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Geologic carbon sequestration has the potential to reduce greenhouse gas concentrations in the atmo-
sphere. However, one barrier to large scale implementation is concern for water quality degradation from
leakage of high CO; fluids into drinking water aquifers. The hydrogeochemical response to simulated CO,
leakage was studied to estimate major and trace element release and to develop criteria for water quality
monitoring and risk assessment. In this study, approximately 3100 L aquifer water enhanced with 1 atmo-
sphere pressure CO, gas was injected into a fracture zone located at 362-366 m below the ground surface
in a sandstone/siltstone/mudstone interbedded aquifer in the Newark Basin. This was followed by a 3-6
week long incubation and then continuous monitoring of the hydrogeochemistry in the pumped-back
water samples. Relative to background conditions, the recovered aquifer water displayed a decrease of
PH, increase of alkalinity, Ca, Mg and Si concentrations, decrease of sulfate and Mo concentrations, and
increased concentrations of trace elements including Fe, Mn, Cr, Co, Ni, Cu, Zn, Rb, Sr, Ba and U. These
changes in aquifer water geochemistry can be explained by (a) dissolution of silicate and carbonate min-
erals and (b) trace element release that appear to be dependent on pH and pCO, and affected by the
altered redox conditions in the aquifer. Rapid and simultaneous changes of pH, specific conductance,
major and trace metal release in aquifer water could be used as indicators of CO, leakage from geo-
logic sequestration sites. Hydrogeochemical parameters including pH, total dissolved solids and trace
elements, particularly Fe, Mn, and Zn, need to be monitored in compliance with the U.S. Environmental
Protection Agency (EPA) drinking water regulations.
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1. Introduction

Geologic sequestration of carbon dioxide (CO,) into subsur-
face geologic formations has been considered as one of the most
efficient short-term mitigation strategies to address environmen-
tal problems associated with anthropogenic CO, emissions to
the atmosphere (IPCC, 2005). Safely sequestered CO, should take
millions of years before reaching the surface because of the physi-
cal trapping mechanisms, e.g. confinement by low-permeable cap
rocks and retention in pore space by capillary force, and the geo-
chemical trapping by dissolution and mineralization (IPCC, 2005).
However, the possible environmental impacts associated with the
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upward migration of stored CO, through faults, fractures, poorly
sealed or abandoned wells into shallow drinking water aquifers
(Keating et al., 2013) have led to the slow process of public accep-
tance and the delay of wide applications of carbon capture and
storage (CCS) (Bachu, 2008). The increased acidity from CO, intru-
sion into freshwater and altered aquifer redox conditions could
enhance the dissolution of carbonate and silicate minerals, and
increase the dissolved concentrations of trace elements (Kharaka
et al., 2009; Little and Jackson, 2010; Lu et al., 2010; Peter et al.,
2012; Romanak et al., 2012; Trautz et al., 2013; Yang et al., 2013;
Zheng et al., 2012), which in turn has negative impacts on the
groundwater quality (Lemieux, 2011).

Recent investigations into the impacts on shallow groundwa-
ter aquifers from CO, geosequestration, particularly under leakage
scenarios, through laboratory incubation or leaching experiments
and by geochemical model simulations have been well summarized
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in Zheng et al. (2012). Field tests of CO, injection and observa-
tions of natural analogs have also been conducted recently. Matter
et al. (2007) and Assayag et al. (2009) reported the decrease of pH,
enrichment of major cations including dissolved inorganic carbon
(DIC), Ca, Mg, K, and Na, and more rapid dissolution kinetics of car-
bonate minerals compared to silicate minerals during single-well
push-pull experiments in an isolated and permeable interval at the
contact zone of 250 m depth between the Palisades dolerite sill and
underlying Newark Basin meta-sedimentary rocks (Assayag et al.,
2009; Matter et al., 2007). Kharaka et al. (2010) observed rapid
changes of pH, alkalinity, electrical conductance, major increases
in the concentrations of Ca, Mg, Fe, Mn, Sr, Ba, Cd, Co, Cr, Zn, and
detection of BTEX (benzene, toluene, ethylbenzene, and xylenes) in
water samples collected from 1.5 m depth following a very shallow
CO, injection at 2-2.3 m depth into a coarse sandy gravel alluvial
deposit at the ZERT field site, Montana (Kharaka et al., 2010). Peter
etal.(2012)reported an increase of total inorganic carbon, decrease
of pH to 5.1, and the release of major cations including Ca, K, Mg
and trace elements including Al, Si, Fe, Mn, Cu, Ni, Zn, Ba, Cd, Pb in
shallow groundwater after a 10-day period CO, injection into a qua-
ternary sand aquifer at 18 m below surface in northeast Germany
(Peter et al.,2012). Trautz et al. (2013) observed a pH decrease of 3,
and a pulse response of Ba, Ca, Cr, Sr, Mg, Mn and Fe in a controlled
release field experiment in a fine-grained silty sand formation in
southeastern Mississippi (Trautzetal.,2013).Yangetal.(2013) pre-
sented a single-well push-pull experiment in a shallow Gulf Coast
aquifer in Cranfield, Mississippi and found enrichment of majorions
including Ca, Mg, K, and Si, and trace elements (Yang et al., 2013).
In contrast, Keating et al. (2010) observed minor effects of the rel-
atively high levels of dissolved natural CO, on pH depression and
trace element mobility due to the strong buffering capacity of the
sandstone aquifer in New Mexico, while As, U and Pb are locally
transported into the aquifer with CO,-rich brackish water (Keating
etal., 2010).

To date, these investigations on the hydrogeochemical pro-
cesses and environmental impacts of simulated leakage or geogenic
CO; are mostly limited in shallow sedimentary aquifers. While frac-
tured bedrock formations often serve as drinking water aquifers,
especiallyinrural areas, the environmental response to CO, leakage
from geosequestration sites is rarely studied. It is also valuable to
understand the subsurface hydrogeological and geochemical pro-
cesses in fractured aquifer systems in response to elevated levels of
CO; and compare with the finding in sedimentary aquifers. Ground-
water flows preferentially through fractures in fractured bedrock
formations, thus the residence time, reactive surface areas, impact
zones of injected or leaked CO,, as well as the geochemical con-
ditions such as total dissolved solid, element concentration ranges
and redox conditions, can be significantly different from those in
sedimentary aquifers. Controlled injection of CO, into relatively
deeper fractured bedrock aquifers to simulate CO, leakage from
geosequestration therefore provides quantitative understanding of
hydrogeochemical processes, spatial extent of impact zone, and
environmental impacts associated with geologic carbon sequestra-
tion.

In this study, two field injection tests of aquifer water with
elevated pCO, were conducted using single-well push-pull exper-
iments in an isolated fracture zone at 362-366 m depth in a
freshwater bedrock aquifer composed of sand and clay formations
in the Newark Basin. The feasibility of carbon geosequestration has
been studied previously in the Newark Basin (Assayag et al., 2009;
Icenhower et al., 2013; Matter et al., 2007; McGrail et al., 2006). The
main objectives of this study included: (1) quantifying the changes
in elemental composition of aquifer water, relative to background
conditions, following the injection of high pCO, fluid; (2) estimating
the release rates of major and trace elements as a function of pCO,;
and (3) evaluating the degradation of water quality, relative to the

U.S. Environmental Protection Agency (EPA) Maximum Contami-
nant Levels (MCLs) for drinking water. In addition, the results from
these experiments can provide valuable insight into developing
criteria for diagnostic monitoring of CO, leakage.

2. Materials and method
2.1. Study site

The Newark Basin is located mainly in northern New Jersey
and stretches into southeastern Pennsylvania and southern New
York. It is a lacustrine sediment-filled rift basin formed 200 million
years ago in the Late Triassic and intruded later by the Palisades
dolerite sill in the Early Jurassic. The sedimentary formations are
up to 3350 m thick and contain characteristic red bed sediments
due to the abundant iron oxide minerals. Interbedded layers with
various grain sizes range from sandstone, siltstone, to mudstone
(Olsen et al., 1996).

The test well (41°00'14.4” N, 73°54'45.5” W, well head eleva-
tion 117 m a.s.l.), a borehole drilled to a total depth of 457 m, is
located at the Lamont-Doherty Earth Observatory (LDEO) in Pal-
isades, New York. At this site, the Palisades dolerite sill is 230 m
thick from the land surface with a few meters of overburden at the
top and underlain by metamorphosed sedimentary rocks of the Pas-
saic Formation (Burgdorff and Goldberg, 2001; Matter et al., 2006).
Previous hydrogeological testing has identified three major perme-
able zones, including a shallow zone (230-240 m below the ground
surface) at the contact between the Palisades dolerite sill and sedi-
mentary formations with a transmissivity of 0.092 m?/day, another
zone at 300 m depth within sedimentary formations with an esti-
mated transmissivity of 0.86 m2/day, and a deep zone at 364m
depth within sedimentary formations with a very low transmis-
sivity of 0.023 m2/day and a non-detectable ambient flow rate. The
deepest zone with the lowest transmissivity is used in this study
to minimize the risk of losing injected solution and thus to allow
a longer incubation with elevated concentration of CO,. This zone
does not exhibit apparent fractures in the borehole wall images
according to the geophysical logs, but the water level drawdown
and recovery data during the pumping tests suggest this tested
zone is likely characterized by a combination of primary poros-
ity (porous media of tight sandstone type) and secondary porosity
(fracture system) (Unpublished results).

2.2. Field injection tests

The first of the two single-well push-pull experiments was con-
ducted in the 362-366 m interval of the TW-3 test well during
summer 2011.

2.2.1. Background characterization phase

Prior to injection, a pumping test at a flow rate of ~3.5L/min
from this interval, sealed by inflatable packers, was performed for
approximately one week to estimate the interval transmissivity.
Fresh fracture water samples representative of the targeted interval
were collected after the monitored water geochemical parame-
ters, including pH, specific conductance (SC), oxidation-reduction
potential (ORP or redox potential) and dissolved oxygen (DO) levels
were stabilized to characterize background conditions.

2.2.2. Push/injection phase

Approximately 3400 L of this fresh fracture water was collected
and then saturated with 1 atmosphere pressure of CO, (pCO,) by
slowly bubbling pure CO- gas for 16 h under the ambient baromet-
ric pressure in three sterilized polyethylene storage tanks at the
well site. Bromide (as KBr) was mixed into the water at an aver-
age concentration of 45.53 mg/L and used as a conservative ionic
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tracer to understand the hydrogeological flow and mixing pro-
cesses during the push-pull experiment. A total of 3060 L of this
treated aquifer water was injected back into the aquifer for 11.1 hat
a flow rate of approximately 4.6 L/min, while the CO, bubbling con-
tinued during the injection to ensure constant 1 atmosphere pCO,.
As the CO,-treated water was injected, SFg, a second conservative
tracer in dissolved gaseous phase, was dynamically introduced into
the injection tube using a HPLC pump (Cole Palmer Series I, Vernon
Hills, IL) at a rate of 0.4 ml SFg-saturated water per minute at a con-
stant temperature of 0°C. Approximately 70 L of untreated aquifer
water with an ambient CO, level (134-136 patm pCO,) and with-
out tracers was injected afterwards as a chaser solution to push the
injected 1 atmosphere pCO, water into the aquifer layer.

2.2.3. Incubation phase

An incubation period of 20 days, with the injection interval
sealed by inflatable packers, allowed enough time for the injected
fluid to react with aquifer materials and to also ensure an appro-
priate recovery of injected fluid by avoiding the solute loss due
to long-term mixing, dilution and biogeochemical reactions. Test
samples were collected 7 days after the injection to check the tracer
concentrations and hydrogeochemical parameters such as pH, SC
and ORP. The test sampling volume was minimized to 400L (13%
of the volume of injected water) to keep the disturbance as small
as possible.

2.2.4. Pull/extraction phase

After the incubation period, the interval was pumped contin-
uously at 2.6L/min for 33 days for a total of 123,550L, about
40 times of the injected water. A YSI multi-parameter meter
with a flow through cell was used to monitor temperature, pH,
SC, ORP and DO concentrations continuously throughout the
pumping back. A total of 20 sets of discrete samples were col-
lected during this recovery phase. The samples were divided into
three groups for comparison purpose, (1) early extraction: sam-
ples collected on the first day of continuous pumping when the
extracted volume (V-extracted) was less than the injected volume
(V-injected); (2) mid extraction: samples collected when 1<V-
extracted/V-injected <10; (3) late extraction: samples collected
when V-extracted/V-injected > 10.

This push-pull experiment was repeated in the same interval
during summer 2012. Approximately 3090 L of aquifer water sat-
urated with 1 atm pCO, was injected at a rate of 5.1 L/min for 10 h
and then incubated for 40 days. Continuous pumping at a flow rate
of 1.7 L/min was followed for 30 days with a total volume of about
25 times of the injected water during the extraction phase.

2.3. Sample collection and analysis

Each set of groundwater samples included five aliquots. The first
aliquot was filtered through 0.45 pm membrane filter for the analy-
sis of major anions including alkalinity, the second aliquot was also
filtered through 0.45 wm membrane filter and then acidified to 1%
HNO; (Fisher Optima) for the analysis of major cations and trace
elements, the third aliquot was the unfiltered water sample for Br—
tracer analysis, the fourth aliquot was the unfiltered water sam-
ple collected using air-tight syringes for total CO, (tCO;) and pCO,
analyses, and the fifth aliquot was collected in evacuated serum
bottles with head space for SFg tracer analysis.

Major anions, including fluoride, chloride, nitrate, nitrite, phos-
phate, sulfate, and bromide (tracer), were measured by Ion
Chromatography (IC) following the U.S. EPA method 300.0. The con-
centrations of major cations and trace elements were measured by
High-Resolution Inductively Coupled Plasma Mass Spectrometry
(HR ICP-MS) following a revised EPA method 200.8 (Cheng et al.,
2004). NIST standard reference material 1643E “trace elements in

water” and an internal artificial groundwater “LDEO” were used for
QA/QC standards. All the elemental concentrations reported in this
research agree within +10% of the reference values. The total CO,
was analyzed using a coulometer method at LDEO (Chipman et al.,
1993) with a precision of about +£0.5%, and was calibrated using
the CO, reference solutions provided by A. G. Dickson of the Scripps
Institution of Oceanography (Dickson, 2001). The pCO, in the water
samples was measured by a gas-water equilibration method in a
closed recirculation system (Chipman et al., 1993) using a CO,/H,0
Analyzer (LI-COR LI-840) with a precision of about +1%. The CO,
analyzer was calibrated with four standard CO,-air mixtures, of
which CO, concentrations were traceable to the World Meteoro-
logical Organization (WMO) standards for atmospheric research.
SFg concentrations in the head space were measured using Gas
Chromatography (SRI 8610 C) at LDEO with a precision of about
+2%, and the concentrations in the water samples were calculated
based on the volume of head space and the solubility. Alkalinity
was measured by titration to the end point of pH 4.5 using H,SO4
of known concentrations with a precision of about +2%.

2.4. Drill cuttings from the injection interval

A drill cutting sample collected at 365m depth when the
borehole was drilled, was completely dissolved with a mixture
of concentrated HF and HNO3 in a microwave digestion system
(Milestone ETHOS EZ), and the concentrations of major and trace
elements were determined at a precision of about £5% using a HR
ICP-MS (Cheng et al., 2004) following the EPA method 3052. The
mineral composition of the drill cutting sample was reconstructed
based on the chemical composition using the MINLITH program
(Rosen et al., 2004).

2.5. Tracer mixing ratio
The mixing ratio (Xnx), which is the fraction of the injected

water in each extracted water sample, was estimated using the
concentrations of the non-reactive tracers (KBr and SFg):

X Ctracer(extracted) - Ctracer(background)
mix = "= L _C (1)

tracer(injected) tracer(background)
where Ciracer(extracted) 1S the concentration of tracer in extracted
water samples, Ciracer(injected) 1S the tracer concentration in the
injected water, and Cyracer(background) i the background concentra-
tions of tracers in the aquifer (very low, see Tables 2 and 3).

This ratio was used to calculate the concentration of a specific

solute (Cy,ix ) if based solely on the mixing of background water and
injected solution:

Cmix = Xmixcinjected + (1 - Xmix )Cbackground (2)

where Cipjected a0d Cpackground are concentrations of the specific
solute in injected solution and background aquifer water, respec-
tively.

Breakthrough curves of hydrogeochemical tracers during the
extraction phase were plotted as the tracer mixing ratio vs. V-
extracted/V-injected. Bromide and SFg breakthrough curves were
also used to calculate the recovery percentage (the total extracted
mass/injected mass in percentage) as they were considered con-
servative tracers.

2.6. Elemental release rate

As the acidified water was injected into the aquifer layer, the
advancing injected plume was mixed with the background aquifer
water, and the mixing ratio of injected solution was decreased from
the well head to the plume front. In the early stage of incuba-
tion, the remaining hydraulic pressure could extend the area of
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the plume front, while it is assumed that during the incubation
period the majority of injected water stayed in place without sig-
nificant lateral and vertical transport. As the water was pumped
back, the mixing ratio of injected solution in the collected samples
decreased, and the water samples collected during the later stages
of extraction exhibited higher degree of mixing with background
aquifer water than those collected during the earlier stages. Thus,
we consider that a parcel of injected water diluted with the aquifer
water reacted with the surrounding rocks for the duration of incu-
bation until the sampling point. Changes observed in the collected
water samples reflect the chemical reactions occurred during the
incubation period, and may be defined as (Cipeasured — Cmix )» Where
Crneasured 1S the measured concentration of a specific solute in a spe-
cific water sample and used as the end-point concentration, C;x
is the concentration based solely on the mixing and used as the
start-point concentration. The mean release rate is approximated
by dividing the change by the total reaction time and normalized
by the reactive surface area:

—Ci V. A
R = (Cmeasured lex) reacted/ reactive (3)

Lreaction

where R is the release rate, Vi escteq i the volume of reacted water,
Areactive 1S the reactive surface area, and tye,ction iS the time elapsed
since the end of injection.

Areactive Was estimated using the mass of impacted aquifer and
the specific surface area:

Areactive = (Vrer;:cted ) P SAs (4)
e

where ne is the effective porosity of 0.03 from the best estimate
of field hydrophysical logging, and hence (Vieacted/ne) is the vol-
ume of the rocks that hosted the volume of the water involved in
chemical reactions. p is the average bulk rock density of 2.67 g/cm3
measured from core samples from various sedimentary forma-
tions in the Newark Basin, SA; is the specific surface area of 4 m2/g
estimated from BET measurements of sediment samples from the
Newark Basin. It is assumed that the surface area measured by BET
represents the area for chemical reactions.

Combining Eqgs. (3) and (4), the calculation of elemental release
rates can be simplified as,

R= (Cmeasured - Cmix )ne/p/SAs/treaction (5)

This equation is used for the rates shown in Fig. 6.
2.7. Statistical analysis

Correlation coefficients (R) between parameters were calculated
to measure the strength and direction of the linear relationship
between two variables. Two-tailed Student’s t-test (p value) is used
to determine if two sets of data are statistically significantly differ-
ent from each other, with smaller values indicating more distinct
difference. Due to the environmental sensitivity of leakage detec-
tion and the associated changes to potential drinking water sources,
p values less than 0.1, rather than a more commonly used level of
0.05, are considered to indicate a significant difference in this study.
This more precautionary approach provides a more conservative
basis for detecting altered conditions in the aquifers.

3. Results
3.1. Composition of sediment from the injection interval

Results from the digestion experiment (Table 1) showed a very
high mass percentage of SiO, (91%) and low concentrations of Al,

Ca, Mg, Na, and Fe in the drill cutting sample collected from the
injection interval. The mineral composition estimated using the

Table 1
Chemical composition (a) and calculated mineral composition (b) of drill cuttings
from the injection interval at TW-3.

(a)

wt% Trace element mg/kg Trace element mg/kg
Si0; 90.95 Li 6.2 Zn 1.1
Al,03 3.93 Be 0.3 As 0.4
Cao 0.60 S 13.1 Sr 37.9
MgO 0.05 \Y 3.5 Zr 48.0
Na,0 0.18 Cr 4.4 Cs 2.0
K,0 3.20 Mn 12.6 Ba 498.4
Fe,05 0.06 Co 3.0 Pb 7.9
P,05 0.03 Ni 1.2 U 0.5
TiO, 0.03 Cu 33
(b)
Mineral wt %
Quartz 77.9
Orthoclase 18.7
Plagioclase 1.69
Calcite 0.80
Dolomite 0.18
Ankerite 0.12
Illite 0.49
Apatite 0.07
Rutile 0.03

" Mineral composition calculated using MINLITH (Rosen et al., 2004).

MINLITH program showed very high weight percentages of quartz
(78%), orthoclase (19%) and plagioclase (1.7%), low percentages of
calcite (0.8%), dolomite (0.18%), illite (0.49%), and very low por-
tions of ankerite (0.12%), apatite (0.07%), and rutile (0.03%). This
suggests a high content of quartz and feldspar but low concen-
trations of carbonate and clay minerals in the injected interval of
the aquifer, although the possible loss of fine grained sediments
and some heavy minerals during drilling processes cannot be ruled
out, which could contain higher levels of clay minerals and trace
elements.

3.2. Tracer breakthrough curves

During both injection experiments, the fraction of bromide and
SF¢ decreased rapidly from 50-70% at the beginning of the extrac-
tion phase to less than 10% when 1.5 times of the injected volume
was extracted, and then to less than 1% when 10 injection volumes
were extracted, followed by a long tail (Fig. 1). Bromide concentra-
tions in the aquifer were observed higher than 1%. of the injected
solution even after 37.4 and 24.5 times of the injected volume were
extracted in 2011 and 2012 experiments, respectively. The rapid
decrease in the early extraction phase and the long tail in the late

——2011-Br
——2011-5F6
——2011-tC02
\ - 2012-8r
> &b ~+-2012-tC02

0.1 A

<
~
\

[~

0 5 10 15 20 25
V-extracted / V-injected

Fig. 1. The breakthrough curves of bromide, SFs and total CO, in the TW-
3 pUSh_pu“ experiments. *Xmix =(Ctracer(extracted) _Ctracer(background))/(Ctracer(injected) -
Ctracer(background) )
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phase suggest a dual-porosity system containing both highly trans-
missive fractures and low-permeability fine grained sediments.

3.3. Hydrogeochemical parameters and tCO,, pCO,

In 2011, prior to injection, the background fracture water had a
slightly alkaline pH of 8.2 and a specific conductance of 1300 p.S/cm
(Table 2). The low DO (0.6 mg/L or 20 pumol/L, 6% of the atmospheric
saturation concentration)and low ORP (58-71 mV)indicated a sub-
oxiccondition. Total CO, was 0.87 mmol/Lin the background water,
with the pCO, of 134-136 patm.

After the water was treated with one atmosphere CO,, the
injected water had an average pH of 4.38 and an average ORP of
316 mV. The total CO, increased to 33.90 mmol/L, with an esti-
mated pCO, of 0.90atm, indicating near saturation of CO,. The
dissolution of CO, and introduction of KBr tracer increased the
specific conductance to 1447 w.S/cm.

After 7 days (161 h) incubation, the water collected during test
sampling showed a buffered pH of 6.05 and an increased specific
conductance to 1728 uS/cm, which indicated the quick dissolu-
tion of aquifer materials. A very low ORP (—266 mV) and depleted
DO (0.15mg/L or 5pumol/L, 1.5% of the atmospheric saturation
concentration) indicated a strong reducing environment. The mea-
sured total CO, of 24.45 mmol/L was higher than the total CO,
of 16.14mmol/L based solely on the mixing process, indicating
the introduction of carbon species from the aquifer. The pCO,
of 0.287 atm was lower than 0.416 atm estimated from a simple
mixing, which suggests an increase in pH and alkalinity by the
dissolution of minerals.

During the continuous extraction phase, pH increased rapidly
in the first few days and then followed by a gradual increase to
7.91 after 33 days. ORP rapidly increased to ~0 mV during the early
extraction phase when 0.6 times of injected volume was pumped,
and then showed fluctuation between —44 and +47 mV during the
mid and late extraction phases. Total CO, decreased to the back-
ground levels at the end of extraction phase, while the pCO, at the
end of extraction (356 patm) was still higher than the background
levels (134-136 patm).

In 2012, slightly higher pH (8.54), DO (1.3 mg/L or 40 pmol/L,
12% of the atmospheric saturation concentration) and ORP
(74-84mV), and a lower specific conductance (754 uS/cm) were
observed in the background fracture water from the same interval
prior toinjection (Table 3). Similar trends of groundwater geochem-
istry in response to CO, injection were observed, except the ORP in
the injection interval did not drop as significantly as it did in 2011,
which may be related to the higher DO of the ambient groundwater
in 2012.

3.4. Major ions

In both experiments, the background aquifer water prior to CO,
injection showed a Na-SO4 water type. When the aquifer water was
bubbled with CO, in the storage tanks, its major ion concentrations,
including alkalinity, were virtually unchanged (except K due to the
introduction of KBr as a tracer), but its total CO, increased dra-
matically, which indicated the CO, was mainly in the dissolved gas
phase (Tables 2 and 3).

After the incubation periods during the 2011 and 2012 exper-
iments, the water samples collected during the early extraction
phase showed a water chemistry change to Ca-HCOs3 type, due
to the large increase of HCO3;~ and CaZ*. Alkalinity, Ca, Mg and Si
concentrations increased to 7.9-11.9, 3.0-5.2, 1.8-3.5, and 1.8-2.1
times of background levels (Figs. 2A and 3A), respectively. Sulfate
concentrations showed a maximum decrease of 20-30% in the early
extraction phase after incubation.
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Table 2
Groundwater hydrogeochemistry in the 2011 push-pull field experiment.

experiment  sample time Voumped Tempe Specific mixing
since pH Conduc DO ORP Br X SFg TCO, pCO, Na Mg K Ca Si CI SO4%alkalinity
stage o Vinected FatUre ratio
injection d tance
hour °C uS/cm mg/L mv mg/L pptv mM patm mM mM mM mM mM mM mM mM
background TW3-100 15.0 8.19 1335 0.48 58 0.49 0% 0.87 136 6.65 0.14 0.02 1.33 0.26 3.22 3.86 0.86
TW3-101 179 8.24 1267 0.74 71 0.37 0% 1 0.87 134 7.01 0.13 0.03 1.30 0.27 3.10 3.62 0.94
injection ~ TW3-102 19.6 4.38 1443 0.10 320 44.76 100% 31800 33.90 900000 6.64 0.14 0.39 1.36 0.26 3.38 3.83 0.78
TW3-103 22.0 4.36 1448 0.10 307 45.33 100% 6.83 0.14 0.38 1.30 0.25 3.39 3.80 ND
TW3-104 23.7 439 1450 0.20 322 46.09 100% 6.82 0.13 0.37 1.31 0.25 3.39 3.79 ND
TW3-105 45.94 100% 6.49 0.14 0.36 1.38 0.25 3.34 3.73 0.76

incubation TW3-106 161 0.11 15,6 6.05 1728 0.15 -266 21.24 46.2% 17400 24.45 287000 6.57 0.21 0.22 3.64 0.43 2.63 2.65 9.82
early extraction TW3-107 476 026 16.8 6.18 1861 0.05 -229 20.91 45.4% 15400 21.91 254000 6.37 0.22 0.17 3.78 0.44 2.78 2.82 9.88

TW3-108 477 0.34 16.7 6.20 1910 0.00 -151 21.45 46.6% 22.47 254000 6.99 0.25 0.17 4.04 0.47 2.89 3.04 10.25
TW3-109 478 0.40 16.7 6.22 1896 0.00 -88 19.77 42.9% 17600 21.33 235000 7.10 0.23 0.16 3.72 0.47 2.92 3.11 9.86
TW3-110 479 0.46 159 6.26 1864 0.00 -58 17.57 38.0% 19.57 202000 7.57 0.23 0.14 3.68 0.46 2.91 3.15 8.65
TW3-111 482 0.60 153 6.39 1741 0.00 3 10.94 23.3% 7.40 0.22 0.10 3.20 0.42 2.85 3.24 6.70

mid extraction TW3-112 496 1.38 18.6 6.83 1472 0.05 -19 248 4.5% 1660 3.88 16700 7.15 0.15 0.05 1.89 0.32 2.91 3.48 3.20
TW3-113 498 1.52 19.4 6.89 1462 0.00 24 241 4.4% 1380 3.45 13300 6.13 0.13 0.04 1.60 0.25 3.03 3.59 2.55
TW3-114 501 1.65 17.1 6.96 1447 0.15 17 211 3.7% 3.15 10400 7.35 0.15 0.05 1.80 0.29 3.01 3.57 2.15
TW3-115 502 1.74 165 6.98 1442 0.15 47 1.99 3.5% 1200 2.97 9300 6.54 0.15 0.04 1.72 0.27 3.00 3.56 1.90
TW3-116 521 276 185 726 1412 010 7 127 19% 719 202 3620 7.32 0.15 0.03 1.66 0.26 3.01 3.60 1.75
TW3-117 525 299 175 732 1412 0.10 -13 1.01 1.3% 621 1.91 2980 7.52 0.15 0.04 1.62 0.28 2.88 3.49 1.40
TW3-118 593 6.52 19.3 743 1402 0.05 -35 0.79 0.8% 1.32 1640 6.91 0.14 0.03 1.48 0.24 2.94 355 1.05
TW3-119 598 6.82 168 743 1399 0.05 -25 0.79 0.8% 358 1.29 1570 7.33 0.14 0.03 1.50 0.23 2.94 3.56 1.22
TW3-120 621 798 172 745 1397 0.05 -44 0.80 0.8% 327 1.23 1440 7.04 0.14 0.03 1.44 0.22 2.94 356 1.11
late extraction TW3-121 664 10.15 184 7.48 1413 0.05 -12 0.76 0.7% 284 1.17 1290 7.11 0.15 0.03 1.50 0.22 2.96 3.62 1.06
TW3-122 760 1489 19.4 7.60 1409 0.00 21 0.62 0.4% 195 1.05 892 7.06 0.14 0.03 1.43 0.21 2.91 3.57 0.96

TW3-123 832 18.35 19.2 7.64 1406 0.03 28 0.67 0.5% 7.17 0.14 0.03 1.44 0.21 2.88 3.53 0.86
TW3-124 1000 26.17 183 7.79 1402 0.03 15 0.583 0.2% 0.91 500 7.27 0.14 0.03 1.44 0.22 2.91 3.59 0.86
TW3-125 1264 37.27 19.8 7.92 1395 0.02 13 0.51 0.2% 7.27 0.14 0.03 1.39 0.21 2.87 3.55 0.82
TW3-126 1266 37.36 20.0 7.91 1395 0.02 3 0.51 0.2% 0.85 358 7.23 0.14 0.03 1.38 0.21 2.85 3.53 0.82
EPA secondary MCL 6.5-8.5 780" 7.05 2.60

* estimated based on the secondary MCL of 500 mg/L for TDS.

experiment  sample

Li Be Cr Mn Fe Co Ni Cu Zn As Se Rb Sr Zr Mo Cd Sb Cs Ba T Pb U
stage ID

MM nM pM pM M M M M PM M APM pM M M M M M nM nM nM nM

background TW3-100 4.7 7 3016 1.77 226 026 0.07 13 19 10 30 13 29 27 10 03 1.6 75 3.0 54 56
TW3-101 4.7 5 3012 089 119027 006 20 21 12 30 12 22 27 09 02 15 66 29 18 57
injection TW3-102 4.7 5 7 017 448 183030 0.17 22 17 11 35 13 21 23 435 0.7 15 74 59 546 59
TW3-103 4.7 6 9 020 6.87 204036 017 20 19 12 34 13 19 24 623 08 14 70 5.1 53.8 5.9
TW3-104 47 5 22021 691 237034 019 17 15 10 35 13 3.2 26 589 0.8 14 73 4.4 57.8 6.3
TW3-105 45 5 9018 6.16 1.96 0.31 0.18 16 17 9 34 13 23 25 415 08 14 77 43 454 6.5

ncubalion 13106 43 21 11 432 63.14 13.74 0.4 0.96 1028 13 8 67 19 46 31 25 11 16 263 28 52 255
(test sampling)

early extraction TW3-107 4.4 17 15 3.58 23.83 7.80 0.37 0.07 328 13 7 67 21 48 22 20 0.6 17 218 29 50 41.5

TW3-108 47 20 9 331 11.41 599 0.34 0.07 188 13 9 69 23 53 21 1.9 06 1.8 206 29 44 484

TW3-109 47 19 10 3.01 7.58 4.650.30 0.09 130 14 6 67 22 42 20 1.9 06 1.7 191 28 47 499

TW3-110 48 18 7 274 522 385030 012 94 12 6 66 22 41 20 14 05 1.7 179 25 41 51.9

TW3-111 48 13 5208 348 350029 017 61 13 7 57 21 39 21 16 07 1.6 150 23 41 451

mid extraction TW3-112 49 7 3085 1.58 229 0.27 009 22 13 6 3 15 27 25 1.0 03 14 92 1.9 29 196

TW3-113 42 5 2067 1.23 210028 009 19 11 7 3 13 30 22 09 03 1.3 8 21 25 17.2

TW3-114 48 7 2075 140 201029 009 18 12 10 35 15 24 26 1.0 03 14 8 19 26 17.0

TW3-115 46 5 3070 1.25 208029 008 18 11 8 35 14 27 26 10 15 1.4 87 19 28 164

TW3-116 48 4 2055 1.75 179026 007 12 10 8 34 14 22 27 10 03 14 76 17 24 121

TW3-117 5.0 4 2048 0.86 165027 007 12 13 10 31 14 24 27 08 03 1.3 78 19 26 122

TW3-118 49 4 2034 087 195027 006 12 14 6 31 14 27 27 11 02 1.3 71 1.8 25 81

TW3-119 49 4 2032 08 163028 006 11 12 7 31 13 23 28 09 03 1.3 70 16 20 7.6

TW3-120 47 NA 3032 1.01 223026 006 10 14 NA 29 13 28 27 04 02 25 72 20 13 7.8

late extraction TW3-121 5.0 NA 4 0.29 0.93 232 0.27 0.05 08 12NA 29 13 26 28 04 02 20 71 21 12 7.2

TW3-122 49 NA 1024 079 204030 005 06 15NA 28 13 24 27 03 02 17 68 1.9 12 60

TW3-123 5.0 NA 3023 1.02 211027 006 06 15NA 27 13 26 28 04 05 1.5 8 18 30 57

TW3-124 50 NA 2020 0.87 1.88 0.26 0.05 04 16 NA 26 14 25 28 04 02 15 62 1.7 1.1 53

TW3-125 51 NA 2018 0.79 1.86 0.28 0.05 03 15 NA 24 14 23 28 03 02 14 58 14 10 48

TW3-126 5.0 NA 2020 0.95 1.940.26 0.05 03 17 NA 24 14 24 28 0.6 02 18 60 14 1.1 50

EPA MCL 444 1923 0.91 5.37 20.46 76.5 133 633 44.5 49.3 14562 9.8 72.4 126.1
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Groundwater hydrogeochemistry in the 2012 push-pull field experiment.

199

experiment t?me Vpumped Tempe Specific mixing . P -
sample ID since pH Conduc- DO ORP Br .~ TCO, pCO, Na Mg K Ca Si ClI" SO, alkalinity
stage o WViniecte FatUrE ratio
injection g tance
hour °C uwS/cm mg/L mv  mg/L mM yatm mM mM mM mM mM mM mM mM
background  TW3-202 17.4 852 762 1.34 74 0.00 0% 1.10 106 6.31 0.10 0.03 0.78 0.46 233 1.84 1.14
TW3-203 183 853 744 123 74 0.00 0% 6.23 0.10 0.03 0.79 046 233 185 1.14
TW3-204 159 856 756 1.28 84 0.00 0% 6.38 0.11 0.03 0.79 047 237 185 1.17
in tank tank-1 4.64 0.10 595 0.11 0.78 0.45 2.38 1.86 1.14
tank-2 4.66 0.10 86.21 6.29 0.11 1.05 0.82 0.46 2.39 1.82 1.17
tank-3 4.66 0.15 86.34 6.28 0.11 1.05 0.80 0.46 2.37 1.83 1.16
injection ~ TW3-205 20.4 4.81 920 0.21 325 88.87 100% 39.12 970608 6.34 0.12 1.02 0.83 0.48 236 1.81 1.18
TW3-206 214 480 925 0.07 328 90.01 100% 35.02 894204 6.44 0.11 1.16 0.83 0.49 236 1.82 1.15
TW3-207 244 492 928 0.21 334 88.46 100% 33.28 906979 6.43 0.10 1.19 0.83 0.47 237 1.81 1.18
TW3-208 22.4 480 903 0.14 340 76.26 100% 36.18 949358 6.63 0.10 1.05 0.81 0.49 235 1.84 1.13
incubation  TW3-209 239 0.03 19.1 577 1028 0.13 43 36.16 42.1% 9.54 168589 5.02 0.14 0.46 1.52 0.81 229 1.26 5127
(test sampling) TW3-210 241 0.06 41.66 48.5% 18.00 318060 6.09 0.18 0.74 2.10 0.99 233 1.33 4.88
early extraction TW3-211 955 0.18 21.3 598 1374 0.14 70 66.94 77.9% 27.51 429697 8.14 0.39 1.15 4.07 1.01 2.61 1.84 9.30
TW3-212 957 0.27 20.8 591 1357 0.27 132 63.37 73.8% 27.13 447020 8.04 0.37 0.94 3.92 0.93 260 1.82 8.96
TW3-213 959 0.35 18.6 5.99 1314 0.34 134 55.85 65.0% 22.36 327597 7.95 0.35 0.75 3.80 0.92 256 1.73 8.54
TW3-214 961 0.44 17.6 6.01 1248 0.48 142 49.18 57.2% 20.77 292460 7.82 0.32 0.64 3.64 0.86 253 1.67 8.16
TW3-215 962 0.51 17.6 6.05 1218 0.53 144 42.04 48.9% 19.97 270490 7.48 0.31 0.55 3.29 0.81 251 1.64 7.80
TW3-216 970 0.83 16.6 6.24 1069 0.68 149 23.86 27.8% 12.11 130041 7.06 0.28 0.33 250 0.72 250 1.65 6.12
mid extraction TW3-217 978 1.22 17.7 650 931 0.32 128 10.66 12.4% 6.76 51260 6.58 0.17 0.21 1.82 0.62 252 1.69 4.40
TW3-218 982 140 165 6.60 890 0.92 140 7.53 88% 5.37 33969 6.40 0.19 0.19 1.65 0.60 254 1.78 3.82
TW3-219 985 1.53 17.4 6.63 883 091 134 597 7.0% 473 28819 6.43 0.17 0.16 1.56 0.59 254 1.74 3.44
TW3-220 1003 2.33 155 7.05 817 099 115 3.67 4.3% 3.04 8183 588 0.17 0.10 1.23 0.52 256 1.81 2.72
TW3-221 1009 262 150 7.12 809 1.02 106 257 3.0% 272 6313 6.43 0.16 0.10 1.26 0.54 2.58 1.84 2.54
TW3-222 1052 447 196 743 807 09 83 158 1.8% 213 2656 6.30 0.13 0.06 1.13 0.50 2.64 1.97 2.00
TW3-223 1075 521 188 750 805 1.10 94 138 1.6% 192 2037 643 0.13 0.05 1.07 0.53 2.63 1.99 1.89
TW3-224 1169 858 182 785 803 098 34 080 09% 1.54 736 6.49 0.12 0.03 0.98 0.49 2.63 208 1.57
late extraction TW3-225 1265 12.05 16.2 8.00 801 117 52 0.64 0.7% 1.40 467 6.37 0.12 0.04 0.95 0.48 265 2.11 1.41
TW3-226 1440 18.82 18.0 8.14 803 1.36 35 0.46 0.5% 1.25 303 6.49 0.13 0.03 0.90 0.47 266 2.17 1.35
TW3-227 1675 24.50 19.7 8.24 802 1.14 NA 035 0.4% 1.16 225 6.51 0.10 0.03 0.91 0.47 264 2.15 1.22
EPA secondary MCL 6.5-8.5 780" 7.05 2.60
* estimated based on the secondary MCL of 500 mg/L for TDS.
eXZ‘f;;"eem samplelD Li Be Cr Mn Fe Co N Cu Zn As Se Rb Sr 2z Mo Cd Sb Cs Ba T Pb U
M npM nPM pM pM M pM pM pM M PM PM M MMM M M M M nM nM
background TW3-202 5.3 1 39 001 011 6.8 0.04 002 08 11 <25 27 6 08 25 06 03 13 159 0.0 0.6 29.5
TW3-203 5.4 1 29 001 041 75 0.08 0.02 08 10 <25 27 5 04 25 05 04 12 161 0.0 05 29.4
TW3-204 5.5 1 27 001 006 74 010 003 09 9 <25 26 6 06 25 05 02 12 154 0.0 0.2 29.5
in tank tank-1 5.0 1 43 001 018 7.1 006 005 09 8 <25 52 6 14 26 06 03 90 164 0.0 53 30.9
tank-2 4.9 1 39 001 009 69 016 004 08 9 <25 52 6 06 26 09 03 50 185 0.0 1.5 288
tank-3 5.2 1 39 001 019 6.8 0.06 0.04 08 10 <25 48 5 07 26 07 02 23 176 0.0 0.9 28.2
injection TW3-205 5.4 1 36 010 157 72 017 0.06 1.2 9 <25 42 5 07 25 278 02 12 174 0.0 25 27.0
TW3-206 5.6 1 37 006 153 65 010 0.06 1.2 11 <25 43 6 04 25 136 02 12 170 0.0 26 26.9
TW3-207 5.6 1 43 009 264 63 007 010 1.2 9 <25 41 5 05 25 187 04 12 161 0.0 21 252
TW3-208 5.9 1 28 006 258 6.6 006 0.09 29 10 <25 39 6 06 25 11.5 03 1.2 147 0.0 1.0 26.8
incubation TW3-209 4.4 4 15 6.92 0.04 322 035 0.021298 0 <25 57 6 04 24 44 06 1.0 197 0.0 0.2 20.5
(test sampling) TW3-210 5.1 11 4.1 261 0.09 16.1 025 0.04 636 2 <25 67 10 04 28 39 05 1.3 306 0.0 0.3 44.0
early extraction TW3-211 7.2 93 159 1.65 16.58 15.0 0.18 0.09 434 7 <25 110 20 49 24 16 03 23 785 0.0 0.7 1148
TW3-212 7.4 121 84 1.09 387 116 0.10 058 287 9 <25 107 21 66 12 18 02 23 805 0.0 0.8 946
TW3-213 7.2 111 7.0 092 292 112 020 078 236 8 <25 102 20 7.0 11 16 04 21 739 0.0 0.9 90.6
TW3-214 69 95 7.2 086 198 10.7 0.09 079 183 8 <25 97 20 59 10 12 03 21 718 0.0 05 847
TW3-215 6.8 81 52 0.76 139 103 0.08 075 148 7 <25 9 19 54 10 11 03 21 657 0.0 0.4 817
TW3-216 6.3 49 3.8 0.51 0.61 104 0.08 056 87 6 <25 72 16 38 11 08 03 1.8 501 0.0 04 759
mid extraction TW3-217 59 25 3.3 035 047 7.1 0.18 213 5<25 59 12 14 15 07 03 16 351 0.0 1.0 67.8
TW3-218 5.7 20 0.85 43.6 2.03 0.32 6 <25 52 11 1.2 08 03 16 312 0.1 06 637
TW3-219 56 16 32 028 024 72 010 021 32 5<25 5 11 10 16 06 04 15 304 0.0 0.5 60.3
TW3-220 5.5 8 27 0.19 026 80 0.14 015 21 7 <25 39 8 09 19 05 03 14 217 0.0 05 51.6
TW3-221 5.6 8 3.1 020 0.31 236 1.00 021 19 7 <25 38 9 11 19 05 03 15 219 0.0 0.8 486
TW3-222 5.9 6 29 0.14 0.18 6.1 010 008 13 8 <25 30 7 07 21 05 03 14 184 0.0 0.7 46.7
TW3-223 5.9 5 34 0.14 022 6.3 0.07 0.09 8 <25 29 7 09 23 04 02 13 177 0.0 0.3 443
TW3-224 5.9 3 0.09 017 6.0 0.09 0.05 07 7 <25 24 7 09 24 04 02 12 154 0.0 0.3 389
late extraction TW3-225 5.8 3 0.27 18.1 0.84 0.07 8 <25 22 7 1.0 05 03 12 152 0.0 04 36.7
TW3-226 5.9 3 25 0.07 024 53 020 005 0.7 6 <25 22 7 11 25 05 03 12 149 0.0 0.3 329
TW3-227 6.6 3 0.05 42 0.07 0.04 05 10 <25 22 7 14 28 08 03 1.3 145 0.0 0.9 337
EPA MCL 444 1923 0.91 5.37 0 76.5 133 633.2 44.5 49.3 14562 9.8 72.4 126.1

During mid-extraction phase, major element concentrations of
SO42~ in both experiments and Mg, Si in the 2011 experiment
returned to a similar level to the background (p >0.05) as the mix-
ing ratio of injected CO, decreased to below 10%. Concentrations

of Mg, Si, and alkalinity were recovered to the background levels
during the late extraction phase (p > 0.05) when the mixing ratio of
injected CO, decreased to below 1%. Ca showed significantly higher
concentrations than in the background water (p <0.05) toward the
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end of the injection experiments and significant correlations with
CO, mixing ratios (R=0.90 in both injections).

Cl~ and Na concentrations did not show apparent changes dur-
ing both injections. K is not discussed because KBr was added as a
tracer and the mixing effect largely exceeded the changes due to
geochemical reactions.

3.5. Trace elements

After CO, was added to the aquifer water in 2011, concentra-
tions of trace elements, including Cr, Fe, Ni, Cu, Rb, Cd, Sb, TI, Pb,
and U, in the water samples collected during injection increased
(Table 2) compared to the background aquifer water (p<0.1). In
2012, after CO, was added, concentrations of Cu, Rb, Cd, Cs and Pb
in the aquifer water stored in polyethylene storage tanks increased
significantly (Table 3) compared to the background aquifer water
(p<0.1), which suggests possible contamination of these elements
from the storage tanks. Concentrations of Li, Mn, Fe, Cu, Zn, and Cd
in the injected water increased compared to the CO,-treated water
in the storage tank (p <0.1), which suggests possible contamination
of these elements from the injection pump and/or injection lines. It
is worth noting that minor effects of enhanced dissolution of sus-
pended particles in the aquifer water due to CO, introduction and
hence pH change cannot be completely excluded.

After incubation in the aquifer, the first few samples (TW3-106
to TW3-111) collected during early extraction phase showed sig-
nificant differences (p <0.05 in all comparisons) including 2-fold or
more increased concentrations of Be, Co, Ni, Cu, Rb, Sr, Zr, Sb, Ba, and
U, and up to 50 fold increases in Mn, Fe, and Zn (Fig. 2A) compared
to the concentrations in the injected water in the 2011 experiment.
This suggests an enhanced release of these elements under acidic
(pH 6.0-6.4) and/or reducing conditions (DO decreased to below
detection limit and ORP dropped to —266 mV). As and Mo concen-
trations decreased up to 60%, which might be due to the enhanced
adsorption under lower pH conditions.

During mid-extraction phase, trace element concentrations of
Be, Cr, Co, Nij, Sr, Zr, Mo, Cd, Sb and Pb were reduced to the back-
ground levels as the mixing ratio of injected CO, decreased to
below 10% (p > 0.05). Concentrations of Fe, Cu, Zn, As, Rb, Ba and U
were recovered to the background levels during the late extraction
phase when the mixing ratio of injected CO, decreased to below
1% (p>0.05). Mn showed significantly higher concentrations than
in the background water (p = 0.03) and significant correlations with
CO, mixing ratios (R=0.93) toward the end of the injection exper-
iment.

Elements such asLi, Se, Cs, and Tl did not show significant change
in concentration, indicating very low mobility of these elements in
the aquifer rocks.

After injection and incubation in the subsurface, similar concen-
tration changes in the 2012 experiment were observed for trace
elements (Fig. 3B) as for those in the 2011 experiment.

4. Discussion
4.1. Mechanisms of mineral dissolution and trace element release

The total CO, (tCO,=[H,CO3]+[HCO3~]+[CO32"]) was also
plotted (Fig. 1) and compared with the tracers. In 2011, the mass
recovery percentages were 64% estimated from bromide and 71%
from SFg, while 83% from tCO,; in 2012, the bromide recovery per-
centage was 78% while 89% from tCO,. These suggest an additional
15-30% source of carbon species, which is probably from the dis-
solution of carbonate minerals from the aquifer rocks due to the
pH change caused by CO, injection, as the logarithmical pCO, in

e 2011
° 2012

8 4
g 7 4 y =-0.60x +9.38

R?=1.00
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Fig.4. Correlation between pH and log(pCO; ) in aquifer water samples during 2011
and 2012 push-pull experiments in TW-3 well.

the aquifer is strongly linearly correlated with pH in both 2011 and
2012 experiments (Fig. 4).

Mg and alkalinity showed very strong correlations (R>0.90)
with Ca attributable to the co-dissolution from carbonate min-
erals, such as calcite and dolomite. Si strongly correlated with
these carbonate species, but their correlation coefficients were
slightly lower, suggesting the dissolution of some silicate miner-
als, such as feldspars and illite. The relative abundances of SiO;
and alkalinity in the water samples collected during extraction
phases (Fig. 5) showed that the background water was dominated
by silicate weathering as the alkalinity/SiO, was <5 (Hounslow,
1995), while at the early extraction phase the dissolution of car-
bonate minerals dominated as indicated by an alkalinity/SiO, ratio
>10 despite the very high content of silica in the aquifer material
(Table 1). This high degree of influence of carbonate minerals was
also observed in the predominantly siliciclastic Dockum aquifer
in the SACROC CO,-enhanced oil field in Texas (Romanak et al.,
2012).

Sulfate concentrations decreased in the early extraction phase
when the mixing ratio of injected CO, was high (>10%), and showed
a strong correlation with ORP (R=0.72) in the 2011 experiment,
which suggests sulfate reduction occurred after CO, injection. The
decrease of sulfate concentration in the 2012 experiment was not
as dramatic as in the 2011 injection, probably due to the overall
higher redox potential in the 2012 experiment. However, sulfate
concentrations showed a decrease by 30% in the first two samples
collected in the early extraction phase when the ORP was at a low
value of 43 mV.

Alkaline earth elements Be, Rb, Sr, and Ba showed very strong
correlations (R >0.90) with Ca and Mg, indicating their mobilization
from cation exchange reactions was triggered by the dissolution of
carbonates (Trautz et al., 2013; Yang et al., 2013). Fe and Cr con-
centrations increased substantially after incubation in the aquifer
despite the possible contamination from storage tanks and/or
injection lines, and showed strong correlation in both 2011 and
2012 experiments, which is attributed to the enhanced reductive
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Fig. 5. The relative influence of carbonate and silicate geochemistry in the TW-3
push-pull experiments.
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Fig. 6. Release rates of major (top) and trace elements (bottom) plotted against pH
during 2011 (solid symbol) and 2012 (open symbol) push-pull experiments in TW-3
well. *Release rates are calculated using the method described in Section 2.6.

dissolution and the favored desorption of dominant Cr(IlI) under
low pH and organic rich reducing conditions associated with CO,
introduction into the subsurface (Richard and Bourg, 1991; Roden
and Zachara, 1996). These mechanisms also contribute to the
increased concentration of other transition elements, such as Mn,
Co, Ni, Cu, Zn, and Zr. The mobilization of U is mainly contributed
by the enhanced desorption due to the formation of uranyl car-
bonate complexes (Wu et al., 2006) under high CO, conditions.
More oxic conditions in the aquifer also enhance the U mobility
in groundwater by forming UO,%*-C032~ complex, while reducing
aquifer conditions might reduce U(VI) to U(IV) as UO,, which has
very low solubility in groundwater. The decrease of Mo concentra-
tions in groundwater after CO, injection might be due to its binding
with organic matter (Wichard et al.,2009) and enhanced adsorption
under low pH environments (Goldberg and Forster, 1998).

It should be pointed out that, during the 2011 and 2012
experiments, 10-60nM of Cd and up to 60nM of Pb, poten-
tially from contamination of polyethylene storage tanks and/or
injection pump lines, was inadvertently injected into the aquifer
(Tables 2 and 3). High Pb and Cd concentrations in the injected solu-
tion might to a certain extent suppress reactions, e.g. desorption,
that could release them from aquifer materials to groundwater. The
concentrations of these elements, however, were quickly reduced
to near the background levels by the end of early extraction phase.
This may be attributed to the scavenging by surface active organic
matter (Strawn and Sparks, 2000).

4.2. Elemental release rates

The release rates of major cations including Ca, Mg and Si are
comparable with those measured in batch reactors (Pokrovsky
etal., 2005)and show strong linear dependence on pH (Matteretal.,
2007; Pokrovsky et al., 2005) during both 2011 and 2012 experi-
ments (R% >0.92 for all three elements) (Fig. 6A). The release rates
of Ca are 1-2 orders of magnitude higher than those of Mg and Si,

which suggests a fast and more ready dissolution of carbonate min-
erals than silicates. Low levels of carbonate minerals in an aquifer
(~1%in this study) may contribute to significant changes of ground-
water geochemistry under elevated CO, conditions (Romanaketal.,
2012).

The release rates of trace elements, e.g. Fe, Mn, Zn and U,
also showed an overall pH dependence (R%>0.73), with higher
release rates under more acidic conditions (Fig. 6B). This pH
dependence is altered by the changing redox conditions in the
aquifer, however. The release rates of these elements in the
2012 experiment were linearly correlated with pH (0.94 <R2 <0.97
except 0.73 for Fe), while in the 2011 experiment, the release
rates of Mn, Fe and Zn were faster in the first few samples col-
lected during the early extraction phase and showed less linearity
(0.83<R2<0.94) (Fig. 6B). In particular, the aquifer was more
reducing (DO 0-0.15mg/L and ORP —266 to —58 mV in the 2011
experiment, compared to DO 0.13-1.36 mg/L and ORP 70-149 mV
inthe 2012 experiment) which enhanced the metal reduction. U did
not show this change in release rate in the early extraction phase
of the 2011 experiment, which can be explained by no apparent
enhanced release under reducing condition in the first few sam-
ples. Furthermore, the release rate of U was inhibited in the late
extraction phase of the 2011 experiment because of more reducing
conditions (ORP —44 to 28 mV) than those in the 2012 experiment
(ORP 34-94mV). Besides the higher redox potential, higher car-
bonate concentrations in the 2012 experiment (Tables 2 and 3)
may also contribute to the overall higher U concentrations in the
aquifer water than in the 2011 experiment due to the complexa-
tion of UO,2* with carbonate which enhances the U mobility in the
groundwater (Yang et al., 2014).

The logarithmic release rates of these major and trace ele-
ments are correlated with log(pCO, ) because of the strong linearity
between log(pCO,) and pH (Fig. 4). Thus the release rates and con-
centrations of major and trace elements in CO, geosequestration
experiments may be estimated based on the spatial and temporal
extent of dissolved CO, and aquifer characteristics. To minimize the
risk of losing injected solution and thus allow a longer incubation
period, only approximately 3 m3 of aquifer water mixed with 1-atm
pCO, was injected. The in situ rates of elemental release, mineral
dissolution, and chemical composition change of aquifer water can
be estimated by extrapolation from the correlation of reaction rate
to pCO, concentration. An injection of a larger volume of water,
or water mixed with a higher concentration of pCO,, e.g. 5-atm,
can therefore be extrapolated from that correlation to higher pCO,
conditions.

4.3. Extent of impact zone

In a groundwater aquifer, the spatial extent of impact zone from
CO, leakage depends not only on the movement of CO, plume,
which is determined by the rate and duration of CO, leakage and
the permeability of aquifer and its surrounding rocks, but also on
the hydrogeochemical conditions of aquifer sediment and fractured
surfaces for bedrock aquifers that change water chemistry. In this
research, the geochemical conservative tracers (bromide and SFg)
are used to quantify the CO, plume and movement under controlled
CO, injection experiments in the complicated fractured bedrock
aquifer with an apparent dual-porosity system. A mixing ratio of
1% injected solution based on tracer data is used as the cutoff value
to define the groundwater zone affected by elevated CO, concen-
trations for the purpose of calculating the extent of the affected
aquifer zone. This corresponds to the time point when approxi-
mately 10-time volume of injected solution was extracted during
the pull phase, and groundwater pH, specific conductance, total
CO,, pCO,, Ca, alkalinity, and trace elements such as Mn, Rb, Sr and
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U showed statistically significantly higher concentrations than the
background levels.

The volume of affected aquifer water is thus estimated based
on tracer data and the consideration of their recovery percentages
(averaged as 71%) as 44m3 (=10 x 3.1/0.71). We use an effective
porosity of 2-5% based on borehole geophysical measurements
(Burgdorff and Goldberg, 2001) and assume a cylindrical flow field
around the injection well (Matter et al., 2007). We then calculate
the radial distance in the ~2 cm thick permeable (fractured) zone to
be 25-80 m. As a comparison, the radial distance of the impact zone
in a porous media sedimentary aquifer with an effective porosity of
20% and a thickness of 4 m (the isolated injection depth), is only 4 m.
This suggests a larger impact zone if CO, leaked into fracture dom-
inated rock aquifers than if a similar volume leaked into a porous
sedimentary aquifer under similar conditions. As a comparison, the
reactive surface area in porous media is 300-700 times of that
in fractured systems, therefore the concentrations of reactive ele-
ments could be hundreds of times higher in a porous sedimentary
aquifer than in a fractured system, given a similar concentration,
volume, and duration of CO, leakage.

Comparison of the hydrogeochemistry of background aquifer
water before CO, injection reveals distinctly higher pH, alkalinity,
Si, Li, Ba and U, and lower Mg, Ca, Cl-, SO42~, Rb and Sr in the
2012 experiment than in the 2011 experiment (p < 0.05 for all ele-
ments except 0.09 for alkalinity). This may be attributed to different
groundwater sources. Although the 2011 push-pull experiment
extracted a large volume of water (~120 m?3, or 40 times of injection
volume), we cannot exclude the possibility that aquifer conditions
were altered to some extent by low levels of residual CO, from
the experiment. The recovered volume percentages of conserva-
tive tracers during the push-pull experiments were 64-78%. The
residual CO, may contribute to the higher alkalinity and higher Si
levels from silicate mineral dissolution in the 2012 experiment, as
well as the release of Ba and U due to their enhanced solubility
under higher alkalinity condition. The lower specific conductance,
alkaline earth elements including Mg, Ca, Sr, and most of others
in 2012 background water might be due to the depletion of these
elements in the reactive regimes in fractures and pore space after
2011 experiment.

The hydraulically conductive zones in this sedimentary rock
formation and the overlying intrusive Palisades dolerite sill are
generally narrow and vertically localized (1-3 m thick). The Pal-
isades dolerite sill and low-permeability sedimentary formations
separating the conductive zones during these experiments exhibit
near-zero transmissivity and thus could serve as effective caprock
formations for CO, geological storage.

4.4. Implications for risk assessment of CO, geosequestration sites

Under a hypothetical CO, leakage scenario, the groundwater
hydrochemical parameters should change significantly, including
decreased pH due to enhanced CO,, as well as increased specific
conductance and total dissolved solid (TDS) due to mineral and
trace element dissolution. Major elements including Ca, Mg, Si and
alkalinity, and trace elements including Mn, Fe, Cr, Co, Ni, Cu, Zn,
Rb, Sr, Ba, and U increased in concentration by up to 100-fold
due to the increased acidity and altered redox conditions in the
aquifer. Sulfate concentrations showed a slight decrease, probably
due to the microbial sulfate reduction. The concentration change
in these elements may be sensitive indicators of CO, leakage at
geosequestration sites. We conclude from this study that close geo-
chemical monitoring of groundwater aquifers should be used to
detect the potential leakage or upwelling from deeper CO; injec-
tion reservoirs. In particular, parameters including pH, alkalinity,
Ca (Romanak et al., 2012; Trautz et al., 2013), pCO,, Mn and U
showed statistically significant concentration difference from the

concentration/MCL
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Fig. 7. Concentration ranges of ions and pH during 2011 and 2012 push-pull exper-
iments in TW-3 well. *For better illustration, concentrations normalized by the U.S.
EPA drinking water Maximum Contaminant Levels as highlighted in red. (For inter-
pretation of the references to color in this figure legend, the reader is referred to the
web version of the article.)

background levels (p <0.1) when the mixing ratio of the injected
groundwater was only 1%, or the pCO, was only ~2000 patm. These
parameters may be used as sensitive indicators of the CO, plume
front or even small quantities of CO, leakage.

Public and private wells tap into various groundwater aquifers
above potential saline reservoirs proposed for geosequestration,
making it very important to understand the potential risks to
drinking water resources associated with CO, injection. Com-
pared to the primary drinking water Maximum Contaminant Levels
(MCLs), no inorganic chemicals levels measured in this research
exceeded these regulations. However, elemental levels were above
the secondary drinking water MCLs in pH, Fe, Mn, and Zn (Fig. 7,
Tables 2 and 3), indicating that CO, leakage after injection may
cause hydrogeochemical parameters to exceed regulations. The
interval of the Newark Basin sediments studied in this research
has relatively low concentrations of fine grained minerals and trace
metals, however, and our injection experiments utilized very low
pCO, concentrations. Other aquifers in different formation litholo-
gies or injection of more acidic, higher pCO, conditions may result
in enhanced concentrations of other major or trace elements that
exceed the MCL regulations.

5. Conclusions

This study presented two single-well push-pull injection tests in
afracture zone of freshwater bedrock aquifer in the Newark Basin to
quantify the hydrogeochemical processes and element release and
assess the potential impacts on the shallow groundwater quality
in response to CO, leakage. Conservative tracers of bromide and
SFg were used to quantify the mixing processes and transport of
injected CO, and suggested a dual-porosity system in the aquifer.

Following the injection of aquifer water enhanced with 1atm
pCO, and incubation for 3-6 weeks in the sand and clay forma-
tion, results of groundwater analysis showed a decrease of pH by
2-3, a depletion of dissolved oxygen and a sharp drop of redox
potential, and an increase of specific conductance. Major cation
concentrations increased significantly to 3.0-5.2 times of back-
ground levels for Ca, 1.8-3.5 times for Mg, and 1.8-2.1 times for
Si, alkalinity increased dramatically to 7.9-11.9 times, while sul-
fate concentrations decreased by 20-30%. Trace elements showed
2-fold or more increased concentrations of Be, Cr, Co, Ni, Cu, Rb,
Sr, Zr, Sb, Ba and U, up to 50-fold increase in Mn, Fe and Zn, and a
decreased concentration of As and Mo. These hydrogeochemical
parameters and elemental concentrations returned to the back-
ground levels toward the end of the extraction phase. Elevated
levels of Pb and Cd (10-50 times above the background levels) were
injected inadvertently to the aquifer, and were found to be reduced
to the background levels within about 200 h.
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Mobilization of major cations and alkalinity were attributed to
the enhanced dissolution of carbonate and silicate minerals under
elevated pCO, condition in the subsurface. The release rates of
Ca, Mg and Si are comparable with those from batch experiments
and show strong dependence on pH and pCO,. Carbonate dissolu-
tion contributed to significant change of water geochemistry even
though its content in the aquifer material might be low (~1%).
The decrease of pH and reducing condition followed CO, injection
enhanced mobilization of trace elements through reduction, dis-
solution and desorption from aquifer minerals, and complexation
with carbonate/bicarbonate.

An altered background condition in the aquifer after the first
injection was observed. This suggests an introduction of differ-
ent water source into the study zone and/or a change in aquifer
condition to low levels of residual CO,. Considering the low trans-
missivity, a larger impact zone can be expected if CO, leaked
into fracture dominated rock aquifers than in porous sedimentary
aquifers under similar leakage conditions.

Rapid and simultaneous changes of pH, specific conductance,
major and trace element release in aquifer water could be used as
monitoring indicators of CO, leakage from geologic sequestration
sites. pH, Ca, and Mn showed significant difference from back-
ground levels under very low pCO, condition, thus can be used as
sensitive indicators of the CO, plume front or even small quantities
of CO, leakage.

Minor deterioration of shallow groundwater quality, particu-
larly exceeding the secondary drinking water MCLs in pH, Fe, Mn
and Zn, was observed under CO, leakage scenario. These parame-
ters should be carefully monitored to assure compliance with the
U.S. EPA drinking water regulations.
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