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Carbon Capture and Storage may use deep saline aquifers
for CO2 sequestration, but small CO2 leakage could pose a risk
to overlying fresh groundwater. We performed laboratory
incubations of CO2 infiltration under oxidizing conditions for
>300 days on samples from four freshwater aquifers to
1) understand how CO2 leakage affects freshwater quality; 2)
develop selection criteria for deep sequestration sites based on
inorganic metal contamination caused by CO2 leaks to
shallow aquifers; and 3) identify geochemical signatures for
early detection criteria. After exposure to CO2, water pH declines
of 1-2 units were apparent in all aquifer samples. CO2

caused concentrations of the alkali and alkaline earths and
manganese, cobalt, nickel, and iron to increase by more than
2 orders of magnitude. Potentially dangerous uranium and
barium increased throughout the entire experiment in some
samples.Solid-phasemetalmobility,carbonatebufferingcapacity,
and redox state in the shallow overlying aquifers influence
the impact of CO2 leakage and should be considered when
selecting deep geosequestration sites. Manganese, iron, calcium,
and pH could be used as geochemical markers of a CO2

leak, as their concentrations increase within 2 weeks of exposure
to CO2.

Introduction
Carbon Capture and Storage (CCS) represents a suite of
technologies developed to separate, compress, transport, and
sequester securely underground the CO2 produced from
power plants and other industrial facilities. Currently, power
plant flue gases containing CO2 are released directly to the
atmosphere where they contribute to the steady rise in
atmospheric CO2 and climate change (1, 2). However, a full
understanding of long-term environmental risks is needed
before large-scale CCS implementation is feasible (3-5).

The engineering requirements and potential environ-
mental impact of CCS technologies are currently being
investigated in many locations around the world, including
the Sleipner field in the North Sea (6), offshore Japan (7), and
Otway, Australia (8). In the U.S., the Department of Energy
has initiated seven regional CCS projects in collaboration
with industry and academia under the Regional Carbon

Sequestration Partnership (9). The potential risk of CO2

leakage has already contributed to local opposition to CCS
implementation (10-12). On time scales appropriate for
geosequestration (>1000 yrs), the bulk of CO2 sequestered in
a properly chosen saline aquifer is unlikely to escape because
of solubility trapping (13, 14). However, given the hetero-
geneous nature of the subsurface, minor CO2 leakage along
faults, old petroleum wells, or other pathways will persist
and will be thermodynamically difficult to seal completely
by precipitation of carbonate minerals (10, 11, 15-17).
Standards for “acceptable” levels of leakage could translate
into tons of CO2 annually released from the deep storage
aquifer into intermediate and shallow strata (18). Because
freshwater aquifers used for drinking water, industry, and
agriculture lie directly above possible geosequestration
locations, leaks could form carbonic acid in groundwater
resources before surface leakage of CO2 were detected (e.g.,
refs 10, 19, and 20).

Although increases in carbonic acid may be buffered by
carbonate dissolution, a lowering of aquifer water pH may
release harmful metals, such as arsenic and uranium, into
the water (21-23). Such impacts on shallow aquifer com-
position have been investigated previously in field injection
studies (23, 24), model simulations (25, 26), and short-term
batch-reaction experiments (27). Our study focuses on the
long-term impacts of CO2 leakage on four relatively shallow
aquifer systems overlying possible deep saline geoseques-
tration sites: Aquia and Virginia Beach in the Virginia and
Maryland tidewater region; Mahomet in Illinois; and Ogallala
in southern high plains of Texas. We performed laboratory
incubations under oxidizing conditions for more than 300
days to 1) understand how CO2 leaks from deep geoseques-
tration may affect water quality in overlying shallow drinking-
water aquifers; 2) develop selection criteria for sequestration
sites based on inorganic metal contamination caused by CO2

leaks; and 3) identify geochemical signatures in affected
waters which could be used as early detection criteria.

Methods
Sample Selection. We identified freshwater aquifers that
overlie potential deep saline geosequestration target units
(13-15, 28). To prioritize the potential risks, samples were
collected only from those drinking-water aquifers where
natural, in situ concentrations of As, U, Ra, Cd, Cr, Cu, Pb,
Hg, or Se were greater than 10% of U.S. Environmental
Protection Agency’s primary maximum contaminant level
(MCL) for drinking water (29, 30). Noncontaminated ground-
water concentrations greater than 10% were interpreted as
a qualitative indication of the presence of these metals in
solid phase in the aquifer sediment. Approximately 1 kg of
dry aquifer sediment from 17 distinct locations within the
Aquia (MD), Virginia Beach (VA), Mahomet (IL), and Ogallala
(TX) aquifers was acquired from the Illinois State Geological
Survey, the United States Geological Survey, the Virginia
Department of Environmental Quality, and the Maryland
Geological Survey (Table 1, Figure 1).

Laboratory Incubations. All aquifer sediment samples
were oven-dried for 36 h at 110 °C in order to minimize
microbial activity over the long-duration (>300 days) experi-
ment. Dry samples were divided as follows: two ∼400 g
subsamples were set aside for the groundwater experiment;
one ∼5 g aliquot was powdered on a stainless steel mill for
mass spectrometry; and ∼1 g was epoxy mounted for
microprobe analysis, the latter performed on 6 samples.
Methods for the preparations of rock powders for whole-
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rock acid digestion and subsequent fluid analysis were
adapted from ref 31 and performed on each of the 17 samples.

The 17 pairs of 400-g samples were weighed precisely
and placed into bottles with 18.6 MΩ/cm nanopure makeup

water at a water-to-rock ratio of 3 to 1, were maintained at
approximately 20 °C, and are hereafter referred to as the
groundwater experiment. One set of 17 bottles was sealed
and placed in an opaque box to serve as the control, and the

TABLE 1. Sample Locations and Descriptions

sample name avg depth (m) well name aquifer reached sample description

AQ1 14.8 AA De 100 Aquia very fine sand
VB1 13 Old Pungo Ferry Road (62A-21) Virginia Beach medium quartz sand with trace

black grainsaUSGS# 363714076063501
VB2 11 Creeds Elementary (62B-15) Yorktown Confining Unit medium quartz sand with

chalcopyriteaUSGS# 363812076021202
VB3 5 Oceana II (62C-31) Virginia Beach medium quartz sand with

unidentified black grainsaUSGS# 365046076041601
VB4 19.4 Bonney Bright North (63A-1) Yorktown-Eastover coarse quartz sand shellsa

USGS# 363337075595001
VB5 36.1 Beach Gardens Park (63C-30) Yorktown-Eastover coarse quartz sand shellsa

USGS# 365124075590701
MH1 84.7 PIAT 08 03A Mahomet sand, primarily Na/K feldspars,

quartz, dolomite, and Fe
oxides with Ti-oxide present,
trace Asb

MH2 78 CHAM 07 01A
MH3 92.2 CHAM 08 09A
MH4 79.1 CHAM 09 03A
OG1 8.4 MWR-B Ogallala fine sand, primarily quartz and

K/Na feldspars, Fe- and
Ti-oxides, coarse calcite
grains presentb,c

OG2 9.9 USGS# 335830102444201

OG3 12.3 MAPLE (MPL) fine sand, primarily quartz,
calcite, Ca/K feldspars, and
unidentified alumino-silicates
present, trace Fe/Ti oxidesb,c

OG4 19.4
OG5 29.1 USGS# 33495102545001
OG6 41.6
OG7 21.1 JWR fine sand, primarily quartz,

K/Na/Ca feldspars, Fe oxide,
calcite present, trace Ti
oxidea,c

OG8 36.1
OG9 * 45.3 USGS# 334043102365501
OG10 48.3

a Sample description from refs 32 and 33. b Qualitative microprobe data included in the sample description. c Additional
sample description from ref 45.

FIGURE 1. Areal map and vertical cross sections of central Illinois, the Texas panhandle, and Virginia and Maryland tidewater
region. Confining units are shown in dark gray. Sediment samples are from the Aquia (MD), Virginia Beach (Columbia/Yorktown)
(VA), Mahomet (IL), and Ogallala (TX) aquifers. Possible CO2 sequestration strata indicated with asterisks (37-44).
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other set of 17 bottles was prepared for exposure to CO2, or
“+CO2”, as follows. A stream of 99.8% pure CO2 was piped
at atmospheric pressure to each bottle through 17 individually
flow-regulated channels at a constant flow rate of 0.2 L/min
for 320 to 344 days. This flow rate is roughly equivalent to
0.005% of the CO2 emissions at a typical 500 megawatt coal-
fired power plant (1). Each channel is fed into the bottles
through a 2-hole rubber stopper and delivers the CO2 into
the bottles via a plastic bubble diffuser that is completely
inundated and ∼1 cm above the surface of the aquifer
sediment. The other hole in the stopper is connected to an
exhaust tube leading from the headspace of each incubation
bottle. Each bottle has an independent CO2 delivery and exit
system and is covered in aluminum foil to minimize
photosynthesis.

At intervals of a week to a month (for a maximum of 344
days for the Mahomet and Ogallala samples, 320 days for
Virginia Beach, and 334 days for Aquia), ∼3 mL aliquots were
removed from each bottle and tested for pH within 10 s to
minimize the effect of degassing. A second aliquot was
removed and forced through a syringe with 2-µm filter paper
to produce 2 mL of filtered experimental groundwater from
each bottle. The 2-mL aliquots were diluted to 10 mL with
quartz distilled 18 MΩ/cm water for ICP-MS analysis. After
each sampling, nanopure water was added to the bottles to
maintain the 3:1 water-to-rock ratio. Sampling and evapora-
tion accounted for water losses in the range of 5 to 20% for
a 30-day sampling interval; thus the maximum effect of these
losses is an artificial element concentration increase of 20%.
Bottles were gently agitated for ∼10 s after each sampling
and at no other time during the experiment.

Inorganic elemental concentrations were determined by
inductively coupled plasma mass spectrometry (ICP-MS) on
a VG PlasmaQuad 3 at the Duke University Division of Earth
and Ocean Sciences. For the whole-rock samples, Li, V, Cr,
Co, Ni, Cu, Zn, Rb, Sr, Mo, Ba, and U were analyzed; for the
experimental groundwater, Li, B, Mg, Al, Ca, V, Cr, Mn, Fe,
Co, Ni, Cu, Zn, As, Se, Rb, Sr, Mo, Cd, Ba, and U were analyzed.
Instrument calibration standards were prepared from serial
dilutions of certified water standard NIST1643e. Samples and

standards were diluted to the same proportions with an
internal standard solution in 2% HNO3 containing 10 parts
per billion (ppb) In, Tm, and Bi to monitor and correct for
instrument drift. All dilutions were carried out with solutions

FIGURE 2. pH in groundwater experiments plotted against time.
+CO2 experiment data collection began on day ∼10. Control
experiment data collection began on day ∼45.

TABLE 2. Average Water pH and Alkali and Alkaline Earth Element Concentrations of the Groundwater Experiment, +CO2, and
Control Valuesa

pH Li, ppb Mg, ppm Ca, ppm Rb, ppb Sr, ppb

MCL 6.5-8.5
+CO2 ctrl +CO2 ctrl +CO2 ctrl +CO2 ctrl +CO2 ctrl +CO2 ctrl

AQ1 4.47 5.79 6.6 2.7 3.4 0.27 6.2 0.5 10.2 3.2 29 1.6
VB1 4.22 4.24 25 21 12 14 8.2 7.4 1.3 1.2 113 116
VB2 4.26 5.27 2.5 0.12 2.5 0.08 5.9 0.4 2.0 0.40 175 5.1
VB3 3.11 3.12 72 73 14 16 26 18 11 9 54 35
VB4 5.18 6.17 35 22 17 23 103 106 3.3 3.2 450 381
VB5 5.73 6.72 79 53 19 24 517 501 8.0 8 4230 4243
MH1 5.64 7.41 13 2.2 15 3.6 276 18 2.4 1.1 630 82
MH2 5.64 7.36 15 7.2 14 3.0 288 18 3.3 1.7 911 124
MH3 5.63 7.56 13 4.5 14 2.4 302 12 3.0 1.2 642 63
MH4 5.85 6.89 16 12 16 17 239 88 2.6 2.4 596 277
OG2 5.65 7.21 94 41 16 6.5 275 20 2.2 1.2 1894 358
OG3 5.77 7.26 250 43 21 17 323 41 2.7 1.2 3971 1488
OG5 5.73 7.37 26 11 17 6.0 328 17 2.3 0.74 2856 377
OG6 5.80 6.84 45 17 16 7.8 273 16 2.4 0.73 3425 375
OG7 5.74 7.20 40 7.2 17 5.4 348 20 1.8 0.60 2064 358
OG8 5.69 7.36 38 16 16 11 279 23 1.7 0.92 2159 537
OG10 5.67 7.64 19 9.4 19 6.3 314 12 2.0 0.80 1938 306

a Data averaged over the final five sampling dates for the +CO2 experiment: AQ on days 194, 244, 272, 305, and 334; VB
on days 180, 230, 258, 291, and 320; MH and OG on days 204, 254, 282, 315, and 344. Data averaged over two sampling
dates for the control (ctrl): AQ on days 194 and 305; VB on days 180 and 291; MH and OG on days 204 and 315. Averages
do not include Mg data from AQ on day 194, VB on day 180, MH and OG on day 204. These days all correspond with
sampling date 12/16/09 when drastic deviations in various element concentrations in both the +CO2 and control
experiments were observed.
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prepared from deionized-quartz-distilled H2O and quartz-
distilled HNO3. Instrument drift was also monitored and
corrected for each element analyzed by analysis of the
calibration standards at regular intervals between analysis
of samples and standards. To allow for determination of U
and Th concentrations, NIST1643e was spiked with plasma-
grade single-element solutions of U and Th prior to serial
dilution. External precision for most elements is typically 4%
or less, based on replicate analysis of samples and standards.

The microprobe analysis employed an energy dispersive
spectrometry on a Cameca Camebax electron microprobe
for a qualitative identification of mineral grain cross sections.
The microprobe was operated at 15 kV accelerated potential
and 15 µAmp beam current on polished samples. Data were
reduced using 4Pi Revolution software.

Results
The chemical composition of our groundwater experiments
was significantly affected by the addition of CO2. All +CO2

groundwater experiments produced a pH below EPA’s
minimum MCL of 6.5 units (Table 2, Figure 2). Most alkali
and alkaline metal concentrations (Li, Mg, Ca, Rb, Sr) in the
+CO2 experiments were >30% higher than in the control
(Table 2). For instance, Li shows a significant, time-dependent
increasing trend (Figure 3a). Decreases of Mg concentrations
in MH4, VB3, VB4, and VB5 and decreases of Ca in VB4 were
the only exceptions to the enhanced dissolution of the earth
metals in response to the addition of CO2.

Concentrations of some transition metals, including Mn,
Fe, Co, Ni, and Zn, were higher by more than 1000% in +CO2

experiments relative to the control treatments across all
aquifers (Table 3). In general, the high concentrations

observed in the +CO2 experiments were apparent within 2
weeks of exposure and did not continue to increase over the
remainder of the experiment. However, Co in M1, M2, and
M3 did exhibit a significant, logarithmic time-dependent
increase over the entire experiment (Figure 3b). The remain-
ing transition metals did not behave the same across all
aquifers. Cd in the+CO2 Aquia, Virginia Beach, and Mahomet
experiments was higher than the control treatments by as
much as 1000%. Yet, Cd in the +CO2 Ogallala experiments
produced lower or roughly equivalent concentrations than
the control. Al, V, and Cr in +CO2 Virginia Beach samples
were elevated relative to the control; however, Al, V, and Cr
in +CO2 Aquia, Mahomet, and Ogallala experiments were
lower relative to the control. Cu was generally higher in the
Aquia and Ogallala +CO2 experiments but lower in MH2,
MH3, VB1, VB3, and OG2 +CO2 experiments relative to the
control treatments. +CO2 Mo was lower than the control by
1 to 2 orders of magnitude in all aquifers and produced a
significant, time-dependent logarithmic decrease in Maho-
met samples (Figure 3c).

In response to exposure to CO2, B, Ba, Tl, and U values
were typically higher and As, Se, and Sb values were lower
in the Aquia, Mahomet, and Ogallala samples relative to the
control treatments (Figure 4, Table 4). Ba and U in some
Ogallala and Mahomet +CO2 experiments produced a
significant, time-dependent logarithmic increase (Figure
3d,e), while As in some Ogallala+CO2 experiments produced
a time-dependent decrease (Figure 4f). In the Virginia Beach
+CO2 experiments, B and Ba were higher than in the control
while As was lower relative to the control. Se, Sb, Tl, and U
increased in some+CO2 VB samples and decreased in others
relative to the control (Table 4).

FIGURE 3. +CO2 concentrations plotted against time and fit to log curves unless indicated as linear. [A] Li: OG2 R2 ) 0.84; OG3 R2 )
0.84; OG5 R2 ) 0.90; OG6 R2 ) 0.72; OG7 R2 ) 0.85; OG8 R2 ) 0.86; OG10 R2 ) 0.63. [B] Co: MH1 R2 ) 0.78; MH2 R2 ) 0.90; MH3 R2 )
0.71. [C] Mo: MH1 R2 ) 0.78; MH2 R2 ) 0.47; MH3 R2 ) 0.82; MH4 R2 ) 0.73. [D] Ba: OG6 R2 ) 0.76; OG7 R2 ) 0.86; OG10 R2 ) 0.80;
MH1 R2 ) 0.61; MH3 R2 ) 0.62. [E] U: OG2 R2 ) 0.89; OG5 R2 ) 0.79; OG6 R2 ) 0.62; OG7 R2 ) 0.53; OG8 R2 ) 0.78. [F] As: OG2 R2 )
0.72; OG5 R2 ) 0.73; OG7 R2 ) 0.83; OG8 R2 ) 0.68; OG10 (linear) R2 ) 0.75.

D 9 ENVIRONMENTAL SCIENCE & TECHNOLOGY / VOL. xxx, NO. xx, XXXX



Concentrations that exceeded their primary or secondary
U.S. EPA MCL health standard and concentrations that
exhibited a significant, time-dependent increase were of
concern because the ultimate long-term equilibrium con-
centration may exceed the MCL (29). Mn and Fe exceeded
the MCL in most samples, while Al exceeded its MCL only
in VB1, VB2, and VB3. Zn concentrations in VB3 reached
∼50% of the secondary MCL (2500 ppb) and Cd concentra-
tions in VB3 and AQ1 exceeded 50% of the primary MCL
(>2.5 ppb), but neither element exhibited a significant, long-
term increasing trend. Cr and Cu concentrations were ∼3
orders below MCL in all samples. Although As concentrations
in some control Ogallala experiments exceeded the 10 ppb
MCL, consistent with natural field measurements (34), the
addition of CO2 caused a decrease in As concentrations
(Figure 3f). In some Ogallala and Mahomet samples, Ba
displayed a significant, time-dependent increase, reaching
25 to 50% of the MCL (Figure 3d). Se, Sb, and Tl did not show
a significant increasing trend; however, Se ) 22 ppb in VB3
(selenium MCL ) 50 ppb) and Tl > 0.15 ppb in VB3, MH2,
and MH4 (thallium MCL)0.5 ppb). In both+CO2 and control
VB5 experiments, U exceeded the 30 ppb MCL. Uranium in
the+CO2 OG3 experiment also exceeded the MCL, and other
Ogallala samples exhibited a time-dependent increasing
trend without exceeding the MCL (Figure 3e). The continued
time-dependent increase of Ba and U over >300 days of
exposure to CO2 justifies the need for even longer laboratory
experiments and monitoring.

The carbonate-poor experiment samples (AQ1, VB1, VB2,
VB3, and VB4) produced the lowest pH values and the lowest
Ca concentrations among +CO2 and control experiments
(Tables 2 and 3). The low pH/low Ca composition may have
resulted from mixing of nanopure water with carbonate-
poor sediment and, in the case of the Virginia Beach samples
which contain chalcopyrite, from the formation of sulfuric
acid (32, 33). These samples, and particularly VB3, also
produced the highest concentrations of Al, Cr, Co, Ni, Zn,
Cd, As, and Se.

Discussion
Chemical detection of leakage into shallow aquifers from a
deep CO2 geosequestration site will be an integral part of a
safe CCS system. CO2 that infiltrates an unconfined freshwaterTA
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FIGURE 4. Co vs Ni in +CO2 Virginia Beach and Mahomet
experiments. VB1 R2 ) 0.95; VB4 R2 ) 0.98; VB5 R2 ) 0.74; MH1
R2 ) 0.93; MH2 R2 ) 0.98; MH3 R2 ) 0.61; MH4 R2 ) 0.83.
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aquifer under oxidizing conditions and atmospheric pressure
will have an immediate impact on water chemistry by
lowering pH and increasing the concentration of total
dissolved solids. Our results showed that increased Al, Mn,
Fe, Zn, Cd, Se, Ba, Tl, and U concentrations approached or
exceeded their MCL under such conditions. Additionally, Li,
Co, U, and Ba concentrations continued to rise after >300
days of exposure to CO2, indicating that long-term laboratory
experiments are important for understanding the risk of leaks
from CO2 sequestration. Moreover, we found significant
fluctuations in Ca, Sr, Mn, and Ba over the course of 300+
days of analysis, which would not have been captured by an
observation window of less than 50 days. For example, Ca
in the Mahomet and Ogallala samples fluctuated between
200 and 400 ppm over the course of the experiment.

A 14-day batch experiment by Lu et al. (27) and a 30-day
MSU-ZERT field injection study (24) also showed 1 to 2 unit
pH declines and increases in Mg, Ca, Sr, Mn, Co, Zn, Cd, and
Ba after exposure to CO2. However, Rb, Fe, Ni, Cu, and U
increased in our experiment but decreased in the Lu et al.
study (Tables 2, and 3 and Figure 3e). This discrepancy may
be explained by a stable, but slowly declining pH trend in
our data (Figure 2) in contrast with a pH rebound that may
have caused reprecipitation of the elements in the Lu et al.
data. Aluminum and the oxyanion-forming trace metals (e.g.,
As, Se, Sb, Mo, V, and Cr) decreased in our study and in the
Lu et al. batch experiment but increased at the MSU-ZERT
site, consistent with the behavior of oxyanion-forming metals,
which are immobilized in moderately acidic, oxidizing
aqueous systems (34, 24, 27). The coupling of CO2 plume
modeling with laboratory experiments under a range of redox
conditions should provide a robust tool for predicting the
areal extent and geochemical impact of leakage (20).

Based on our results, the relative severity of the impact
of leaks on overlying drinking-water aquifers should be
considered in the selection of CO2 sequestration sites. In the
event of a CO2 leak, Fe and Mn concentrations are likely to
increase, whereas the response of other potentially harmful
metals will be more varied. One primary selection criteria
should be metal availability. For instance, U concentrations
were higher in the Ogallala experiments relative to all aquifers
sampled (Table 4). The amount of carbonate available for

buffering of pH in shallow freshwater aquifers is another
important factor; the highest concentrations of Al, Cr, Co,
Ni, Zn, As, and Se for example were produced from our most-
carbonate limited, and lowest pH, samples in our experi-
ments. In addition to acidity, the redox state of the freshwater
aquifer is also important for predicting the behavior of some
elements such as U, which can be released under oxidized
conditions as shown here. In our carbonate-rich samples
(Mahomet and Ogallala), concentrations of As dropped after
CO2 addition. However, Apps et al. showed that under
reducing conditions, solid phase As can provide a contami-
nation source for more than 100 years (25).

Given the potential impacts of CO2 leaks, chemical
signatures in affected waters also provide an opportunity for
early detection of such leaks. In the presence of CO2, the
elements Mn, Fe, and Ca all increased by at least an order
of magnitude above control experiment concentrations
within 100 days. Therefore, all three elements should be
monitored, along with pH, as geochemical markers of CO2

leaks. Dissolved inorganic carbon and alkalinity are also
responsive and stable indicators of a leak (24, 26). Our results
also show that the chemical impact of a CO2 leak may differ
within the same aquifer because of interaquifer mineralogical
heterogeneities. For example, wide variations in Virginia
Beach experimental pH and the behavior of Co and Ni, two
elements which can be mobilized as a result of desorption
from Fe and Mn oxyhydroxides (35, 36), suggest a hetero-
geneous lithology (Figure 2). Co/Ni values were similar among
all Mahomet groundwater experiments but varied among
the Virginia Beach samples (Figure 4). Therefore, groundwater
produced from lithologically different strata in aquifers above
geosequestration sites should be regularly monitored to
increase the probability of an advanced detection of CO2

leaks. Such changes may be detectable long before direct
changes in CO2 are observed, if at all.
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+CO2 ctrl +CO2 ctrl +CO2 ctrl +CO2 ctrl +CO2 ctrl +CO2 ctrl
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VB5 292 189 6.5 1.5 1.1 1.0 45 20 0.006 0.011 102 33
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