch pits that
develop initially during early stages of dissolution (e.g., Gautier
et al., 2001; MacInnis and Brantley, 1992) and presence of coatings
on mineral surfaces (e.g., Cubillas et al., 2005). Whether one or two
parameters were varied during the optimization, the overall fit to
data was largely similar (Fig. 9), whereas the resulting ‘‘optimized’’
surface areas differed by two orders of magnitude. In other words,
results of optimization of reaction rate laws may not be unique, be-
cause some parameters may be correlated.

4.4. Implications for drinking water

Aqueous concentrations of most minor or trace elements did
not surpass USEPA (USEPA, 2011) or State of California (California
Code of Regulations, 2011) regulatory limits for drinking water
quality. Exceptions are shown in Table 4: As, Mn, and Ni exceeded
regulatory limits, while Tl exceeded the USEPA maximum contam-
inant level goal (MCLG), but not the maximum contaminant level
(MCL) (Table 4). It is likely that these concentrations would be low-
er in an actual aquifer due to dilution, dispersion, CO2 degassing
(discussed in more detail below) and reactions that result in loss
from the aqueous phase during transport down-gradient of a
CO2-influenced zone.

A key finding of this study is that the increase in concentrations
of most elements could be attributed to dissolution of the carbon-
ate phase. Therefore, characterization of the trace element compo-
sition of the carbonate fraction of any rock should be an important
step in risk assessment analysis of potential aquifer contamination
due to CO2 leaks. The variance in elemental and mineralogical com-
position among the Dolomite rocks studied here and resulting var-
iance in aqueous chemistry point to the importance of site-specific
geochemical characterization when looking at the susceptibility of
trace metal contamination.

Opening of the reactors and exposure to ambient atmospheric
conditions provides some insight into how groundwater quality
might recover once a leak is stopped. During this decompression
phase of the experiment, Ca2+ concentrations decreased (Fig. 5b),
1).

tion, Comments

As levels in the Sevy reactor rose to 1057.78 ppb, yet contamination could
not be ruled out
Mn also exceeded SS and reached 120 ppb in the Sevy reactor
Ni concentrations in the rest of the beakers were lower than control
Tl concentrations in the rest of the beakers were above control, but below
MCLG

ow which there are no known or expected risk to health).

metic or aesthetic effects in drinking water may occur).
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presumably due to precipitation of calcium carbonate. Theoreti-
cally, calcium carbonate precipitation is contrasted by the calcu-
lated undersaturation of calcite (Fig. 6). However, we assumed an
atmospheric boundary condition in our calculations of SI values
during the decompression stage; in actuality, CO2 did not immedi-
ately and completely degas when the reactors were exposed to the
atmosphere, as apparent from the gradual increase in pH (Fig. 5a).
When a gradual decrease in pCO2 was forced on the SI calculations
during decompression, the reactors are supersaturated with re-
spect to calcite (not shown).

In contrast to Ca2+, Mg2+ concentrations increased during the
decompression phase (Fig. 5c), but the causes for this increase
are unclear. Mg generally sorbs or precipitates to form carbonate
minerals as pH increases, and therefore a decrease in aqueous con-
centrations was expected. Interestingly, Na+ concentrations in-
creased during the decompression stage as well.

At the end of the experiments the lids on the beakers were loos-
ened, but not removed, and the beakers depressurized. The pH in
the beakers increased immediately after loosening of the lids as
CO2 degassed from the water. This stage of the experiment (Stage
F in Fig. 5) does not strictly represent aquifer recovery in a CO2

leakage scenario because the redox conditions likely changed as
oxygen diffused into the beaker and water. However, a correspond-
ing rapid reduction in aqueous metal concentrations was observed
with increased pH suggesting possible natural remediation of in-
creased metal concentrations in carbonate aquifers if a CO2 leak
is identified and mitigated. Admittedly, we have no oxygen con-
centration measurements of the water so we cannot rule out metal
oxidation as the cause of the aqueous metal concentration de-
crease. However, these results highlight the importance of future
investigation into geochemical recovery of an aquifer post-leak.
These results also suggest that the likelihood of surpassing MCLs
in shallow aquifers may, therefore, be highest where CO2 will not
readily degas, such as in a confined USDW, or following long-term
(undetected) CO2 leaks.

5. Conclusions

We conducted a set of dolomite dissolution experiments across
a range of pCO2 conditions, accompanied by thorough characteriza-
tion of rock and mineral chemistry, in order to understand poten-
tial geochemical impacts of CO2 intrusion into shallow carbonate
aquifers. The main conclusions from this work are:

1. Aqueous concentrations of metals increased with increasing
pCO2. Regulatory limits of As, Mn and Ni in drinking water were
exceeded in the pressurized experiments, although not for all
rocks, and no single rock appeared to be more problematic.
Thus, the potential metal contamination is likely to be site spe-
cific in dolomitic aquifers.

2. At the end of the experiment, when pCO2 decreased and pH
rebounded, most elements were removed from solution. In con-
text of an actual CO2 leak into a carbonate aquifer, this result
suggests that water quality will be restored to acceptable levels
fairly quickly if a point source of CO2 leakage is detected and
remediated.

3. Aqueous concentrations of several trace elements (Sr, Ni, Mn, Tl,
Zn) increased due to dissolution of carbonate materials, but the
magnitude of the increase was dependent on the specific geo-
chemistry of each rock. Even though oxides and sulfides con-
tained higher mineral-bound concentrations of these trace
elements (with the exception of Sr) than carbonates, the disso-
lution of the carbonate fraction controlled the release of these
elements into solution.
4. Calcite dissolution occurs more readily than dolomite dissolu-
tion, and inhibits dolomite dissolution to a certain extent, even
when calcite is present in minor amounts in a rock that is pre-
dominately dolomitic.

5. Published kinetic reaction rates for dolomite, coupled with BET
measurements, predicted dolomite dissolution that was much
faster than observed in pressurized experiments. A reasonable
fit to data was obtained only by assigning a reactive dolomite
surface area that was several orders of magnitude lower than
the measured BET surface area. This result has been shown by
others, but not for reactions related to high partial pressures
of CO2 invading carbonate aquifer materials.
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