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1.0

Introductory Remarks

Geological carbon sequestration (GCS) is a global carbon emission reduction strategy involving the
capture of CO2 emitted from fossil fuel burning power plants, as well as the subsequent injection of the
captured CO2 gas into deep saline aquifers or depleted oil and gas reservoirs. A critical question that
arises from the proposed GCS is the potential impacts of CO2 injection on the quality of drinking-water
systems overlying CO2 sequestration storage sites.
Although storage reservoirs are evaluated and selected based on their ability to safely and securely store
emplaced fluids, leakage of CO2 from storage reservoirs is a primary risk factor and potential barrier to
the widespread acceptance of geologic CO2 sequestration (OR Harvey et al. 2013; Y-S Jun et al. 2013;
DOE 2007). Therefore, a systematic understanding of how CO2 leakage would affect the geochemistry of
potable aquifers, and subsequently control or affect elemental and contaminant release via sequential
and/or simultaneous abiotic and biotic processes and reactions is vital.
Two possible scenarios for CO2 leakage have been identified: a sudden, fast, and short-lived release of
CO2, as seen in the case of a well failure during injection or a sudden blowout (S Holloway, Pearce, J.M.,
Hards, V.L., Ohsumi, T., Gale, J. 2007; P Jordan, Benson, S. 2009; L Skinner 2003), or a slower, more
gradual leak, occurring along undetected faults, fractures, or well linings (A Annunziatellis et al. 2008; S
Bachu 2008; MA Celia and JM Nordbotten 2009; K Damen et al. 2005; JL Lewicki et al. 2007; JM
Nordbotten et al. 2005; GW Scherer et al. 2011); however, well related leaks appear to be declining
thanks to improved construction and operation (RL Newmark et al. 2010).
Upon entering an aquifer, a portion of the CO2 gas will dissolve into the groundwater, which will cause a
subsequent decrease in aqueous pH (RC Trautz et al. 2013) due to the formation and disassociation of
carbonic acid (OR Harvey et al. 2013). The reduced pH can then cause an increase in the mobilization of
major (Ca, Mg, K, Na, etc) and minor (Fe, Al, Ba, etc.) elements as well as potential contaminants via
desorption and/or dissolution reactions. Changes in other water quality parameters, such as alkalinity,
salinity, and total dissolved solids (TDS), may also occur.
Properties of the aquifer and the network of processes and reactions may also impact a system’s behavior
and response, and may also have an impact on potential risks associated with CO2 sequestration. Brine
can be brought upward into an overlying groundwater aquifer with increased pressure due to CO2
injection (CM Oldenburg and AP Rinaldi 2011). Salinity of the brine, as well as presence of
contaminants, such as As and Cd, can vary and can increase negative effects of CO2 leakage.
Over the last decade, a number of studies have been undertaken to assess the impacts of potential CO2
leakage from deep storage reservoirs on the quality of overlying freshwater aquifers. These studies
include natural analogs (Pd Caritat et al. 2013; JL Lewicki, J Birkholzer and C-F Tsang 2007; EH Keating
et al. 2010), field in-situ CO2 injection (YK Kharaka et al. 2010; B Nisi et al. 2013; A Peter et al. 2012;
RC Smyth et al. 2009; RC Trautz et al. 2013), and experimental column and batch studies (P Humez et al.
2013; MG Little and RB Jackson 2010; J Lu et al. 2010; G Montes-Hernandez et al. 2013; G Wang et al.
2015; Y Wei et al. 2011). However, the results of the studies are contradictory as some indicate CO₂ leaks
pose a serious risk (AG Cahill et al. 2013; YK Kharaka et al. 2010; MG Little and RB Jackson 2010; J Lu
et al. 2010; S Wang and PR Jaffe 2004; Y Wei, M Maroto-Valer and MD Steven 2011; L Zheng et al.
2009; CQ Vong et al. 2011), some indicate low levels of risk (E Frye et al. 2012; K Kirsch et al. 2014; PJ
Mickler et al. 2013; EH Keating et al. 2010), and others have found some possible benefits (such as the
removal of As, U, V, and Cr) related to CO₂ leakage into groundwater (J Lu et al. 2010; RC Smyth et al.
2009). Clearly, the scientific community has not yet reached an agreement on the important issue of
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deciding whether the impacts from the leakage of CO₂ into groundwater are negative, insignificant, or
positive.
This report summarizes data and findings that are already published in the literature over the last several
years. In addition, a summary of the results collected over the last four years from batch and column
experiments conducted at the Pacific Northwest National Laboratory and the associated modeling efforts
conducted at PNNL and Lawrence Berkley National Laboratory (LBNL) will be presented and discussed.
The experiments were conducted with materials from two representative aquifer types that commonly
overlie potential CO2 sequestration reservoirs: the Edwards Aquifer in TX, representative of unconfined
limestone aquifers, and the High Plains Aquifer in KS, representative of typical unconsolidated sand and
gravel aquifers. Column experiments in which CO2 charged synthetic groundwater flows through a
column packed with material from the aquifers were conducted to simulate the impact of a gradual leak of
CO2 on a shallow aquifer. Batch experiments were conducted to simulate sudden, short-lived CO2 release.
A reactive transport model was then developed using solid phase characterization data of the aquifer
materials to interpret the observed concentration changes in the effluent water, attempting to shed light on
the chemical reactions, water-rock interaction mechanisms, and key parameters that control the
concentration changes of some constituents.
Although the effects of water-rock interactions may be site-specific, the results from the experimental and
modeling efforts will help in developing a systematic understanding of how CO2 leakage is likely to
influence pertinent geochemical processes (e.g., dissolution/precipitation, sorption/desorption). A threedimensional multiphase flow and reactive transport simulation of CO2 leakage from an abandoned
wellbore into a generalized model of the shallow, unconfined portion of the Edwards Aquifer was also
developed to determine potential impacts on groundwater quality.
In addition to the work that focused on aquifer composition, further experiments have been conducted to
observe the effects of gaseous impurities and inorganic contaminants on aquifer response. Specifically,
CH4, present with CO2, was used to represent possible impurities in the gas stream. Additionally, As and
Cd spikes were added to the synthetic groundwater used in batch and column experiments based on the
maximum As and Cd levels predicted to reach the aquifer from the brine source term within the reservoir,
according to modeling simulations by D Bacon (2013). Supplementary experiments were performed to
investigate the effect of autotrophic methanogenesis, stimulated by CO2, on the mobility of metals.
Collectively, these tests were conducted to study the effect of gas, trace metal, and biological variations
likely to be found in GCS sites.

1.2

2.0

Objectives

The objectives of this report are to:


identify the set of geochemical data required to assess and predict aquifer responses to CO2 and
brine leakage, and



present and discuss potential risks for groundwater degradation due to CO2 gas and brine
exposure.

Specifically, this report will discuss the following issues:




Aquifer responses:
o

Changes in aqueous phase (groundwater) chemical composition

o

Changes in solid phase chemistry and mineralogy

o

Changes in the extent and rate of reactions and processes and possible establishment of a
new network of reactions and processes affecting or controlling overall mobility of
major, minor, and trace elements

o

Development of conceptual and reduced order models (ROMs) to describe and predict
aquifer responses

The degree of impact:
o

Significant or insignificant changes in pH and major, minor, and trace element release
that depend on the following controlling variables:




Leaking plume characteristics


Gas composition (pure CO2, CO2 -CH4 -H2S mixtures)



Brine concentration and composition (trace metals)

Aquifer properties:


Initial aqueous phase conditions



Mineralogy: minerals controlling sediments’ response (e.g., calcite, Si
bearing minerals, etc.)



Overview of relevant hydrogeological and geochemical processes related to the impact of CO2
gas and brine on groundwater quality



The fate of the elements released from sediments or transported with brine:



o

Precipitation/incorporation into minerals (calcite and other minerals)

o

Adsorption

o

Electron transfer reactions

o

The role of natural attenuation

Whether or not the release of metals following exposure to CO2 harmful
o

Risk assessment.
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3.0 Geochemical Data Required to Assess and Predict
Aquifer Responses to CO2 and Brine Leakage
3.1 Threshold Values & Average Groundwater Concentrations
In order to determine whether CO2 and brine leakage has an impact on groundwater quality, a protocol
was established for determining statistically significant changes in groundwater concentrations of
regulated contaminants (GV Last et al. 2013). The effort examined selected portions of two aquifer
systems: the urban shallow-unconfined aquifer system of the Edwards-Trinity Aquifer System (being
used to develop the ROM for carbon-rock aquifers), and a portion of the High Plains Aquifer (an
unconsolidated and semi-consolidated sand and gravel aquifer being used to develop the ROM for
unconsolidated aquifers).
No-impact threshold values were determined for cadmium, lead, arsenic, pH, TDS, and select organic
compounds that could be used to identify potential areas of contamination predicted by numerical models
of carbon sequestration storage reservoirs. No-impact threshold values were later determined for
chromium specifically to support the ROM being developed by Lawrence Livermore National Laboratory
for the High Plains Aquifer. These threshold values are based on an interwell approach for determining
background groundwater concentrations as recommended in the U.S. Environmental Protection Agency’s
document titled, ―Unified Guidance for Statistical Analysis of Groundwater Monitoring Data at RCRA
Facilities (2009)‖.
The resulting no-impact threshold values can be used to inform a ―no change‖ scenario with respect to
groundwater impacts, rather than use a maximum concentration limit or secondary drinking-water
standard that in some cases could be significantly higher than existing concentrations in the aquifer. These
no-impact threshold values are intended for use in helping to predict areas of potential impact. They are
not intended for use as alternate regulatory limits.
Development of ―generic‖ no-impact threshold values that could be used for a number of locations
appears unlikely. Instead, the threshold values must be based on site-specific groundwater quality data.
However, the scarcity of existing data, proximity of the data to the target model domain, potential spatial
heterogeneity, and temporal trends make the development of statistically robust data sets and the use of
valid statistical assumptions challenging. In some cases, the calculated no-impact threshold values may
exceed regulatory standards. Other approaches, such as the hybrid intrawell-interwell approach also
examined in the study by Last et al. 2013, may provide alternate mechanisms for calculating no-impact
threshold limits. Examples are presented in the following sections to demonstrate the development and
use of threshold values in two representative aquifers.

3.1.1

High Plains Aquifer

The hydrology ROMs and chemical scaling functions generated in the Generation III ROM are specific to
thresholds that represent no net degradation to the groundwater quality. The impact thresholds defined for
pH, TDS, trace metals, and select organics in Table 3.1 represent concentrations above (or below for pH)
the background water chemistry that could be used to assess impact from brine and/or CO2 leakage into
the aquifer. Each threshold was calculated as the 95%-confidence, 95%-coverage tolerance from data
collected in a 2010 U.S. Geological Survey (USGS) groundwater survey of 30 wells within the High
Plains Aquifer from an area outside of the lithology model site.
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This data set was chosen because spatial and temporal data were not available from wells located within
the model domain. We considered benzene, naphthalene, and phenol as representative of benzene,
toluene, ethylbenzene, and xylene-volatile aromatic compounds typically found in petroleum (BTEX),
poly-aromatic hydrocarbons (PAH), and phenol organic compounds that could be present in the leaking
brine (L Zheng et al. 2010). Table 3.1 also includes regulatory standards referring to concentrations that
exceed primary or secondary maximum contaminant levels designated by the U.S. EPA (2009). Primary
drinking-water standards are for trace metals, such as As, Ba, Cd, Cr, Cu, Pb, and BTEX organics among
others, and are legally enforced for the protection of public health by limiting the levels of contaminants
in drinking water. Secondary drinking-water standards are for elements such as Fe, Mn, and Zn. Usually,
they are non-enforceable guidelines regulating contaminants that may cause cosmetic or aesthetic effects
in drinking water. Currently PAHs and phenols are unregulated.
Table 3.1. Initial Aquifer Concentrations Used in the Simulations, Estimated Mean Aquifer Values, and
No-Impact Thresholds

Parameter

Initial Value Used
in ThirdGeneration
Simulations

Mean of Selected and
Adjusted 2010 Datab

“No-Impact”
Thresholdc

U.S. EPA
Regulatory
Standard

pH

7.6a

7.5c

7.0

6.5

TDS

570 mg/La,d

440 mg/Ld

1,300 mg/Ld,e

500 mg/Le

Arsenic

1.50 μg/L

1.50 μg/L

9.30 μg/L

10.00 μg/L

140.00 μg/L

2,000 μg/L
5 μg/L

b

Barium

43.00 µg/L

Cadmium

0.06 μg/L

0.06 μg/L

0.25 μg/L

Chromium

1.00 μg/L

1.00 μg/L

3.90 μg/L

b

Iron

5.40 µg/L

Lead

0.09 μg/L
d

43.00 µg/L

b

5.40 µg/L

b

43.00 µg/L

0.09 μg/L

100 μg/L
b

0.63 μg/L

d

15 μg/L

d

Manganese

0.35 µg/L

0.35 µg/L

Benzene

0

<0.03 µg/L d

0.03 µg/L g

0

d

g

Naphthalene
Phenol

0

<0.20 µg/L

<0.003 µg/L

7.00 µg/L

f

0.20 µg/L

0.003 µg/L

300 µg/L

g

50 µg/L
5 µg/L
700 µg/L
10,000 µg/L h

(a) Based on Carroll et al., 2009.
(b) Geometric mean except for pH.
(c) 95%-confidence, 95%-coverage tolerance limit based on log values except for pH.
(d) Rounded to two significant digits.
(e) Threshold value exceeds regulatory standard; using the regulatory standard may result in widespread false positives under field conditions.
(f) As 4-Chloro-2-methylphenol.
(g) Detection limit for the 2010 U.S. Geologic Survey National Water-Quality Assessment Program (NAWQA) sample data.
(h) Recommended Water Quality Criteria for Human Health, consumption of Water + Organism (74 FR 27535);
http://water.epa.gov/scitech/swguidance/standards/criteria/current/index.cfm#hhtable.

3.1.2

Edwards Aquifer

As part of the USGS National Water-Quality Assessment (NAWQA) Program (2014), the USGS
collected and analyzed groundwater samples from 1996 to 2006 from the San Antonio segment of the
Edwards Aquifer of central Texas, a productive karst aquifer developed in Cretaceous-age carbonate
rocks (M Musgrove et al. 2010). The National Water-Quality Assessment Program studies provide an
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extensive data set of groundwater geochemistry and water quality, consisting of 249 groundwater samples
collected from 136 sites (wells and springs), including 1) wells completed in the shallow, unconfined, and
urbanized part of the aquifer in the vicinity of San Antonio (shallow/urban unconfined category); 2) wells
completed in the unconfined (outcrop area) part of the regional aquifer (unconfined category); and 3)
wells completed in springs discharging from the confined part of the regional aquifer (confined category).
Ninety water samples from the shallow, unconfined portion of the Edwards Aquifer in Texas (Musgrove
et al., 2010) were used to examine methodologies for establishing baseline data sets and statistical
protocols for determining statistically significant changes between background concentrations and
predicted concentrations that would be used to represent a contamination plume in the modeling presented
in this report (Last et al., 2013). No-impact threshold values were determined for As, Ba, Cd, Pb,
benzene, naphthalene, phenol, pH, and TDS that could be used to identify potential areas of
contamination predicted by numerical models of carbon sequestration storage reservoirs (Table 3.2).
Initial values of these concentrations were also determined using selected statistical methods. For
comparison, the EPA maximum contaminant levels (MCLs) are also shown.
Table 3.2. Initial Values, Tolerance Limits, and Regulatory Standards for each Variable

Analyte
Arsenic
Barium
Cadmium
Lead
Benzene
Naphthalene
Phenol
pH
TDS

3.1.3

Initial Value
0.31
38
0
0.064
0
0
0
6.9
330

“No-Impact”
Threshold
0.55
54
0.04
0.15
0.016
0.4
0.005
6.6
420

Maximum
Contaminant
Level
10
2000
5
15
5
0.20
10000
6.5
500

Units
µg/L
µg/L
µg/L
µg/L
µg/L
µg/L
µg/L
−log[H+]
mg/L

Other Aquifers

As part of the NAWQA Program, water samples were collected during 1991–2004 from domestic wells
(private wells used for household drinking water) across the United States (U.S.) for analysis of drinkingwater contaminants, where contaminants are considered, as defined by the Safe Drinking Water Act, to be
all substances in water. The concentrations of major ions, trace elements, nutrients, radon, and organic
compounds (pesticides and volatile organic compounds) were measured in as many as 2,167 wells. The
wells were located within major hydrogeologic settings of 30 regionally extensive aquifers used for water
supply in the U.S. One sample was collected from each well prior to any in-home treatment.
Concentrations were compared to water quality benchmarks for human health, either EPA MCLs for
public water supplies or USGS Health-Based Screening Levels (HBSLs).
Measurements of pH, TDS, and selected trace metals and organic compounds for eight aquifers were
compared to the High Plains and Edwards Aquifers considered in the National Risk Assessment
Partnership (NRAP) studies. To simplify comparison, abbreviations for the aquifer names are listed in
Table 3.3. Median and 90th percentile values (10th percentile for pH) reported in LA DeSimone (2009) are
compared to the initial and no-impact threshold values for the NRAP study aquifers.
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All of the aquifers have median pH values ranging from 6.8 to 8.1 (Figure 3.1). Only two aquifers have
10th percentile values that are less than the regulatory limit of 6.5: the Coastal Lowlands sand aquifer (5.1)
and New England crystalline-rock aquifer (5.9).
All of the aquifers have median TDS values less than the regulatory limit of 500 mg/L, with the exception
of the Lower Tertiary and Upper Cretaceous sandstone aquifers (Figure 3.2). However, many have 90th
percentile values above the regulatory limit, with some above 1000 mg/L (HP, BR, LT).
All of the aquifers have median As concentrations less than the regulatory limit of 10 μg/L (Figure 3.3),
but many have 90th percentile values above the regulatory limit (BR, GC, M, SPb, and NEx). All of the
aquifers have median and 90th percentile Ba concentrations below the regulatory limit of 2000 μg/L
(Figure 3.4). Most aquifers have undetectable levels of Cd, and so the 90th percentile values are set to the
detection limit. All of the aquifers have very low median concentrations of Pb (Figure 3.5) and most have
90th percentile concentrations of less than 1, well below the regulatory limit of 15 µg/L.
Only summary data for benzene, naphthalene, and phenol were provided in LA DeSimone (2009).
Benzene was detected (> 0.2 µg/L) in 2 out of 1,948 samples. Naphthalene was detected (> 0.2 µg/L) in 2
out of 1,928 samples. Phenol was not detected (> 0.2 µg/L) in any of the 919 samples analyzed. This
indicates that these organic compounds are not normally present in drinking-water aquifers, except due to
contamination.
Table 3.3. Aquifer Name Abbreviations
Abbreviation
HP

Description
NRAP High Plains sand and gravel aquifer

Eu

NRAP Edwards shallow, urban carbonate-rock aquifer

BR

Basin and Range basin-fill sand and gravel aquifers

Gc

Central glacial sand and gravel aquifers

CL

Coastal lowlands sand aquifer system

LT

Lower Tertiary and Upper Cretaceous sandstone aquifers

M

Mississippian sandstone and carbonate-rock aquifers

F

Floridan carbonate-rock aquifer system

SPb

Snake River Plain basaltic-rock aquifers

NEx

New England crystalline-rock aquifers
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Figure 3.1.

Comparison of Background Values of pH for the High Plains Aquifer and Shallow, Urban
Unconfined Portion of the Edwards Aquifer used in NRAP Studies with Ranges for
Various Aquifer Types in the U.S. Symbols represent median value and error bars the 10th
percentile.

Figure 3.2.

Comparison of Background Values of TDS for the High Plains Aquifer and Shallow,
Urban Unconfined Portion of the Edwards Aquifer used in NRAP Studies with Ranges for
Various Aquifer Types in the U.S. Symbols represent median value and error bars the 90th
percentile.
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Figure 3.3.

Comparison of Background Values of Arsenic for the High Plains Aquifer and Shallow,
Urban Unconfined Portion of the Edwards Aquifer used in NRAP Studies with Ranges for
Various Aquifer Types in the U.S. Symbols represent median value and error bars the 90th
percentile.

Figure 3.4.

Comparison of Background Values of Barium for the High Plains Aquifer and Shallow,
Urban Unconfined Portion of the Edwards Aquifer used in NRAP Studies with Ranges for
Various Aquifer Types in the U.S. Symbols represent median value and error bars the 90th
percentile.
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Figure 3.5.

Comparison of Background Values of Lead for the High Plains Aquifer and Shallow,
Urban Unconfined Portion of the Edwards Aquifer used in NRAP Studies with Ranges for
Various Aquifer Types in the U.S. Symbols represent median value and error bars the 90th
percentile.

3.2 Solid Phase Properties: Mineralogy
Mineralogical properties of the aquifer are important determinants of the way the aquifer will respond to
the exposure of leaking CO2 (and other gases) and brine from the deep subsurface reservoirs. We studied
the mineralogy of two representative aquifers; a summary of the results is presented below.

3.2.1

High Plains Aquifer

The mineralogy of the High Plains Aquifer was determined in a set of samples obtained from the Kansas
Geological Survey. These sediment samples were used in a series of batch and column experiments (N
Qafoku et al. 2013). The sediments originated from three different wells (named CNG [latitude 37.0635,
longitude -101.7193], CAL 121 [latitude 37.7736, longitude 100.8187], and CAL 122 [latitude 37.7368,
longitude 100.7588]), all located in the central High Plains Aquifer area in Kansas. Four of the samples
came from well CNG (CNG 8, CNG 60, CNG 110, and CNG 150), two samples came from well CAL
121 (CAL 121 150 and CAL 121 91), and two samples came from well CAL 122 (CAL 122 4 and CAL
122 29).
Sediment samples from Kansas were received as loose, sandy materials. Texture determination found the
samples of the CAL well were classified as ―sand‖ while the samples from the CNG well were classified
as a ―sandy loam‖ (CNG-8) and ―loamy sand‖ (CNG 60 and CNG 110).
Quantitative XRD analyses (QXRD) showed that calcite contents of the sediments varied from zero to
~4% (N Qafoku et al. 2013). QXRD results also showed that the sediments contained appreciable
amounts of feldspars, montmorillonite, quartz, and mica. QXRD analysis of the silt and clay fractions
separated from these sediments confirm the presence of small amounts of carbonate minerals (calcite
and/or dolomite) in all samples except one (H Shao et al. 2015). This is important because small-sized
calcite particles undergo fast dissolution after sediment exposure to CO2 gas, buffering the pH of the
aqueous phase.
In addition to the QXRD analyses, a series of scanning electron microscope (SEM) inspections and
energy dispersive spectrometry (EDS) measurements were performed to characterize the morphology of
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the mineral particles and determine their chemical composition (Figure 3.6). EDS results showed a low
amount of Ca and high concentration of Si for CNG 60. The SEM images showed the samples had rough
surfaces (i.e., a high reactive surface area and potentially high adsorption and dissolution rates). EDS
results, in agreement with previous QXRD data, suggested the presence of feldspars and/or micas in the
High Plains Aquifer CNG sediments. Additional SEM/EDS related analyses and figures are presented in
H Shao et al. (2015), A Lawter et al. (2016), and A Lawter et al. (2016).
Microwave digestion analyses were conducted to determine the elemental composition of the aquifer
sediments. In addition, 8M nitric acid extractions were conducted to determine the identity of different
inorganic elements and potential contaminants that may be released from the sediments during CO2
injection. The results indicate that the solid phase of the sediments contains varied amounts of trace
metals that are of environmental concern, such as As, Ba, Cd, Cr, and Pb, which are regulated with
primary MCLs, and Fe, Mn, and Zn, which are regulated with secondary MCLs. Potentially, appreciable
amounts of several contaminants (e.g., As) could be released from the sediments when contacted with
CO2 saturated groundwater (H Shao et al. 2015; N Qafoku et al. 2013).
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Figure 3.6. SEM/EDS for (a) CNG 8, (b) CNG 60, (c) CNG 150, and (d) CAL 121 91
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3.2.2

Edwards Aquifer

Two sets (of seven samples each) from the unconfined section of the Edwards Aquifer were used in a
series of batch and column experiments; they are referred to as Set A (weathered rock) and Set B
(unweathered rock). The samples were received as mostly large rocks, but were ground to <2mm before
use in experiments and characterization. XRD analyses conducted on the Edwards Aquifer showed
samples from Set B were exclusively dominated by calcite, while samples from Set A (weathered rock)
were dominated by calcite, but also contained quartz, and montmorillonite.
SEM micrographs and EDS chemical analysis measurements were used to describe the morphology of
calcite, the predominant mineral in these samples, and to locate other minerals determined by XRD. For
example, calcite and quartz were both present in the relatively weathered rocks (Set A). The rough
surfaces of calcite explain the fast rate of dissolution observed in batch experiments in response to CO2
gas exposure.
Phyllosilicates were also located in weathered samples (in one location, a 2:1 concentration ratio for Al
and Si was found, which is a typical ratio for 2:1 phyllosilicates and montmorillonite). SEM and EDS
results for Sample 2 from Set B (which is a representative of the unweathered rock samples) found only
calcite (Figure 3.7). Additional information and figures related to the SEM/EDS analyses are presented in
recent papers published by the NRAP group at PNNL and LBNL (G Wang et al. 2016; D Bacon et al.
2016).
As with the High Plains sediments, 8M nitric acid extractions were conducted on the Edwards Aquifer
sediments. The main objective for conducting the 8M acid extractions was to understand the types of
potential contaminants present in the sediments, which may (or may not) be mobilized when these solid
materials are exposed to a CO2 gas stream or CO2 saturated synthetic groundwater (SGW). Results of
these extractions show the materials contained potentially releasable contaminants, including As, Cd, Cr,
Pb, and Zn (N Qafoku et al. 2013).
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Figure 3.7. SEM/EDS for Edwards Samples: (a) Set A #1, (b) Set A #7, and (c) Set B # 2

3.3 Other Aquifers
Several other sites have been studied, such as the Montana State University-Zero Emission Research and
Technology site (MSU-ZERT, Bozeman, MT), a natural analog site in Chimayo, NM, and Scurry Area
Canyon Reef Operators Committee (SACROC) oil field in Scurry County, TX. The sites studied most
extensively are all sandstone or unconsolidated sand and gravel aquifers; carbonate aquifers have received
much less attention, although the abundance of carbonate aquifers and specific concerns related to these
sites make carbonate sites important.
The importance of mineralogy (and especially calcite content) in the sediment is clearly stated in recent
studies (E Frye et al. 2012; A Wunsch et al. 2014; A Wunsch et al. 2013; AG Cahill and R Jakobsen
2013; MG Little and RB Jackson 2010; J Lu et al. 2010; EH Keating et al. 2010). On one side, calcite
may buffer the pH of the aquifer, decreasing the extent of mineral dissolution and release of
contaminants. For example, in a column study conducted with artificial lake and river sediments (created
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by mixing purchased calcite, quartz sand, and illite minerals), E Frye et al. (2012) observed that the
mineralogical properties of aquifer materials significantly influenced the response of groundwater quality
to the intrusion of CO2. They found that calcite content as low as 10% can mitigate the effect of pH
reduction and may result in zero Cd desorption from Cd laden illite (E Frye et al. 2012). Studies also
show that carbonates buffer the system to avoid further decreases in pH (AG Cahill et al. 2013; MG Little
and RB Jackson 2010). In an analog study conducted in New Mexico, USA, EH Keating et al. (2010)
reported that despite relatively high levels of dissolved CO2, trace element mobility was not significant
due to the high buffering capacity of the groundwater aquifer they studied.
On the other side, K Kirsch et al. (2014) found that the contaminants released in their laboratory
experiment were directly correlated with calcite dissolution, leading them to conclude that calcite
dissolution is the source of the contaminants. A batch experiment conducted by J Lu et al. (2010) also
suggests aquifers containing carbonate rocks are of particular concern due to the presence of Ba, Mn, and
Sr in carbonates, in addition to increased alkalinity which followed carbonate dissolution. A summary of
additional sites that have been subject to recent investigations is presented in Table 3.4.
Table 3.4. A Summary of Recent Studies Conducted in Different Aquifers
Project Site

ZERT- Food grade CO2 injected
1-2 m below the water table for 30
days at MSU-ZERT in Bozeman,
MT.

Paper

(H Viswanathan et al. 2012)

Details/Results
PCA (principal component
analysis) of the 80 water samples
mentioned below; used to
simulate the processes
responsible for increased
dissolved constituents using a
multicomponent reaction path
model

(JA Apps et al. 2011)

Water samples taken before,
during and after injection;
geochemical model used to
simulate processes likely to be
responsible for dissolved
constituents

(YK Kharaka et al. 2010)

Field study: collected 80 water
samples from the site
before/during/after injection.
Rapid and systematic changes in
pH, alk, Ec; major increases in
Ca, Mg, Fe and Mn, CO2 caused
increase of BTEX, metals, lower
pH, and other solutes;
significantly below MCLs

Ogallala aquifer, TX (Southern
High Plains)

(MG Little and RB Jackson
2010)

Lab experiments; compared
results with materials from
aquifers in MD/VA and IL; Al,
Mn, Fe, Zn, Cd, Se, Ba, Tl, and
U approached or exceeded
MCL’s

Central High Plains

(A Lawter et al. 2015)

Batch and column (lab) studies

High Plains:
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Project Site

Paper

Details/Results
using HP sediments and SGW

(L Zheng et al. 2016)

Modeling done to determine
likely processes controlling
geochemical changes observed in
Lawter et al (2015)

(H Shao et al. 2015)

Laboratory column and batch
studies using As/Cd spiked SGW

(A Lawter et al. 2016)

Laboratory batch and column
studies using 1% CH4 and As/Cd
spiked SGW

(SA Carroll et al. 2014)

Model simulated CO2 leakage to
predict plume size, potential
impacts, detection, time scale,
and ―no-impact‖ thresholds

(EH Keating et al. 2013)

A 3-D reactive transport model
which captures the essential
geochemical reactions that
control CO2/aquifer interactions
at the site and which may
determine trace metal
concentrations

(EH Keating et al. 2013)

Compared to Springerville, AZ
where CO2 leaks through brine
but salinity is not increased; in
Chimayo, salinity is significantly
increased. Used multiphase
transport simulations to show
which conditions favor increased
salinity

(EH Keating et al. 2010)

Found high levels of CO2 did not
have a major effect on pH or
trace metal mobility, but the
addition of brakish waters did
have a major effect on the aquifer

Springerville, AZ

(E Keating et al. 2014)

Site also studied in some
Chimayo, NM papers, this paper
found dissolved CO2 upward
movement was much greater than
buoyant free gas movement

SACROC- 35 year CO2 enhanced
oil recovery site sitting under
Dockum aquifer in TX (sandstone
and conglomerate)

(KD Romanak et al. 2012)

Geochemical characterization of
Dockum aquifer followed by
hypothetical leakage model

Chimayo, NM- natural analog site
(field study)
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Project Site

Paper

(RC Smyth et al. 2009)

Edwards

Details/Results
Also studied Cranfield, MS EOR
site. Laboratory batch
experiments were conducted,
then field studies to see if any
CO2 might have been leaking (no
degradation of water sources was
identified)

(SA Carroll et al. 2014)

Model simulated CO2 leakage to
predict plume size, potential
impacts, detection, time scale,
and ―no-impact‖ thresholds

(D Bacon et al. 2015)

Modeling of the results from the
batch and column studies
presented in the paper by Wang
et al., 2014

(G Wang et al. 2015)

Edwards Aquifer batch and
column studies conducted (lab)

(N Qafoku et al. 2013)

PNNL report covering Edwards
and High Plains batch and
column studies conducted during
or before 2013

(YK Kharaka et al. 2006; YK
Kharaka et al. 2006)

Study of changes to the reservoir
brine after CO2 injection in a
saline storage reservoir. Rapid
changes in pH and carbonate
dissolution suggest conditions
that may create pathways upward
into overlying aquifers

(YK Kharaka et al. 2009)

Monitoring was done to observe
migration of injected CO2 from
the lower Frio formation into a
section 15m above the injection
section 6 months after injection.
However, 15 months after
injection found no additional
CO2 in the upper Frio formation
and no CO2 leakage was
detectable in the overlying
groundwater

(RC Trautz et al. 2013)

Groundwater sampling after
injection of CO2 showed a
decrease in pH (~3 units) but
pulse-like behavior for alkalinity
and conductivity. No inorganics
regulated by the EPA exceeded
MCLs during testing. A reactive
transport model was then tested
using the obtained data, with
good agreement for pH, Ca, Mg,
K, and Sr, and lesser agreement

Frio Formation, TX

Saline sandstone aquifer

Plant Daniel, MS (EPRI site):
Field-scale test site at Plant Daniel
Power plant
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Project Site

Cranfield, MS

3.3.1

Paper

Details/Results
for Mn, Ba, Cr, and Fe

(C Varadharajan et al. 2013)

Sediment characterization of the
Plant Daniel site combined with
laboratory studies to determine to
compare results with field studies
and determine the cause of
elemental changes

(SD Hovorka et al. 2011)

Summary of completed,
continuing, and future studies
conducted at the Cranfield site

(CB Yang et al. 2013)

A push-pull test was conducted
to determine the effect of CO2 on
the aquifer. XRD and SEM
characterization of the site are
also included

(J-P Nicot et al. 2013)

Well logs were used to assess the
risk related to CO2 leakage from
wells within the Cranfield EOR
site. The risk assessment
concluded that no more than two,
but likely none, of the wells were
likely to leak CO2

Carbonate Aquifers

Few studies have been conducted with carbonate aquifers, although some studies have included sediments
with varying amounts of carbonate materials. The results from three such studies (two focused on aquifers
and one on sediments with variable carbonate content) are summarized below.
A Wunsch et al. (2014) and A Wunsch et al. (2013) use laboratory experiments to study metal release
from limestones and dolomites, respectively. These carbonate aquifer materials were placed in batch
reactors with a 1:5 solid to solution ratio, with pCO2 ranging from 0.01 to 1 bar. Results of the limestone
experiments showed an increase in Ca following an increase in pCO2, then stabilizing with time. Ba, Sr,
Co, and As followed the Ca trend, as did Mg in one of the limestone samples. Pb, Tl, Si, and U were also
released from one or both limestone samples, but did not follow the same trend as Ca, and sulfates
continually increased for the duration of the experiment. The pH initially decreased during the first 1-2
days of each stage of the experiment, then increased for the remainder, ranging from an initial pH of
approximately 9.5 to less than 6.5. The same pH trend was seen in the dolomite batch study, with pH
reaching a low of <5.6. In the dolomite experiments, both Ca and Mg concentrations began to increase
immediately. Concentrations of As, Ba, Co, Cs, Ge, Mn, Mo, Ni, Rb, Sb, Sr, Tl, and Zn were also
elevated in at least one of the dolomite leachate samples. The two studies concluded that carbonates were
the source of several contaminants found in the aqueous samples. After opening the reactors at the
conclusion of the experiment, however, many of these contaminants were removed from solution with the
return to atmospheric conditions. These studies show the potential for contaminant release from carbonate
aquifers, despite the potential for high buffering capacities in these aquifers, as well as the importance of
site-specific studies (A Wunsch et al. 2014; A Wunsch et al. 2013).
Pd Caritat et al. (2013) studied two limestone aquifers at a sequestration demonstration site in Victoria,
Australia at the Otway project site. Groundwater composition was monitored before, during, and after the
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injection of CO2, but no significant changes related to CO2 leakage were detected during the three years
of monitoring. To aid in the detection of a leak, and to distinguish the injected CO2 from natural CO2,
tracers were added twice during injection. These tracers were not detected in the atmospheric, soil, or
aquifer samples collected from the site (J Underschultz et al. 2011).
AG Cahill et al. (2013) used eight different sediments in a laboratory batch experiment to determine
contaminant release from sediments with carbonate content varying from 0 to 100 percent. The silicate
dominated sediments were found to be more prone to acidification, but less likely to release elevated
amounts of contaminants due to a low amount of easily dissolved minerals. Carbonate dominated samples
(TIC > 2%) were found to release greater concentrations of elements, although the carbonate systems
were able to buffer against greater pH decreases. Results from the AG Cahill et al. (2013) study show the
distinctive potential issues with several different aquifer types, demonstrating the importance of
evaluating each possible aquifer type.

3.3.2

Sandstone and Unconsolidated Sand and Gravel Aquifers

Sandstone aquifers have received more attention than carbonate aquifers; a summary of the findings in
recent studies is presented below.
SACROC is an oil field near Cranfield, MS, where CO2 has been used for enhanced oil recovery (EOR)
for over 35 years. Geochemical characterization has been conducted on the Dockum aquifer, a minor
sandstone and conglomerate aquifer overlying the SACROC injection area. The characterization was
followed by a hypothetical leakage model to show expected reactions in the aquifer due to CO2 leakage
(KD Romanak et al. 2012).
The hypothetical leakage model showed dedolomitization as the dominant process in this system; calcite
dissolution cannot be assumed. KD Romanak et al. (2012) conclude that current parameters used in
leakage detection are site-specific, but the use of dissolved inorganic carbon as a parameter may reduce
the need for site-specific parameters, as they found the DIC response to be similar across many modeled
environments. Laboratory batch studies indicated several constituents would increase and pH would
decrease if CO2 were to leak into the overlying Dockum aquifer. However, a field study of several wells
located inside and outside the SACROC oil field shows no degradation of groundwater resources due to
CO2 injection. While some elemental concentrations exceeded EPA MCLs, this occurred more outside the
SACROC area than inside the oil field (RC Smyth et al. 2009).
At the MSU-ZERT site in Bozeman, MT, food grade CO2 was injected below the water table for 30 days.
The water table is located beneath the topsoil, in a sandy gravel deposit (L Zheng et al. 2012). Water
samples were collected before, during, and after injection. Analysis of the samples showed that although
pH, alkalinity, and several constituents changed within the groundwater during injection, none of the
changes exceeded EPA MCL’s (YK Kharaka et al. 2010). Modeling was done to determine the processes
responsible for the increased dissolved constituents (JA Apps et al. 2011; L Zheng et al. 2012).
Chimayo, NM is the location of a natural analog site where shallow wells release CO2 into a drinkingwater aquifer. Field studies coupled with modeling have been used to study the impact of CO2 gas on the
aquifer, as well as the transport of brine with CO2 along fault zones (EH Keating et al. 2013; EH Keating,
JA Hakala, et al. 2013; EH Keating et al. 2010). The Chimayo, NM site was compared with a site in
Springerville, AZ, another natural analog site where brine is present but, in this case, the salinity of the
affected aquifer was not significantly increased. Reactive transport models were used to determine what
conditions favor the transport of brine with CO2, and found the width of the leakage pathway to be a
major factor (i.e., narrow pathways increase co-transport) (EH Keating et al. 2013).
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3.3.3

Comparison of Different Aquifers

Many of the previous studies have focused on sandstone or unconsolidated sand and gravel aquifers with
variable carbonate content (LH Spangler et al. 2010; C Varadharajan et al. 2013; B Dafflon et al. 2013;
AG Cahill and R Jakobsen 2013; K Kirsch et al. 2014; S Carroll et al. 2009; YK Kharaka et al. 2010; C
Yang et al. 2014; EH Keating et al. 2010; L Zheng et al. 2012). A study by AG Cahill et al. (2013)
considered samples with >2% total inorganic carbon to be ―carbonate dominated,‖ and concluded that
these samples released greater amounts of trace elements but decreased pH less than silicate dominated
samples. Using Cd laden illite, E Frye et al. (2012) determined carbonate content as low as 10% mitigated
the effect of CO2 injection; no Cd was desorbed.
Fewer studies have been conducted with carbonate aquifer materials in relation to CO2 sequestration, and
given their prevalence as sources of potable water overlying potential sequestration reservoirs within the
continental U.S., there is a need to better understand their response to potential CO2 gas intrusions. B Nisi
et al. (2013) established geochemical and isotopic data for spring and surface waters located at a CO2
injection site that included some limestone units. However, the manuscript was written prior to CO2
injection and does not provide insight to consequences of CO2 leakage interactions with carbonate
materials. The demonstration site studied by Pd Caritat et al. (2013) did involve research post-injection,
but no leakage into the overlying limestone aquifer was detected. In two laboratory batch experiments,
both limestone and dolomite aquifer materials were tested for metal release by A Wunsch et al. (2014)
and A Wunsch et al. (2013), respectively, with conclusions that calcite is the primary source for several
released contaminants; regulatory limits were exceeded for As, Mn, and Ni in one or both studies.
Other studies focused on the effect of carbonate materials in smaller amounts (i.e., carbonate minerals are
present but the aquifer is not dominated by carbonates). These studies give insight to the effect of
carbonates on aquifer response to CO2 exposure. One such study, G Montes-Hernandez, F Renard and R
Lafay (2013), used synthetic goethite and calcite in batch experiments. The results showed the presence
of these two minerals prevented remobilization of Cu(II), Cd(II), Se(IV), and As(V), and increased
adsorption of Se(IV) and As(V), although As(III) was partially remobilized with the presence of CO2.
AG Cahill et al. (2013) used batch experiments to study differences in water chemistry changes for chalk,
calcareous sand, and siliceous sand, concluding that carbonate materials had the greatest change in
chemistry but the least change in pH. According to this study, the greater change in pH in the siliceous
sand represented a greater risk for mobilization of toxic elements, although less toxic elements released
from carbonates could also present a risk to water quality. S Wang and PR Jaffe (2004) used numerical
simulations and geochemical transport modeling to predict the solubilization of trace metals, with a focus
on Pb in galena-quartz and galena-calcite systems, concluding the higher alkalinity and pH of the calcite
system significantly reduced the detrimental effects of the presence of CO2.
Other studies on trace element release in carbonate aquifers, although not studied in the context of CO2
sequestration risk evaluation, have been conducted with an emphasis on As mobility. While the calcite
content can buffer the change in pH, As can be incorporated into the crystal lattice of carbonates such as
limestone and calcite (F Di Benedetto et al. 2006; P Costagliola et al. 2013; Y Yokoyama et al. 2012),
causing As to be released as the carbonate minerals dissolve (O Lazareva et al. 2014; J Arthur et al.
2002).

3.4 Relevant Processes and Reactions
The way groundwater in shallow aquifers responds to the leakage of CO2 and brine is controlled by
coupled transport (advection and diffusion) and chemical reactions. In this section, we list possible
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reactions that could affect the fate of the pH, TDS, trace metals, and organic compounds in the aquifer,
keeping in mind that it is likely that only a subset of these reactions will be important for a particular
aquifer.
While the increase in concentration of dissolved constituents raises concerns, a lot of effort has been
invested in understanding the controlling chemical processes and source minerals via model interpretation
of laboratory experiments (e.g., H Viswanathan et al. (2012)) and field tests (L Zheng et al. 2012),
hopefully facilitating the development of numerical models with better predictability.
The chemical processes potentially responsible for the mobilization of trace elements include the
dissolution of carbonates (YK Kharaka et al. 2006; AE McGrath et al. 2007; JT Birkholzer et al. 2008),
sulfides (S Wang and PR Jaffe 2004; JA Apps et al. 2010; L Zheng et al. 2009), and iron oxyhydroxide
minerals (YK Kharaka et al. 2006; YK Kharaka et al. 2009), as well as surface reactions such as
adsorption/desorption and ion exchange (YK Kharaka et al. 2006; JA Apps et al. 2010; L Zheng et al.
2009; YK Kharaka et al. 2009).
The release of alkali and alkaline earth metals, including Na, K, Ca, Mg, Sr, and Ba, which are most
commonly observed both in laboratory and field experiments, is thought to be controlled by the
dissolution of calcite and Ca-driven cation exchange reactions (L Zheng et al. 2012). The reaction path
and kinetic model study conducted by RT Wilkin and DC Digiulio (2010) further indicates that the
geochemical response of an aquifer to CO2 leakage is closely related to the aquifer mineralogy. It is thus
expected that differences in geology (the type of aquifer), mineralogy (the type of minerals), and
groundwater chemistry (the ion composition and pH) at any particular site could all lead to different
responses to CO2 leakage. For this reason, as noted by JA Apps et al. (2010), field tests integrated with
modeling studies are necessary to further assess hydrogeochemical processes potentially affecting
groundwater quality upon a CO2 release. In general, there are three type of reactions, as discussed in the
following sections.

3.4.1
3.4.1.1

Surface Reactions
Surface Reactions for Trace Metals

In a typical aquifer sediment, Fe oxides and hydroxides [such as, goethite, hydrous ferric oxide (HFO)]
and clay minerals (such as illite, kaolinite, montmorillonite) are important adsorbents. Other minerals
could also have some adsorption capacity, but become less relevant when Fe oxides and hydroxides and
clay minerals are present in the sediment (which is the case in almost all soils and sediments).
L Zheng et al. (2012) summarized the adsorption/desorption reactions H+ (surface protonation), Cd, Cu,
Pb, As, Ca, Fe, Ba, Cr, Sb, and aqueous carbonate on goethite, HFO, illite, kaolinite, and
montmorillonite. There are two popular methods to model adsorption/desorption reactions: a linear
sorption isotherm via a distribution coefficient (Kd) or as a surface complexation model (SCM). SCM is
currently used in the NRAP to model adsorption/desorption reactions. The surface complexation reactions
for the trace metals that are included in the Gen III ROM, namely As, Pb, Cd, and Ba, are listed in Table
3.5-Table 3.10. Note that surface protonation reactions are also included in these tables. These reactions
play an important role in buffering pH when pH buffering by calcite dissolution is minimal. Table 3.10
lists the adsorption/desorption reactions for arsenate and arsenite on calcite, which is an important process
that controls the fate of As in carbonate aquifers.
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Table 3.5. Surface Protonation and Complexation Reactions on Goethite

Reactions
goe1_OH2+ = goe1_OH + H+
goe1_O- + H+ = goe1_OH
2

+

2

goe _OH2 = goe _OH + H

+

Log kint
-7.38

Site
Density
(mol/m2)
3.9-8

Surface
Area (m2/g)
80

Amount of
Solid (g/kg
water)
10

Type of
SCM
Model
DLM

Reference
(PJ Swedlund

10.74

3.9-8

80

10

DLM

et al. 2009)

-7.38

3.8e-6

80

10

DLM

(PJ Swedlund,
JG Webster and

2

-

+

2

goe _O + H = goe _OH

10.74

3.8e-6

80

10

DLM

GM Miskelly
2009)

1

+

+

1

goe _OCd + H = goe _OH + Cd

+2

-1.29

3.9-8

80

2

DLM

(PJ Swedlund,
JG Webster and

goe2_OCd+ +H+ = goe2_OH + Cd+2

1.83

3.8e-6

80

2

DLM

GM Miskelly
2009)

1

+

+

1

+2

2

+

+

2

+2

goe _OPb + H = goe _OH + Pb

-4.78

3.9-8

80

10

DLM

(PJ Swedlund,
JG Webster and

goe _OPb + H = goe _OH + Pb

-1.52

3.8e-6

80

10

DLM

GM Miskelly
2009)

2

2

goe _H2AsO3 + H2O = goe _OH + H3AsO3
goe2_HAsO3- + H2O + H+ = goe2_OH +
H3AsO3
goe2_H2AsO4 + H2O = goe2_OH + AsO4+3 +
3H+
goe2_HAsO4- + H2O = goe2_OH + AsO4+3 +
2H+
goe2_AsO4-2 + H2O = goe2_OH + AsO4+3 + H+

a

3.32e-6

54

0.5

DLM

2.34a

3.32e-6

54

0.5

DLM

-31.0

3.32e-6

54

0.5

DLM

-5.19

(S Dixit and JG
Hering 2003)

(S Dixit and JG
-26.81

3.32e-6

54

-20.2

3.32e-6

54
-3

(a) note that in Dixit and Hering (2003), the reactions were written in terms of AsO3

3.19

0.5

DLM

0.5

DLM

Hering 2003)

Table 3.6. Surface Protonation and Complexation Reactions on HFO

Reactions
HFO1_OH2+ = HFO1_OH + H+

Log kint
-7.29

HFO1_O- + H+ = HFO1_OH
2

+

2

HFO _OH2 = HFO _OH + H

+

HFO2_O- + H+ = HFO2_OH
1

+

+

1

HFO _OCd + H = HFO _OH + Cd

+2

HFO2_OCd+H+ = HFO_OH + Cd+2
1

+

+

1

HFO _OPb + H = HFO _OH + Pb

+2

HFO2_OPb+H+ = HFO_OH + Pb+2
1

+

+

1

HFO _OBa + H = HFO _OH + Ba

+2

HFO2_OBa+ + H+ = HFO_OH + Ba+2
HFO1 _H2AsO3 + H2O = HFO1 _OH + AsO3-3 + 3H+
HFO1 _HAsO3- + H2O + H+ = HFO1_OH + AsO3-3 +
2H+
HFO1_H2AsO4 + H2O = HFO1_OH + AsO4+3 + 3H+
1

-

1

+3

HFO _HAsO4 + H2O = HFO _OH + AsO4 + 2H
HFO1_AsO4-2 + H2O = HFO1_OH + AsO4+3 + H+

+

Site
Surface Amount of
Density
Area Solid (g/kg
(mol/m2) (m2/g)
water)
8.5e-8
600
0.1

Type of
SCM
Model
DLM

8.93

8.5e-8

600

0.1

DLM

-7.29

3.4e-6

600

0.1

DLM

8.93

3.4e-6

600

0.1

DLM

-0.47

8.5e-8

600

0.1

DLM

2.9

3.4e-6

600

0.1

DLM

-4.65

8.5e-8

600

0.1

DLM

-0.3

3.4e-6

600

0.1

DLM

-5.46

8.5e-8

600

0.1

DLM

7.20

3.4e-6

600

0.1

DLM

-38.76

3.32e-6

54

0.5

DLM

-31.87

3.32e-6

54

0.5

DLM

-29.88

3.32e-6

54

0.5

DLM

-24.43

3.32e-6

54

0.5

DLM

-18.10

3.32e-6

54

0.5

DLM

3.20

Reference
(DA Dzombak
and FMM
Morel 1990)
(DA Dzombak
and FMM
Morel 1990)
(DA Dzombak
and FMM
Morel 1990)
(DA Dzombak
and FMM
Morel 1990)
(DA Dzombak
and FMM
Morel 1990)
(S Dixit and JG
Hering 2003)

(S Dixit and JG
Hering 2003)

Table 3.7. Surface Protonation and Complexation Reactions of Cations on Illite

Log kint

Site Density
(mol/m2)

Surface
Area
(m2/g)

Amount
of Solid
(g/kg
water)

-8.02

2.27e-6

66.8

0.03

ill_O + H = ill_OH

8.93

2.27e-6

66.8

0.03

ill_Na + H+ = ill_H + Na

1.58

1.3e-6

66.8

0.03

ill_OCd+ + H+ = ill_OH + Cd+2

3.62

2.27e-6

66.8

0.03

(ill_)2Cd + 2H+ = 2ill_H + Cd+2

-0.63

1.3e-6

66.8

0.03

ill_CdOH + 2H+ = ill_H + Cd+2 + H2O

6.49

1.3e-6

66.8

0.03

ill_OPb+ + H+ = ill_OH + Pb+2

0.70

2.27e-6

66.8

0.03

(ill_)2Pb + 2H+ = 2ill_H + Pb+2

-1.37

1.3e-6

66.8

0.03

ill_PbOH + 2H+ = ill_H + Pb+2 + H2O

3.65

1.3e-6

66.8

0.03

ill _H2AsO3 + H2O = ill_OH + H3AsO3

-2.12

3.83e-6

22.6

40

ill _HAsO3 + H2O + H = ill_OH + H3AsO3

5.66

3.83e-6

22.6

40

ill_AsO4-2 + H2O + 2H+ = ill_OH + H3AsO4

5.21

3.83e-6

22.6

40

Reactions
ill_OH2+
-

= ill_OH + H

+

+

-

+

Type of SCM
Model with
Capacitance
CCM,  =2.0
F/m2
CCM,  =2.0
F/m2
CCM,  =2.0
F/m2
CCM,  =2.0
F/m2
CCM,  =2.0
F/m2
CCM,  =2.0
F/m2
CCM,  =2.0
F/m2
CCM,  =2.0
F/m2
CCM,  =2.0
F/m2
CCM,  =1.06
F/m2
CCM,  =1.06
F/m2
CCM,  =1.06
F/m2

Reference
(X Gu and LJ
Evans 2007)

(X Gu and LJ
Evans 2007)

(X Gu and LJ
Evans 2007)

(S Goldberg
2002)
(S Goldberg
2002)

Table 3.8. Surface Protonation and Complexation Reactions of Cations on Kaolinite

Reactions

Log
kint

Surface
Site Density
Area
(mol/m2)
(m2/g)

Amount
of Solid
(g/kg
water)

kao_OH2+ = kao_OH + H+

-4.63

2.24e-6

22.42

7.8

kao_O- + H+ = kao_OH

7.54

2.24e-6

22.42

7.8

Kao_Na+ + H+ = Kao_H + Na+

2.02

3.57e-7

22.42

7.8

Kao_OCd+ + H+ = Kao_OH + Cd+2

3.23

2.24e-6

22.42

7.8

(Kao_)2Cd + 2H+ = 2Kao_H + Cd+2

-1.22

3.57e-7

22.42

7.8

Kao_OPb+ + H+ = Kao_OH + Pb+2

0.64

2.24e-6

22.42

7.8

(Kao_)2Pb + 2H+ = 2Kao_H + Pb+2

-2.36

3.57e-7

22.42

7.8

kao_HAsO3- + H2O + H+ = kao_OH + H3AsO3 5.43

3.83e-6

21.6

40

kao_AsO4-2 + H2O + 2H+ = kao_OH + H3AsO4

3.83e-6

21.6

40

4.69

3.21

Type of SCM
Model
Reference
CCM,
 =1.2 F/m2
CCM,
(X Gu and LJ
 =1.2 F/m2 Evans 2008)
CCM,
 =1.2 F/m2
CCM,
 =1.2 F/m2
(X Gu and LJ
CCM,
Evans 2008)
 =1.2 F/m2
CCM,
 =1.2 F/m2
(X Gu and LJ
CCM,
Evans 2008)
 =1.2 F/m2
CCM,  =1.06 (S Goldberg
F/m2
2002)
CCM,  =1.06 (S Goldberg
2002)
F/m2

Table 3.9. Surface Protonation and Complexation Reactions of Cations on Montmorillonite

Log kint

Site Density
(mol/m2)

Surface
Area
(m2/g)

Amount
of Solid
(g/kg
water)

-6.04

4.41e-6

46

1.5

mon_O- + H+ = mon_OH

6.63

4.41e-6

46

1.5

mon_Na+ + H+ = mon_H + Na+

-0.18

1.53e-5

46

1.5

mon_OCd+ + H+ = mon_OH + Cd+2

2.93

4.41e-6

46

1.5

(mon_)2Cd + 2H+ = 2mon_H + Cd+2

-2.37

1.53e-5

46

1.5

mon_OPb+ + H+ = mon_OH + Pb+2

-0.49

4.41e-6

46

1.5

(mon_)2Pb + 2H+ = 2mon_H + Pb+2

-2.56

1.53e-5

46

1.5

mon_H2AsO3 + H2O = mon _OH + H3AsO3

-1.19

3.83e-6

68.9

40

3.92

3.83e-6

68.9

40

4.52

3.83e-6

68.9

40

Reactions
+

mon_OH2 = mon_OH + H

+

mon_HAsO3- + H2O + H+ = mon _OH +
H3AsO3
mon_HAsO4- + H2O + H+ = mon _OH +
H3AsO4

Type of SCM
Model and
Capacitance
CCM,
 =3.2 F/m2
CCM,
 =3.2 F/m2
CCM,
 =3.2 F/m2
CCM,
 =3.2 F/m2
CCM,
 =3.2 F/m2
CCM,
 =3.2 F/m2



CCM,
=3.2 F/m2

CCM,  =1.06
F/m2
CCM,  =1.06
F/m2
CCM,  =1.06
F/m2

Reference

(X Gu et al.
2010)

(X Gu, LJ
Evans and SJ
Barabash
2010)
(X Gu, LJ
Evans and SJ
Barabash
2010) (S
Goldberg
2002)
(S Goldberg
2002)
(S Goldberg
2002)
(S Goldberg
2002)

Table 3.10. Surface Protonation and Complexation Reactions of Anions on Calcite

Reactions
cal_CO3H0 = cal_CO3- + H+
cal_CO3H0 + Ca2+ = cal_CO3Ca+ + H+
cal_CaCO3- + H2O = cal_CaOH2+ + CO32cal_CaCO3- + HCO3- = cal_CaHCO30 + CO32cal CaCO3- + H2AsO4- = cal_CaHAs O4- + H+ + CO32cal CaCO3- + CaHAsO40 = cal_CaAsO4Ca0 + H+ + CO32cal_sCaCO3- + H2O = cal_sCaOH2+ + CO32cal_sCaCO3- + HCO3- = cal_sCaHCO30 + CO32cal_sCaCO3- + H2AsO4- = cal_sCaHAsO4- + H+ + CO32cal_sCaCO3- + CaHAsO40 = cal_sCaAsO4Ca0 + H+ +
CO32-

Log kint
-5.1
-1.7
-5.25
-3.929
-8.97
-9.81
-5.25
-3.929
-7.98

Site
Density
(mol/m2)
8.22e-6
8.22e-6
7.99e-6
7.99e-6
7.99e-6
7.99e-6
2.3e-7
2.3e-7
2.3e-7

Surface
Area
(m2/g)
0.22
0.22
0.22
0.22
0.22
0.22
0.22
0.22
0.22

Amount
of Solid
(g/kg
water)
200
200
200
200
200
200
200
200
200

-7.22

2.3e-7

0.22

200

Type of
SCM
Model Reference
DLM
DLM
DLM
DLM
DLM
(HU Sø et
DLM
al. 2008)
DLM
DLM
DLM
DLM

Several experimental and modeling studies (L Zheng et al. 2012; RC Trautz et al. 2013; L Zheng et al.
2016) revealed that cation exchange reactions control the fate of the alkali and alkaline earth metals.
Among them, Ba is of particular importance because it is more of an environmental concern. The cation
exchange reactions that are typically involved when CO2 leaks into a shallow aquifer are listed in Table
3.11.
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Table 3.11.

Cation Exchange Reactions and Selectivity Coefficients, Using the Gaines-Thomas
Convention (CJA Appelo and D Postma 1994)
Cation Exchange Reaction
Na + X-H = X-Na + H+
Na+ + X-K = X-Na + K+
Na+ + 0.5X-Ca = X-Na + 0.5Ca+2
Na+ + 0.5X-Mg = X-Na + 0.5Mg+2
Na+ + 0.5X-Ba = X-Na + 0.5Ba+2
Na++0.5X-Sr = X-Na + 0.5Sr+2
+
Na++X-Li = X-Li + Li
+

3.4.1.2

KNa/M
1
0.2
0.4
0.6
0.2
0.15
0.08

Surface Reactions for Organic Compounds

Because linear adsorption isotherms are widely used to model the transport of organic compounds in
aquifers, the NRAP groundwater model uses the same approach and the key parameter is the distribution
coefficient, Kd. The distribution coefficient between soil and water is defined as:
Kd 

miS / mS
miH 2O / m H 2O

(3.1)

where miS and miH 2O is the mass of organic species i in the sediments and water respectively, and m S
and m H 2O is the mass of sediments and water, respectively. Note that Kd in Equation 3.1 is dimensionless.
Alternatively, Kd can also take units of mL/g or L/kg if expressed as a ratio of concentrations (i.e.,
mg/kgsoil divided by mg/Lwater). Table 3.12 lists some published Kd values for benzene, which are highly
variable. Also shown in Table 3.12 is the weight fraction of organic carbon in sediments, foc , calculated
based on a Koc of 79 (logKoc=1.9); the definition of f oc and Koc will be discussed later.

Table 3.12. Compilation of Published Kd for Benzene Between Soil and Water
Reference
(T Larsen et al.
1992)
(RB Donahue et al.
1999)

Kd
(mL/g)
0.050.65
0.1-1.0

(J-S Jean et al. 2002)

0.16-0.5

(SB Hawthorne and
DJ Miller 2003)

28-59

f oc
0.000630.0082
0.00130.013
0.00210.0063
0.35-0.75

Comments
Measured for aquifer samples which are located at various places
in Denmark and have a great variety
Measured for Regina clay in Canada
Measured in a laboratory experiment for artificial medium-size
sand
Measured for manufactured gas plant soils (contaminated by
organic compounds)

The large range of measured Kd values is primarily due to the dependence of Kd on the organic matter
content of soils, which is quite variable. In other words, Kd is sediment specific, and the same Kd value is
not necessarily applicable to a range of different soil types. Although the value of Kd depends on the
properties of sediments, the hydrophobic partitioning theory as reviewed by SW Karickhoff et al. (1979)
implies that the partitioning of a specific compound between water and organic carbon, as expressed by
Koc, is largely independent of the organic content of the solid material. Kd can be calculated from Koc by
the equation:
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Kd  foc  Koc

(3.2)

s
s
where f oc  moc / m is the mass fraction of organic carbon in sediments, defined as the mass of

organic carbon in sediments, mocs , divided by the mass of sediments. Koc may be thought of as the ratio of
the amount of chemical adsorbed per unit weight of organic carbon in the soil to the concentration of the
chemical in solution at equilibrium:

K oc 

miS / mocS
miH 2O / m H 2O

(3.3)
Koc is usually related to Kow by:
log Koc  a log Kow  b

(3.4)

where Kow is the octanol/water partition coefficient. SW Karickhoff, DS Brown and TA Scott (1979)
reported the following equation from least squares fitting for logKoc versus logKow.
log Koc  1.0  log Kow  0.21

(3.5)

D Mackay et al. (1992) reported that the log Koc ranges from 1.09 to 2.53 with a median around 1.8–2.0.
Table 3.13. Koc (L/kg) for Benzene, Phenol, and Naphthalene
Organic
Compound
Benzene
Phenol
Naphthalene

Max
100

Min
31

1950

830

Geometric Mean
62
28.8a
1191

(a) calculated rather than measured

Oxidation of the organics was calculated with the first-order degradation kinetics:
(3.6)
where C is the concentration of the organic compound and K is the first-order rate constant which was
treated as a variable parameter.
The Koc for benzene, phenol, and naphthalene is included in Table 3.13 and the degradation rate constants
for these same organic compounds are included in Table 3.14.
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Table 3.14. Degradation Rate Constant (1/day) for Benzene, Phenol, and Naphthalene (ZA Saleem 1999)
Organic
Compound
Benzene
Phenol
Naphthalene

3.4.2

Max
0.071
0.2
0.03

Min
0
0
0

Median
0
0.032
0

Dissolution/Precipitation

The dissolution/precipitation of minerals in aquifer sediments is critical for how aquifers respond to
incoming CO2 and brine. First, the dissolution of minerals, typically carbonate minerals such as calcite, is
the major pH buffering process.
Second, the dissolution of minerals could lead to the release of trace metals directly or indirectly. For
example, the dissolution of some sulfide minerals (e.g., galena or asenopyrite) could be responsible for
the increase of lead and arsenic concentration (L Zheng et al. 2009; JA Apps et al. 2010; S Wang and PR
Jaffe 2004) and the dissolution of calcite could lead to the release of some impurities in calcite, such as Sr
and Ba (J Lu et al. 2010). The dissolution of calcite could also cause indirect release of Cs and Ba by
triggering Ca-driven cation exchange reactions (L Zheng et al. 2012). It is noteworthy that not only the
fast reacting minerals such as calcite play a significant role, but also the slow reacting minerals in certain
circumstances. For instance, a field test in Mississippi (RC Trautz et al. 2013) showed that the dissolution
of plagioclase (which reacts much slower than calcite) started to release calcium and subsequently trigger
the increase in concentrations of Sr and Ba after the injection of CO2-saturated water stopped, which
illustrated that when the groundwater flow rate is fairly low, slow reacting minerals could also have
significant impacts on the release of trace metals.
Third, dissolution/precipitation of minerals can alter the pore structure of sediments and, subsequently,
the flow pathways. However, such an effect is more important for the mineral trapping of CO2 in the
storage formation than for the impact of the CO2 and brine leakage on groundwater. Although in the last
decade studies have shown fast reacting minerals, such as carbonate and sulfide minerals, and a few slow
reacting minerals, such as plagioclase, play a major role in controlling the response of aquifers to the
leakage of CO2 and brine, these reactions are chains of complex reaction networks. It is therefore
necessary to take into account all of the minerals phases when developing a reactive transport model,
despite the fact that most of the time a subset of these minerals is selected due to pragmatic reasons, such
as computation time. In this report, because it is not possible to have an exhaustive list of minerals, we
focus on the mineral phases that are related to two aquifers: the Edwards and High Plains Aquifers. Table
3.15 shows the minerals for the Edwards Aquifer and their kinetic reaction rates.
Table 3.15. Kinetic Mineral Reactions and Neutral Mechanism Rates (Palandri and Kharaka, 2004) for
the Edwards Aquifer at 25°C
Kinetic Reaction
+
Calcite + H = HCO3- + Ca+2
Dolomite + 2H+ = 2HCO3- + Ca+2 + Mg+2
Strontianite = CO3- + Sr+2

Equilibrium Coefficient
at 25°C, log
1.847
3.533
-9.271
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Forward Rate at
25°C, mol/m2/s
1.5e-6
2.9e-8
Same as calcite

Activation
Energy, kJ/mol
23.5
52.2
Same as calcite

Table 3.16. Equilibrium Constants of the Major Rock-Forming Minerals for the High Plains Aquifer.
Chemical reactions for the minerals in the first column are written as the chemical species in
the first row with stoichiometric coefficients listed under each species.
logK
(25°C)

Minerals
Calcite + H+ = Ca+2 + HCO3-

1.853

+

+2

+

-

Illite + 6.3 H2O = H + 0.25Mg + 0.85K +3.4 H4SiO4(aq)+ 2.35AlO2

-43.490

Kaolinite +3H2O = 2H+ +2H4SiO4(aq)+ 2AlO2-

-39.262

+

+2

+2

Smectite + 7.32 H2O = 0.68H + 0.17Ca + 0.335Mg + 3.99 H4SiO4(aq)+
1.68AlO2goethite + 3H+ = 2H2O + Fe+3

-32.834
0.363

Albite + 6H2O = Na+ + 3H4SiO4(aq)+ AlO2-

-20.126

Quartz +2H2O = H4SiO4(aq)

-3.740

K-Feldspar + 6H2O = K+ + 3H4SiO4(aq)+ AlO2+

+2

+2

+

+2

-22.394

-

Dolomite + 2H = Ca + Mg + HCO3

3.545

-

Magnesite + H = Mg + HCO3

1.420

Dawsonite = H+ + Na+ + HCO3- + 2.35AlO2+

-18.535

+

-

Muscovite + 6H2O =2H + K + 3H4SiO4(aq)+ 3AlO2

-57.264

Ferrihydrite + 3H+ = 3H2O + Fe+3
+

Gibbsite = H2O + H +

3.404

AlO2-

-15.129

Table 3.16 lists all the major rock-forming minerals for the High Plains Aquifer. Kinetic rate parameters
for most rock-forming minerals for the High Plains Aquifer were taken from J Palandri and YK Kharaka
(2004), which are based mainly on experimental studies conducted under far-from-equilibrium
conditions. The overall rate equation is tied to mineral equilibria through Q/K with a pH dependent rate
consisting of acid, neutral, and base mechanisms as indicated below:
[

( ) ]

(3.7)

and
  Ean u 1
  EaH  1
1 
1  nH
H
k  k2n 5ue xp
  k2 5e xp
aH
 
 
 R  T 298.15
 R  T 298.15
  EaO H  1
1  nO H
 k2O 5H e xp
aO H
 
 R  T 298.15

where

r
k
A
K
Q
nu

=
=
=
=
=
=

the kinetic rate,
the rate constant,
the specific reactive surface area,
the equilibrium constant for the mineral–water reaction,
the reaction quotient.
neutral mechanism,
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(3.8)

H
OH
Ea
T
aH
aOH
n

=
=
=
=
=
=
=

acid mechanism
base mechanisms,
activation energy that accounts for the dependence of the rate on temperature,
absolute temperature,
hydrogen ion activity
hydroxyl ion activity, and
an empirical constant.

The parameters θ and η are assumed equal to unity. The mineral reactive surface areas were taken from T
Xu et al. (2006), based on the work of E Sonnenthal et al. (2005). A thorough review and discussion of
the kinetic rates for arsenian pyrite, pyrite, and galena was given in L Zheng et al. (2009). The kinetic
properties for the minerals in the High Plains Aquifer are given in Table 3.17.
Table 3.17. Kinetic Properties for Minerals Considered in the Model (see text for data sources).
―Primary‖ minerals are initially present in the aquifer. ―Secondary‖ minerals are formed by
precipitation.
Parameters for Kinetic Rate Law
Neutral Mechanism
A
(cm2/g)

k25
mol/m2/s

Ea
KJ
/mol

3.05

1.610-6

62.76

Illite

151.60

1.6610-13

Kaolinite

151.60

Smectite

Acid Mechanism

Base Mechanism

k25

Ea

n(H+)

k25

Ea

n(OH-)

35.00

1.0510-11

23.60

0.34

3.021
0-17

58.9

-0.40

6.9110-14

22.20

4.8910-12

65.90

0.78

8.911
0-18

17.9

-0.47

151.60

1.6610-13

35.00

1.0510-11

23.60

0.34

3.021
0-17

58.9

-0.4

Goethite

12.90

2.5110-15

66.20

4.0710-10

66.20

1.00

Albite

9.80

3.8910-13

38.00

8.7110-11

51.70

0.50

6.311
0-12

94.1

-0.82

Quartz

9.80

3.9810-14

87.7

K-feldspar

9.80

3.8910-13

38.00

8.7110-11

51.70

0.50

6.311
0-12

94.1

-0.82

12.90

2.9510-8

62.76

2.3410-7

43.54

1.00

-10

23.50

4.1710

-7

14.40

1.00

Mineral
Primary:
Calcite

Secondary:
Dolomite
Magnesite

9.80

4.5710

Dawsonite

9.80

3.8910-13

38.00

8.7110-11

51.70

0.50

6.311
0-12

94.1

-0.82

Muscovite

9.80

3.8910-13

38.00

8.7110-11

51.70

0.50

6.311
0-12

94.1

-0.82
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Parameters for Kinetic Rate Law
Neutral Mechanism

Acid Mechanism

Base Mechanism

A
(cm2/g)

k25
mol/m2/s

Ea
KJ
/mol

k25

Ea

n(H+)

k25

Ea

n(OH-)

Gibbsite

9.80

3.8910-13

38.00

8.7110-11

51.70

0.50

6.311
0-12

94.1

-0.82

Pyrite

12.90

2.5210-12

62.76

Mineral

3.4.3

Redox Reactions

Redox potential is very important in determining the fate of redox-sensitive trace metals and organic
compounds when groundwater in a shallow aquifer is affected by the leakage of CO2. For example, it is
known that As(III) has much higher mobility and is of more environmental concern than As(V). Also, the
biodegradation rate for an organic compound is much higher in oxidizing than reducing conditions. When
CO2 or CO2-saturated brine leaks into the aquifer, it primarily causes a decrease of pH. Meanwhile, Eh
will change as well due to the interrelation of pH and Eh. It is therefore critical to determine the
background redox condition in the aquifer and the change of redox condition after the intrusion of CO2.
For confined aquifers, because of the fairly low redox potential, a sufficient increase in redox potential to
cause a shift of speciation of redox-sensitive species, such as As, is unlikely. For unconfined aquifers,
changes in redox potential are more likely and could shift the speciation and key parameters of potential
contaminants (e.g., degradation rate for organic compounds). However, in either case, redox reactions
have to be included in the reactive transport models and redox potentials have to be evaluated. The most
prevalent redox reactions are those involving the following pairs of redox couples: Fe(II)/Fe(III), HS/SO4-2, and As(III)/As(V).

3.5 Development of Conceptual and Reduced Order Models
The development of a ROM requires multiple runs of the reactive transport models that simulate the
leakage of CO2 and brine into a shallow aquifer. The core of the reactive transport model is the
geochemical conceptual model. The following work is helpful, and sometime necessary, to build a
defensible conceptual model.
First, it is necessary to gather detailed water and mineral composition data. This basic information, with
the help of geochemical equilibrium calculations, can reveal which mineral phase controls the major and
trace elements and which reactions are important for pH and Eh. It is also necessary to measure the cation
exchange capacity (CEC) and sorption capacity of the aquifer sediments.
Second, batch experiments that typically involve the release of CO2 into a pre-equilibrated watersediment environment are very useful in two ways. First, the batch experiment is a great screening tool to
determine which elements could be released. Such experiments have features, including the well mixing
of sediment with water, that lead to a very aggressive release of trace elements (L Zheng, N Spycher, et
al. 2015), and they therefore provide the upper bound of the type of elements and their concentrations that
could be caused by the introduction of CO2 into an aquifer. In other words, if a given element is not
released by the batch experiment, it is unlikely to show up in the aquifer in a large scale CO2 leakage
scenario, although one should pay attention to the heterogeneity issue and make sure to do a series of
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batch experiments with sediments from different locations of the aquifer. Secondly, the batch experiment,
integrated with geochemical modeling, is very useful for determining the chemical reactions that control
the release of trace elements. Because of the aggressiveness of the batch experiment, some reactions that
are relevant for the batch experiment may become less important, or even irrelevant, for the real
condition.
Third, it is desirable to have a column test to evaluate transport processes, such as the column test with
High Plains Aquifer sediments (A Lawter et al. 2016). Such tests give us more realistic estimates of the
type of elements and their concentrations that could result from the introduction of CO2 into aquifer, and
provide an insight of the interaction of chemicals with transport processes. A reactive transport model for
the column test (L Zheng et al. 2016) can further narrow down the key reactions and parameters and lay a
strong foundation for a reactive transport model at appropriate field scales.
After the establishment of the conceptual model, simulations can be conducted for the time steps and
spatial resolution needed. A sensitivity analysis, which can be performed by manually tuning some key
parameters, is useful to double-check the model setup.
The development of the Gen III hydrology ROM (SA Carroll et al. 2014) is an example of the procedure
to develop a ROM. First, we need to know parameter ranges for the development of the aquifer model,
hydrologic flow, leakage flux, brine concentrations, and geochemical parameters. Second, these
parameters are sampled to design a number of simulations. For example, for the Gen III hydrology ROM
(SA Carroll et al. 2014), 1000 simulations were designed. Third, model results are processed to calculate
the entities used to build the ROM. Then the ROM is derived. Depending on the nature of the ROM (e.g.,
polynomial-based ROMs, lookup tables, etc.), the derivation method is different. The ROM should be
able to emulate the outcome of the numerical model, but with less complexity, more thorough sampling of
the parameter space, and significantly faster simulation times to generate risk-based profiles that can be
used in decision making processes.
Development of the groundwater ROMs required the following data:


Threshold values,



Initial groundwater concentrations,



Rock mineralogy,



Thermodynamic data (log K’s) for rock mineral and aqueous complexes,



Surface complexation reactions for trace metals, and



Koc and biodegradation rates for organics.

Parameters needed to drive the Gen II and III ROMs can be grouped in three categories: parameters that
are related to the source term, parameters to define the hydrological properties of the aquifer, and
parameters used to define the chemical properties of the aquifer. In the GEN III ROM (SA Carroll et al.
2014), the leakage models and variable parameters are illustrated in Figure 3.8. Variability in the CO2
leakage profile was generated using four parameters:
1. qCO2 – the peak flux
2. T1C – the time needed to reach peak flux
3. dT2C – the duration of the peak flux
4. dT3C – the duration of the transition to zero flux after injection has stopped
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Brine leakage profiles are different from that of CO2. Brine leakage was characterized with a maximum
and constant flux during injection, which falls off to a final flux after injection stops. Uncertainty in the
brine leakage profile was generated using four parameters:
1. qBRN – the initial and maximum flux.
2. λqBRN – the final flux.
3. T1B – the injection time.
4. dT2B – the duration of the transition between the maximum and final flux.
An additional parameter, TM, was included to represent wellbore mitigation time. The ranges of these
parameters are given in Table 3.18 (SA Carroll et al. 2014). Another set of the parameters that are related
to the source term are the concentrations of major ions (i.e., Na and Cl), trace metals, and organic
compounds, which are listed in Table 3.19. Note that in Table 3.19, chloride concentration is assumed to
be the same as sodium concentration and there is no barium in the leaking brine.

CO2

Brine

Tm

Tm

qBRN

qCO2

dT2c
T1c

T1b

dT3c
T2c

Figure 3.8.

λ qBRN

dT2b
T2b

T3c

Schematic of the CO2 and Brine Leakage Model Parameters and Profiles in the
Generalized Model

Table 3.18. Proposed Parameter Ranges for Generalized CO2 and Brine Leakage Models
Parameter

Min

Max

Notes

qCO2

-3.000

-0.301

Log10 (0.001 – 0.5) kg s-1

qBRN

-2.301

-1.125

Log10 (0.005 – 0.075) kg s-1

λ

0.200

0.300

Ratio for brine leakage tail

T1c

5.000

50.000

yr

dT2c

0

100.000

yr

dT3c

5.000

50.000

yr

T1b

1.000

50.000

yr

dT2b

1.000

10.000

yr

Tm

50.000

200.000

Mitigation time, yr
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Table 3.19. Sodium, Trace Metals and Organics Concentrations Considered in the Groundwater
Simulations and ROM. Trace metals are based on experiments (AK Karamalidis et al. 2013)
and organic concentrations are based on L Zheng et al. (2010).
Trace Metal

Minimum

Maximum

Unit

Sodium Molality

-3

1

Log10[mol kg-1]
Log10[mol kg-1]

Barium
Cadmium

-8.87

-6.43

Log10[mol kg-1]

Chromium

-6.42

-4.02

Log10[mol kg-1]

Iron

-6.07

-2.79

Log10[mol kg-1]

Lead

-8.12

-4.74

Log10[mol kg-1]

Manganese

-5.13

-2.10

Log10[mol kg-1]

Benzene

-10

-3.2

Log10[mol kg-1]

Naphthalene

-10

-3.7

Log10[mol kg-1]

Phenol

-10

-4.1

Log10[mol kg-1]

Five parameters are needed to define the hydrological conditions in the aquifers, which are listed in Table
3.20. Table 3.21 lists the parameters related to the chemical properties of the aquifer.
Table 3.20. Parameter Definition and Ranges for Hydrologic Simulations and Emulations
1

Parameter
Sand volume fraction

Minimum

Maximum

Unit

0.35

0.65

-

2

Correlation length in X-direction

3

Correlation length in Z-direction

200

2500

[m]

0.5

25

[m]

4

Permeability in sand

-14

-10

Log10[m2]

5

Permeability in clay

-18

-15

Log10[m2]

Table 3.21. Input Parameters of the Development of the Scaling Functions
Parameter

Range

Calcite volume fraction

0.0 to 0.2

Goethite volume fraction

0.0 to 0.2

Illite volume fraction

0.0 to 0.3

Kaolinite volume fraction

0.0 to 0.2

Montmorillonite volume fraction

0.0 to 0.5

Cation exchange capacity (CEC meq/100)

0.1 to 40.0

Benzene concentration in the leaking brine (mol/L)

-10.0 to -3.2a

Phenol concentration in the leaking brine (mol/L)

-10.0 to -3.7a

Naphtalene concentration in the leaking brine (mol/L)

-10.0 to -4.1a

Benzene distribution coefficient (L/kg)

-4.5 to 0.69a
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Parameter

Range

Phenol distribution coefficient (L/kg)

-6.0 to 0.15a

Naphtalene distribution coefficient (L/kg)

-3.1 to 1.98a

Benzene degradation constant (1/s)

0 to -6.1a

Phenol degradation constant (1/s)

0 to -5.63a

Naphtalene degradation constant (1/s)

0 to -6.45a

Time (years)

0 to 200

(a) indicates log10 values
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4.0 Potential Risk for Groundwater Pollution Due to CO2 Gas
and Brine Intrusion
This section of the report establishes the overall potential risk for groundwater pollution of CO2/brine
leakage based on literature review and data from modeling, laboratory, and field experiments conducted
at PNNL and LBNL.

4.1 The Effects on TDS and pH
4.1.1
4.1.1.1

High Plains Aquifer
Experimental Results

Results from a series of batch and column experiments revealed important differences in pH and TDS that
will be discussed in detail in the following section on modeling. Briefly, some of the sediment samples
have detectable amounts of calcite, while some other samples had no XRD detectable calcite. In these
latter samples, the pH remained lower than the pH measured in experiments conducted with calcitecontaining sediments, mainly due to reduced buffering capacity of sediments that had no calcite. The pH
for the calcite-containing sediments decreased to no less than ~6, while the pH for calcite-free sediments
decreased to ~5. Aqueous samples from the calcite-free sediment showed a greater release of elements,
including several regulated by the EPA, such as As, Cr, and Pb.
Contaminants, such as As and Cd present in saline brines, could travel upward with leaking CO2 into the
overlying aquifer. Batch and column experiments were conducted with As and Cd spikes (114 µg/L and
40 µg/L, respectively) to determine the fate of these contaminants if this were to happen. These solutions
had no significant effect on pH.
Methane can also be transported upward with a CO2 plume, so experiments were conducted with a
1% CH4 and 99% CO2 gas mix. These experiments revealed that the effect on pH was not significant.
4.1.1.2

Modeling

In this section the discussion is focused on input and fitted modeling paramenters, sensitive and nonsensitive parametes, the impact of site-specific data on modeling, and whether the changes are short- or
long-term.
The assessment of the risk of CO2 and brine leakage on groundwater overlying a CO2 sequestration site
relies heavily on numerical models. Correct geochemical conceptual models and reliable key parameters
are critical for the predictability of a numerical model. In light of modeling the impact of CO2 and brine
leakage on groundwater, conceptual models look at the chemical reactions that control the release of trace
metals and the fate of organic compounds. Therefore, the most important parameters are those needed to
describe these reactions. Model interpretation of the laboratory and field experiments is an effective way
to develop the right conceptual model and calibrate key parameters.
A series of batch and column tests were conducted for the sediments from the High Plains Aquifer (A
Lawter et al. 2016). In the column experiments, CO2 saturated synthetic groundwater (which mimics the
water composition of the High Plains Aquifer) was injected through a column packed with material from
the High Plains Aquifer to simulate the impact of a gradual leak of CO2 on a shallow aquifer. A reactive
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transport model was developed to interpret the observed concentration changes in the column effluent
water (L Zheng et al. 2016), attempting to shed light on the chemical reactions and key parameters that
control the concentration changes of some constituents.
The geochemical conceptual model used in the reactive transport model for the column test was
consistent with those revealed by modeling two field tests (L Zheng et al. 2012; RC Trautz et al. 2013):
the Montana State University-Zero Emissions Research and Technology (MSU-ZERT) field test in
Montana (YK Kharaka et al. 2010), and a field test conducted in Plant Daniel, Mississippi (RC Trautz et
al. 2013). Note that both of these tests were conducted on a sandstone aquifer, for which the composition
of key minerals in the aquifer sediments were similar to that of the High Plains Aquifer. Due to
similarities between the two aquifer systems, it is not a surprise that the geochemical conceptual model
developed for the field test in Mississippi is applicable to the model for the column test with High Plains
Aquifer materials (A Lawter et al. 2016). In these models, dissolution of calcite is the primary pH
buffering process, with the dissolution of magnesite and surface protonation playing a secondary role.
Figure 4.1 shows the comparison of the model results with experimental data.
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Figure 4.1. Simulated and Observed Breakthrough Curves of pH for the Column Test of Sample CNG60

4.1.2
4.1.2.1

Edwards Aquifer
Experimental Results

Materials from the Edwards Aquifer in Texas were used to represent a potential unconfined carbonate
aquifer overlying a CO2 sequestration site. As with the High Plains Aquifer sediments, both column and
batch experiments were conducted using samples from the Edwards Aquifer. Unlike the unconsolidated
sand and gravel aquifer sediments, the unweathered or slightly weathered rocks of the Edward aquifer
were ground by mortar and pestle and used in these experiments in the form of powder. Column studies
were conducted with a steady CO2 flow rate of 0.5 mL/min into the SGW, which was pumped through the
columns at 0.03 mL/min. Because of the high calcite content and buffering capacity of these sediments,
the effect on pH was similar in all tested materials. The pH of all experiments did not decrease below pH
~ 6 due to the high carbonate content and buffering capacity of these materials. Data from these
experiments are presented in a previously published report (N Qafoku et al. 2013) and will be also
discussed in the following section on modeling.

4.2

4.1.2.2

Modeling

Results from mineralogical analyses show that the limestone consists almost entirely of calcite (G Wang
et al. 2016). Previous publications indicate that the predominant mineral in this limestone is calcite with a
small amount of dolomite (RW Maclay and TA Small 1994); and a minor amount of the mineral
strontianite was included in solid solution with calcite (AJ Tesoriero and JF Pankow 1996) (Table 4.1).
Table 4.1. Mineral Reactions
Kinetic Reaction
Calcite + H+ = HCO3- + Ca+2
Dolomite + 2H+ = 2HCO3- + Ca+2 + Mg+2
Strontianite = CO3- + Sr+2

Equilibrium Coefficient
at 25C, log
1.847
3.533
-9.271

Forward Rate at
25C, mol/m2/s
1.5e-6
2.9e-8
Same as calcite

Activation
Energy, kJ/mol
23.5
52.2
Same as calcite

Modeling of the batch experiments was conducted using PHREEQC (DL Parkhurst and CAJ Appelo
1999) and the thermo.com.V8.R6 database (TW Wolery and RL Jarek 2003). Modeling of the column
experiments was conducted using the multiphase flow and reactive transport solver STOMP-CO2-R (MD
White et al. 2012) with ECKEChem (MD White and BP McGrail 2005). The STOMP simulations used a
smaller subset of equilibrium aqueous complexation reactions extracted from PHREEQC simulations of
the batch experiments and groundwater samples (M Musgrove et al. 2010) taken from the
unconfined/urban portion of the Edwards Aquifer (Table 4.2).
Table 4.2. Aqueous Complexation Reactions
Equilibrium Reaction
-

Equilibrium Coefficient at 25C, log

+

HCO3 + H = CO2 + H2O
-

6.3447

+

HCO3 + Ca = CaHCO3
HPO4-2 + Ca+2 = CaHPO4
HPO4-2 + Ca+2 = CaPO4- + H+
SO4-2 + Ca+2 = CaSO4
Cl- + Cd+2 = CdCl+

1.0467
2.7400
-5.8618
2.1111
2.7059

HCO3- + Cd+2 = CdHCO3+

1.5000

HPO4-2
+2

+2

+

H2PO4-

+H =
Mg + HCO3- = MgHCO3+
Mg+2 + HPO4-2 = MgHPO4
SO4-2 + Mg+2 = MgSO4
H2O = OH- + H+
Na+ + HCO3- = NaHCO3
Pb+2 + HCO3- = PbCO3 + H+
Pb+2 + H2O = PbOH+ + H+
Sr+2 + SO4-2 = SrSO4
2H2O + Cr+3 = Cr(OH)2+ + 2H+
3H2O + Cr+3 = Cr(OH)3 + 3H+
H2O + Cr+2 = CrOH+2 + H+
HCO3- + Cu+2 = CuCO3 + H+
H2O + Cu+2 = CuOH+ + H+

7.2054
1.0357
2.9100
2.4117
-13.9951
0.1541
-3.7488
-7.6951
2.3000
-9.7000
-18.0000
-4.0000
-3.3735
-7.2875

4.3

Equilibrium Reaction
SeO3-2 + H+ = HSeO3-

Equilibrium Coefficient at 25C, log
7.2861

The column experiments utilizing unweathered rock samples were modeled by including calcite and
dolomite, and adjusting the amount of strontium in solid solution with calcite. For the first sample, the
concentration of dissolved CO2 in the inlet water was adjusted to match the observed pH (Figure 4.2),
which decreases to a value of around 6.5. TDS was calculated based on major ion concentrations (Figure
4.2), and increased from a value of 161 mg/L at the beginning of the experiment to a value of 353 mg/L at
the end of the column experiment. The reported median value of TDS in the urban, unconfined portion of
the Edwards Aquifer is 329 mg/L (M Musgrove et al. 2010). The experimentally observed TDS is lower
than the reported 75th percentile value of 360 mg/L.
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Figure 4.2. Major Ion Modeling Results Compared to Column Experiment Results

4.2 Changes in Major, Minor, and Trace Element Concentration
4.2.1
4.2.1.1

High Plains Aquifer
Experimental Results

The release of major, minor, and trace elements from sediments exposed to CO2 gas streams was studied
in a series of batch and column experiments. The data will be presented in the modeling section that
follows.
As mentioned previously, contaminants, such as As and Cd, could travel upward with the leaking CO2
into the overlying aquifer. Batch and column experiments were conducted with an As and Cd spike (114
µg/L and 40 µg/L, respectively) to determine contaminant fate if this were to happen. Results showed the
sandstone aquifer sediments had a large adsorption capacity for these contaminants, with a 90-95 %
reduction of Cd and a 60-70% reduction of As within 4 hours in the gas injected reactors and a greater
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reduction in the blank (no gas) reactors. Cd concentrations fell below detection limits and As fell below
73%.
Methane can also be transported upward with a CO2 plume, so experiments were conducted with a 1%
CH4 and 99% CO2 gas mix. Calcite-free sediments and sediments containing calcite were used in batch
and column experiments. Results show little effect of CH4 on contaminant release and again confirmed
the large adsorption capacity for As and Cd in these sediments.
4.2.1.2

Modeling

The effluent water from the column test (Lawter et al., 2016) has high concentrations of major elements
(e.g., Si, Ca, Mg, Na, K), minor elements (e.g., Al, Fe, Mn), and trace elements (e.g., Sb, Sr, Ba, Cr, Se,
As, Pb, Cs, Cu, and Zn). Reactive transport models were developed to interpret the concentration change
of the alkali and alkaline earth metals, As and Pb. In these models, calcite dissolution and Ca-driven
cation exchange are responsible for the release of alkali and alkaline earth metals, including Ca, Mg, Na,
K, Sr, Cs, and Ba; adsorption/desorption are the reactions that control the release of As and Pb. Because
Pb, As, and Ba are included in the Gen III ROM, the reactive transport models for the column are very
helpful to define the key reactions that control Pb, As, and Ba. Note that Cd is considered in the Gen III
ROM, but the Cd was not detected in the column test; the reactive transport model for the column test
thus cannot help to define the reactions for Cd. The details of these reactions are listed in Zheng et al.
(2016).
Model interpretation of the column test also helped us to constrain key parameters. The parameters that
were calibrated based on experimental data were calcite volume fraction, CEC, and the volume fraction of
adsorbent (goethite). A limited amount of calcite that would be depleted after the intrusion of CO2 was
key to reproducing the pulse-like breakthrough curve of the concentration of alkali and alkaline earth
metals in the effluent of the column test. A volume fraction of 0.045% and a specific surface area of 60
cm2/g were used for calcite, which led to a decent fit of the measured breakthrough curve of pH and Ca
(Figure 4.1and Figure 4.3). Calcite was not observed by XRD because the volume fraction was well
below the detection limit of 1%, but a Ca bearing coating was detected in CNG 60 by SEM/EDS analysis.
It is also noteworthy that a volume fraction of calcite below the XRD detection limit was also used in the
model for the field test described in RC Trautz et al. (2013), where the presence of calcite in the
sediments was later confirmed by micro-X ray spectroscopy. When deriving the Gen III ROM, a range of
0─20% was used for calcite volume fraction, which covers the value calibrated based on the column test
data.
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Figure 4.3. Simulated and Observed Breakthrough Curves of Ca for the Column Test of Sample CNG60
The key parameter relevant to Ba is the cation exchange capacity of the sediment; the calibrated CEC is
1.55 meq/100 g, which falls in the range of CECs that were used in the Gen III ROM. Another parameter
is related to the adsorption/desorption reactions that control the release of As and Pb. In the reactive
transport model that was used to derive the Generation III ROM, the adsorption capacity depends on the
product of the amount of adsorbent and the surface area of the adsorbent. Therefore, the amount of
adsorbent is considered as an input parameter in the ROM, while the surface area of adsorbent is fixed.
Using a surface area of 40 m2/g, the calibrated amount of adsorbent (volume fraction of the goethite in
this case) is 0.019 based on the column test data, which leads to a decent fit of measured data (Figure 4.4).
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Figure 4.4. Simulated and Observed Breakthrough Curves of As for the Column Test of Sample CNG60
In summary, laboratory experiments integrated with reactive transport model simulations are very useful
to find out the key chemical reactions and parameters that control the response of an aquifer to the
leakage of CO2. Regarding the Gen III ROM that is based on the conditions of the High Plains Aquifer,
the reactive transport models for the column tests confirm the reactions taken into account in the ROM
and parameter ranges for reactions related to Pb, As, and Ba. Because Cd and organic compounds were
not detected or measured in the column test, reactions and parameters for these constituents cannot be
evaluated via a reactive transport model for the column tests.

4.6

4.2.2

Edwards Aquifer

4.2.2.1

Experimental Results

The outcomes of the column experiments relative to the aquifer maximum concentrations and MCLs are
summarized in Table 4.3. Concentrations are generally higher during the stop-flow periods. At the end of
the first stop-flow period, all of the trace metals except for Cr exceed the maximum aquifer-observed
values, and As, Pb, Sb, and Se exceed the MCL limits. However, concentrations of the trace metals
generally decrease during the flow periods, and at the end of the second stop-flow period, Ba and Cr
exceed the observed aquifer maximums and only As, Pb, and Sb exceed the MCL. By the last flow
period, only Sb and Se exceed the aquifer maximum threshold and no trace metals exceed their respective
MCLs.
Table 4.3. Summary of Column Experiment Trace Metal Concentrations at the End of Each
Experimental Stage, Relative to Aquifer Maximum Concentrations and MCL Regulatory
Limits (grey background indicates aquifer maximum exceeded, black background indicates
MCL exceeded)
Experiment Stage
Flow 1

As
1.00

Ba
19.5

Cr
0.590

Cu
1.52

Pb
1.32

Sb
0.690

Se
3.01

Stop-Flow 1

44.7

203

2.03

58.2

817

17.8

150

Flow 2

0.460

10.8

0.580

1.80

0.180

0.170

1.07

Stop-Flow 2

10.1

88.2

18.1

10.9

45.0

8.64

34.5

Flow 3

0.750

5.66

0.460

0.660

0.150

0.210
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4.2.2.2

Modeling

Figure 4.5 through Figure 4.11 show the model predictions for trace metal concentrations compared to
column experimental results for Samples 1 and 3, and are compared to aquifer median and maximum
concentrations, as well as the EPA MCL values. The release of the trace metals with time is very different
in shape than that of the major ions. Whereas the major ions increase to a stable value with time and show
small spikes during the stop-flow events, the trace metal concentrations generally decrease with time and
show relatively large spikes during the stop-flow events. Arsenic concentrations during the flow periods
are relatively stable, decreasing slightly between the first and second flow periods and increasing again
during the third flow period, spiking above the MCL during the first stop-flow period, and reaching the
MCL at the start of the second stop-flow period (Figure 4.5). Barium concentrations spike above the
aquifer maximum during the stop-flow periods, but fall below the aquifer median during the flow periods
(Figure 4.6). Chromium concentrations spike above the aquifer maximum during the stop-flow periods,
but fall below the aquifer median during the flow periods (Figure 4.7). Copper concentrations remain
between the aquifer median and maximum for the duration of the experiment (Error! Reference source
not found.). Lead concentrations spike above the MCL threshold initially and during both stop-flow
events, finally falling beneath the aquifer maximum near the end of the experiment (Figure 4.9).
Antimony concentrations spike above the MCL thresholds during the two stop-flow events, and remain
above the aquifer maximum for the duration of the experiment (Figure 4.10). Selenium concentrations
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spike above the MCL threshold during the two stop-flow events and average close to the aquifer
maximum for the duration of the experiment (Figure 4.11).
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Figure 4.5. As Modeling Results Compared to Column Experiment Results and Aquifer Concentrations
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Figure 4.7. Cr Modeling Results Compared to Experimental Results and Aquifer Concentrations
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4.9

Pb Concentration, mg/L

10

4

10

3

Modeled
Sample 1
Sample 3
Aquifer Maximum
MCL

102

10

1

100
10-1
10-2

100

200

300
Time, hr

400

500

600

Pb Modeling Results Compared to Experimental Results and Aquifer Concentrations.
Aquifer median concentrations are below detection.

Sb Concentration, mg/L

Figure 4.9.

0

10

2

10

1

10

0

Modeled
Sample 1
Sample 3
Aquifer Maximum
MCL

10-1

10-2

0

100

200

300
Time, hr

400

500

600

Figure 4.10. Sb Modeling Results Compared to Experimental Results and Aquifer Concentrations.
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Figure 4.11. Se Modeling Results Compared to Experimental Results and Aquifer Concentrations

4.2.3

Other Aquifers

Despite detectable contaminant concentrations in their batch study, K Kirsch et al. (2014) concluded that
the low level of released contaminants during experiments also indicates a low risk for impacting
groundwater quality. PJ Mickler et al. (2013) conducted laboratory batch experiments as well as a singlewell push-pull field test and found that several of the elements initially mobilized after introduction of
CO₂ (Mo, V, Zn, Se, and Cd) were removed from solution by the end of the experiment. PJ Mickler et al.
(2013) observed several other elements increase in concentration, but only Mn exceeded EPA MCLs.
In addition to experimental work, numerical modeling has been used to conduct a generic evaluation of
the potential groundwater quality changes as a result of the hypothetical leakage of CO2 (JA Apps et al.
2010; S Carroll, Y Hao and R Aines 2009; S Wang and PR Jaffe 2004; RT Wilkin and DC Digiulio 2010;
L Zheng et al. 2009; CQ Vong et al. 2011; AS Altevogt and PR Jaffe 2005; N Jacquemet et al. 2011), and
also to understand the chemical processes that control the CO2-induced release of metals via model
interpretation of laboratory experiments (K Kirsch et al. 2014; H Viswanathan et al. 2012; A Wunsch et
al. 2014) and field tests (RC Trautz et al. 2013; L Zheng et al. 2012). In general, these models predicted
the release of trace metals such as Pb and As (S Wang and PR Jaffe 2004; JA Apps et al. 2010; L Zheng
et al. 2009), which is largely consistent with the observations from laboratory experiments (RC Smyth et
al. 2009; J Lu et al. 2010; MG Little and RB Jackson 2010; P Humez et al. 2013; A Wunsch et al. 2014;
H Viswanathan et al. 2012; C Varadharajan et al. 2013; K Kirsch et al. 2014), although the type of metal
being released and the severity of release vary among these experiments.
However, release of trace metals, especially those of environmental relevance such as As, Pb, Ba, and Cd,
have not been observed in field tests (A Peter et al. 2012; CB Yang et al. 2013; RC Trautz et al. 2013; LH
Spangler et al. 2010; AG Cahill and R Jakobsen 2013; YK Kharaka et al. 2010). The difference between
the observation of laboratory and field tests in terms of the release of trace metals is likely because the
laboratory experiments are more aggressive in leaching out trace metals due to the use of DI water,
manipulation of the particle size of material tested, oxidation, high water/solid ratios, and longer reaction
time. However, release of alkali and alkaline earth metals, including Na, K, Ca, Mg, Sr, and Ba, were
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commonly observed in both the laboratory and field experiments, although the degree of release is
different in the laboratory versus the field tests. The rise in concentrations of dissolved constituents
observed during field tests is typically much less pronounced than in laboratory experiments—field tests
show increases of about an order of magnitude or less compared to pre-CO2 levels (20% to 700% in the
studies cited above), while orders-of-magnitude increases have been observed in laboratory tests.
Despite potential trace metal release, most current research results show releases below the EPA MCL
requirements for drinking water, resulting in a small potential risk for groundwater aquifers due to CO2
leakage when considering current water quality regulations. However, if studies used a ―no-impact‖
threshold, as discussed in Section 3.1, the risk might be larger. In addition, studies thus far have focused
on aquifer variability; very few have been published on variables in the injected or upward migrating gas
stream or aquifer brine composition. A variety of compositions may be present in the gas stream due to
the presence of trace contaminants remaining after the CO2 capture process. Methane, for example, can be
present as an impurity in the injection gas (ST Blanco et al. 2012; S Mohd Amin et al. 2014). Methane
can also be present as a native gas within the reservoir (I Taggart 2010; CM Oldenburg and C Doughty
2011; SA Hosseini et al. 2012), or could be produced through methanogenesis either in the reservoir or
after CO2 enters the aquifer (JY Leu et al. 2011). Inclusion of methane prior to injection can lead to
several challenges, including increased pressure needed for transport and reduced CO2 capacity during
transport and storage due to the buoyancy of methane (ST Blanco et al. 2012; SA Hosseini, SA Mathias
and F Javadpour 2012). Despite problematic properties of methane, presence of this gas has also been
shown to be beneficial. Modeling by S Mohd Amin, DJ Weiss and MJ Blunt (2014) showed reduced
transportation of acidic CO2 saturated brine, resulting in reduced dissolution of the storage reservoir
caprock. I Taggart (2010) created a model showing CO2 driving out dissolved methane from reservoir
brine, creating a leading CH4 plume that could be useful for monitoring leakage. I Taggart (2010) also
suggests the methane could be recovered for energy production.

4.3 Changes in Organic Contaminant Concentrations
4.3.1

High Plains Aquifer

In the experiments conducted with the High Plains Aquifer sediments (A Lawter et al. 2016), no
measurements were conducted to determine the organic compounds in the aqueous phase of the batch
experiments or in the column effluents, although the organic matter concentration in these sediments
seems to be low based on visual observations. However, when CO2 and brine move up from the storage
reservoir, they can carry organic compounds, especially if the CO2 is stored in a depleted oil reservoir.
Therefore, in the Gen III ROM for High Plains Aquifers, organic compounds were included in reactive
transport models, and subsequently in the derived ROM.
When organic compounds were included in the reactive transport models, we needed to determine which
compounds to include and what their prospective concentrations in the leaking CO2 and brine were.
Although the organic compounds present in deep saline aquifers were seldom reported, their compositions
in waters produced from oil fields have been extensively studied (TI RøeUtvik 1999; AE Witter and AD
Jones 1999). The most common dissolved hydrocarbons are benzene, toluene, ethylbenzene, xylenes
BTEX, PAHs, and phenols. To simplify the model, benzene is used to represent BTEX, naphthalene to
represent PAHs, and phenol to represent phenols. The respective maximum concentrations in the brine
were taken from L Zheng et al. (2010) (Table 4.4), which were largely based on the concentration of these
compounds in the production water (YK Kharaka and JS Hanor 2007). The minimum concentrations were
arbitrary.
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Table 4.4. Organics Concentrations in Brine Considered in the Reactive Transport Model (L Zheng et al.
2010)
Organic Compounds

Minimum

Maximum

Unit

Benzene

-10

-3.2

Log10[mol kg-1]

Naphthalene

-10

-3.7

Log10[mol kg-1]

Phenol

-10

-4.1

Log10[mol kg-1]

Oxidation of the organics was calculated with first-order degradation kinetics:
(4.1)
where C is the concentration of the organic compound and K is the first-order rate constant, which was
treated as a variable parameter.
Linear adsorption isotherms are used to model the adsorption of organic compounds; the key parameter is
the distribution coefficient, Kd. The range for the distribution coefficient and degradation constant are
listed in Table 4.5.
Table 4.5. Distribution Coefficient and Degradation Constant for Organic Compounds
Parameter

Range

Benzene distribution coefficient (L/kg)

-4.5* to 0.69a

Phenol distribution coefficient (L/kg)

-6.0* to 0.15a

Naphtalene distribution coefficient (L/kg)

-3.1* to 1.98a

Benzene degradation constant (1/s)

0 to -6.1a

Phenol degradation constant (1/s)

0 to -5.63a

Naphtalene degradation constant (1/s)

0 to -6.45a

(a) indicates log10 values

Around 500 simulations have been conducted to account for the uncertainties of both flow and chemical
parameters. The following graphs show results from one of the simulations to illustrate the spatial
distribution of organic compounds after 200 years of leakage. For details of other conditions of the model,
refer to SA Carroll et al. (2014). The key parameters used in this particular simulation are listed in Table
4.6.
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Table 4.6. Flow and Chemical Parameters used in Simulations that Model Results
Value

Parameter
Benzene concentration in the leaking
brine (mol/L)
phenol concentration in the leaking brine
(mol/L)
Naphthalene concentration in the leaking
brine (mol/L)
Benzene distribution coefficient (L/kg)
phenol distribution coefficient (L/kg)
Naphthalene distribution coefficient
(L/kg)
Benzene degradation constant (1/s)
phenol degradation constant (1/s)
Naphthalene degradation constant (1/s)

2.51E-7
1.41E-7
8.9E-8
1.24E-2
1.18E-3
2.75E-1
0
3.7E-7
0

Figure 4.12 shows the plume of pH, which can be used to approximate the movement of CO2. In
comparison, the plumes for organic compounds are very small. Figure 4.13 and Figure 4.14 show the
spatial distribution of benzene. Despite the continuous leakage of brine that contained a high
concentration of benzene, the plume was fairly small and always surrounded the leakage point. The plume
for naphthalene (Figure 4.15 and Figure 4.16) was smaller than that of benzene because of stronger
adsorption of naphthalene by aquifer sediments as manifested by the higher distribution coefficient for
naphthalene. Phenol (Figure 4.17 and Figure 4.18) had the smallest plume in comparison with that of
benzene and naphthalene because phenol undergoes both adsorption and biodegradation.
In summary, the model results suggest that in comparison to the plume of pH or dissolved CO2, the
plumes for organic compounds were very small, and if the leakage stops, the plumes could quickly
disappear due to adsorption and biodegradation.
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(a)

(b)

(c)
Figure 4.12. Cross Section Views of the Spatial Distribution of pH at 50, 200 years. (a) at y=2600 m,
(b) at x = 2000 m, and (c) at z = -202.5 m

(a)

(b)

(c)
Figure 4.13. Cross Section Views of the Spatial Distribution of Total Aqueous Benzene Concentration
at 200 Years: (a) at y=2600 m, (b) at x = 2000 m, and (c) at z = -202.5 m
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Figure 4.14. An Iso-Surface at Benzene Concentration of 3.84e-10 mol/L (0.03 µg/L, threshold value)

(a)

(b)

(c)
Figure 4.15. Cross Section Views of the Spatial Distribution of Total Aqueous Naphthalene
Concentration at 200 Years: (a) at y=2600 m, (b) at x = 2000 m, and (c) at z = -202.5 m
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Figure 4.16. An Iso-Surface at Naphthalene Concentration of 1.53e-9 mol/L (0.2 µg/L, threshold value)

(a)

(b)

(c)
Figure 4.17. Cross Section Views of the Spatial Distribution of Total Aqueous Phenol Concentration at
200 Years: (a) at y=2600 m, (b) at x = 2000 m, and (c) at z = -202.5 m
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Figure 4.18. An Iso-Surface at Naphthalene Concentration of 3.19e-11 mol/L (0.003 µg/L, threshold
value)

4.3.2
4.3.2.1

Edwards Aquifer
Modeling

The impact of organic compounds leaking into the Edwards Aquifer has been developed by DH Bacon et
al. (2014). Three organic compounds (benzene, naphthalene, and phenol) are included in the model. As
with the modeling of organic compounds in the High Plains Aquifer, benzene was included as a
representative of BTEX; naphthalene as a representative of PAHs; and phenol as a representative of
phenols. BTEX, phenols, and PAHs have been identified as the organic compounds that are most likely to
be leached out along with CO2 as well as pose threats on the quality of shallow groundwater (L Zheng et
al. 2013). The adsorption of the organic compounds was assumed to be controlled by a linear adsorption
isotherm, proportional to the organic carbon content of the aquifer material. The organic carbon content
of the limestone aquifer was assumed to range between 0.1 and 1% by volume. Input parameters for
organic adsorption and biodegradation, along with the source of the inputs, are listed in Table 4.7.
Table 4.7. Input Parameters for Organic Adsorption and Biodegradation
Description

Minimum

Maximum

Units

Reference

Organic carbon volume fraction

1.00E-03

1.00E-02

—

Estimated

Benzene organic carbon partition
coefficient

3.09E+01

5.37E+01

L/kg

(SJ Lawrence 2006)

Naphthalene organic carbon partition
coefficient

9.93E+00

9.55E+02

L/kg

(SJ Lawrence 2006)

1.61E+01

3.02E+01

L/kg

(SA Boyd et al. 1983; GC
Briggs 1981)

1.00E-03

4.95E-01

day-1

(D Aronson et al. 1999)

-1

Phenol organic carbon partition coefficient
Benzene aerobic biodegradation rate
Naphthalene aerobic biodegradation rate

6.40E-03

5.00E+00

day

(D Aronson et al. 1999)

Phenol aerobic biodegradation rate

6.00E-03

1.00E+01

day-1

(D Aronson et al. 1999)
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The concentrations of organics in the leaking brine were assumed to be uncertain variables, with ranges
shown in Table 4.8.
Table 4.8. Organic Concentration Ranges in Brine
Species in Brine

Minimum

Maximum

Units

Benzene

1.00E-10

6.31E-04

mol/L

Naphthalene

1.00E-10

7.94E-05

mol/L

Phenol

1.00E-10

2.00E-04

Mol/L

Initial concentrations of the organics in the aquifer were assumed to be zero, based on average aqueous
concentrations for the 90 groundwater samples from the shallow, urban, unconfined portion of the
Edwards Aquifer (M Musgrove et al. 2010). This set of water samples was used to examine
methodologies for establishing baseline data sets and statistical protocols for determining statistically
significant changes between background concentrations and predicted concentrations that would be used
to represent a contamination plume in the modeling presented in this report (GV Last et al. 2013). Noimpact threshold values were determined that could be used to identify potential areas of contamination
predicted by numerical models of carbon sequestration storage reservoirs (Table 4.9). Initial values of
these concentrations were also determined using selected statistical methods. For comparison, the EPA
MCL is also shown.
Table 4.9. Initial Values, Tolerance Limits, and Regulatory Standards for Each Variable

Analyte
Benzene
Naphthalene
Phenol

Initial Value
0.000
0.000
0.000

“No-Impact”
Threshold
0.016
0.400
0.005

Maximum
Contaminant
Level
5
0.2
10000

Units
µg/L
µg/L
µg/L

The volume of groundwater exceeding the threshold values for organic compounds is influenced
significantly by biodegradation. Volumes of groundwater with concentrations greater than the benzene,
naphthalene and phenol no-impact threshold values are relatively small (Figure 4.19). By comparison, for
the same set of simulations, the median pH-impacted aquifer volumes ranged from 1e5 m3 at 10 years to
1e7 m3 at 200 years.

4.19

Figure 4.19. Cumulative Density Function of Aquifer Volume Exceeding Organic No-Impact
Thresholds during 200 Years of Well Leakage
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4.3.3

Reservoirs as a Source Term for Organic Compounds

Mobilization of toxic organic compounds, including BTEX, and PAHs by scCO2, has been reported in
laboratory experiments for rock samples from depleted oil reservoirs, coal deposits (LR Zhong et al.
2014), and sandstones (AK Scherf et al. 2011). Groundwater monitoring results from GCS demonstration
sites have shown increased concentrations of BTEX, PAHs, phenols, and other toxic compounds in
groundwater after CO2 injection (YK Kharaka et al. 2009; YK Kharaka, P Campbell, et al. 2010; YK
Kharaka et al. 2010; AK Scherf et al. 2011). L Zhong et al. (2014) focused on the transport and fate of
toxic organic compounds mobilized by supercritical CO2 from organic rich storage reservoirs such as
unmineable coal seams and depleted oil reservoirs. Column experiments were conducted using a water
wetted sandstone core installed in a tri-axial core holder to study the potential for toxic organic
compounds mobilized from coal by supercritical CO2 under simulated geologic carbon storage conditions
to impact groundwater. The concentrations of the organic compounds in the column effluent and their
distribution within the sandstone core were monitored. Results indicated that the mobility though the core
sample was much higher for BTEX compounds than for naphthalene. Retention of organic compounds
from the vapor phase to the core appeared to be primarily controlled by partitioning from the vapor phase
to the aqueous phase according to Henry’s Law. Accordingly, reduced temperature and elevated pressure
resulted in greater partitioning of the mobilized organic contaminants into pore water. Adsorption to the
surfaces of the wetted sandstone was also significant for naphthalene.
KJ Cantrell and CF Brown (2014) conducted a modeling study and found that when CO2 is introduced
into a reservoir with 90wt.% CO2 and 10 wt.% oil, a significant fraction of the oil dissolves into the vapor
phase. As the vapor phase moves up through the stratigraphic column, pressures and temperatures
decrease, resulting in significant condensation of oil components. The heaviest organic components
condense early in this process (at higher pressures and temperatures), while the lighter components tend
to remain in the vapor phase until much lower pressures and temperatures are reached. The final
concentrations to reach an aquifer at 1,520kPa and 25◦C were quite significant for benzene and toluene,
indicating that these compounds could adversely impact groundwater quality (benzene in particular) in
the event of a leak of CO2 stored in a depleted oil reservoir. Conversely, it was determined that CO2 was
unlikely to transport significant concentrations of PAHs to near surface depths, limiting their potential
impact to groundwater. This is particularly true for the most carcinogenic of the PAH compounds, which
are relatively heavy, making them prone to condensation from the vapor phase at much higher pressures
and temperatures.

4.21

5.0

Conclusive Remarks

GCS is a global carbon emission reduction strategy involving the capture of CO2 emitted from fossil fuel
burning power plants, as well as the subsequent injection of the captured CO2 gas into deep subsurface
reservoirs, such as saline aquifers or depleted oil and gas reservoirs. A critical question that arises from
the proposed GCS is the potential impacts of CO2 injection on the quality of drinking-water systems
overlying CO2 sequestration storage sites.
Although storage reservoirs are evaluated and selected based on their ability to safely and securely store
emplaced fluids, leakage of CO2 from storage reservoirs is a primary risk factor and a potential barrier to
the widespread acceptance of geologic CO2 sequestration. Therefore, a systematic understanding of how
CO2 leakage would affect the geochemistry of potable aquifers, and subsequently control or affect
contaminant release via dissolution, desorption, and/or redox reactions, is vital.
This report was written with the overall objective to identify the set of geochemical data and reactions and
the hydrological processes required to assess and predict aquifer responses to CO2 and brine leakage, to
gather important site-specific data required to evaluate impacts, and to present and discuss potential risks
for groundwater pollution due to CO2 gas and brine exposure.

5.1 Crucial Site-Specific Data
Establishing the mean and variance of background groundwater concentrations is necessary to
determining whether there will be an impact due to leaking CO2 and brine in groundwater aquifers. The
resulting no-impact threshold values can be used to inform a ―no change‖ scenario with respect to
groundwater impacts. In some cases, the calculated no-impact threshold values may exceed regulatory
standards. For instance, in the High Plains Aquifer, the no-impact threshold of 1,300 mg/L is significantly
higher than the regulatory standard of 500 mg/L for TDS. Also, if there is little variability in background
values there will be a higher likelihood that the threshold values will be exceeded. For instance, in the
Edwards Aquifer, the mean value of pH (6.9) is only a few tenths of a pH point above the ―no-impact‖
threshold of pH 6.6.
Determining the salinity, trace metal, and organic content of reservoir fluids is necessary to make accurate
predictions of the impact to groundwater due to leaking brine. The contaminants of concern will depend
on the characteristics of the reservoir brine, and whether there are significant differences between the
reservoir pore water composition and the drinking water aquifer.
In order to make accurate predictions of the impact of leaking CO2 on aquifer materials, calcite content in
the sediment and/or aquifer rocks should be determined. There is a significant difference in the impact to
pH on the High Plains Aquifer samples with and without calcite present. The Edwards Aquifer limestone,
which consists mainly of calcite, shows a strong capacity to buffer pH changes due to interaction with
CO2.
It should also be determined whether there are other minerals in the aquifer that could dissolve under low
pH conditions and contribute to increased TDS or trace metal concentrations. For instance, the dissolution
of calcite can cause significant increases in dissolved calcium, raising TDS above background levels.
Similarly, the dissolution of galena could cause increases in lead concentrations above background levels.
Measuring the amount and type of clays and the amount of calcite is important for estimating adsorption
capacity and coefficients for trace metals. In the Edwards Aquifer, adsorption on calcite controls the
release of trace metals after exposure to a lowered pH due to CO2 exposure. In a sand and gravel aquifer
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like the High Plains, Fe oxides and hydroxides (such as, goethite and HFO), and clay minerals (such as
illite, kaolinite, and montmorillonite) are important adsorbents.
If organic contaminants are mobilized from the injection reservoir and transported by the leaking CO2 or
brine, then determining the amount of organic matter and biodegradation potential in the aquifer is
necessary in order to predict the persistence of organic contaminants in the aquifer. Establishing the redox
potential of the aquifer is important, because measured biodegradation rates tend to be higher in oxidizing
environments.

5.2 Potential Risk to Groundwater
Over the last decade, a number of studies have been undertaken to assess the impacts of potential CO2
leakage from deep storage reservoirs on the quality of overlying freshwater aquifers. These studies
include natural analogs, field-scale in-situ CO2 injection, and laboratory-scale column and batch studies.
However, the results of the studies are contradictory, as some indicate CO₂ leaks pose a serious risk and
some indicate low levels of risk, while others have found possible benefits related to CO₂ leakage into
groundwater. In an effort to reconcile these differing conclusions and to generate additional sets of data
on this subject, experimental and modeling studies were conducted as part of the NRAP to define
conditions under which impacts to groundwater may be significant.
Data presented in the literature and data collected from laboratory-scale experimental and modeling work
conducted at PNNL and LBNL and supported by NRAP show that the aquifer responses are site-specific.
Results from laboratory experimental work show that data generated from batch experiments often over
predict total changes in the aquifer systems. This is due to the importance of leakage and flow rates, and
because the reactions that control aqueous trace metal concentrations are time dependent (these
concentrations were significantly lower during the flow portions of the column experiments but increased
during stop-flows, indicating dependency on the fluid residence time and/or pH; pH also increased during
the stop-flows). Additionally, both batch and columns experiments tend to be performed with sizesegregated material that is more reactive due to its higher surface area to volume ratio; therefore, both
types of experiments tend to provide more conservative estimates of aquifer impacts.
In this report, we also show that the development of site-specific conceptual and ROMs to describe and
predict aquifer responses is possible. These models can then be used to estimate the degree of impact in
terms of changes in the pH, major, minor, and trace element releases based on aquifer properties (e.g.,
initial aqueous concentration, mineralogy, etc.), changes in solid phase chemistry and mineralogy,
changes in the extent and rate of reactions and processes and the establishment of a new network of
reactions and processes affecting or controlling the overall response, leaking plume characteristics (gas
composition, such as pure CO2 and/or CO2-CH4 -H2S mixtures), and brine concentration and composition.
These models are also able to predict the degree of impact, whether the changes in aquifer are significant
or insignificant, the fate of the elements released from sediments or transported with brine, and the extent
and rate of reactions such as precipitation/incorporation into minerals (calcite and other minerals),
adsorption, electron transfer reactions, and the role of natural attenuation.
Some modeling Application of these models (SA Carroll et al. 2014) and various field studies (Table 3.4)
indicate that results presented in this report and data from the literature estimate that there are cases where
there are may be measurable, long-term impacts to groundwater due to CO2 or brine leaks.
Field-scale models of CO2 and brine leakage, driven by models of CO2 injection into a reservoir and
leakage via abandoned wellbores of varying permeability, for the High Plains Aquifer and shallow, urban
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unconfined portion of the Edwards Aquifer, were used to calculate the volume of the aquifer above
background thresholds due to CO2 leaks of different rates. The volume of the impacted aquifer is very
sensitive to the threshold values assumed; in most cases the regulatory threshold (EPA MCL) is
significantly less limiting than the threshold value indicated by the background variability in aquifer
concentrations, and so groundwater impacts are more pronounced when utilizing these no-impact
thresholds.
When comparing the volumes of each of the two aquifers impacted by elevated trace metal
concentrations, we find that although initial adsorbed trace metal concentrations are lower in the Edwards
sediments than the High Plains sediments, the background variability of the shallow, urban unconfined
portion of the Edwards Aquifer is low compared to the High Plains Aquifer, leaving it more vulnerable to
changes in groundwater quality due to CO2 or brine leakage. A parameter sensitivity analysis shows that
groundwater impacts are more sensitive to the leak rates of CO2 and brine and hydraulic aquifer
characteristics, such as permeability and groundwater flow rate, than to geochemical parameters, such as
mineral dissolution rate, with the exception of the presence of calcite in the aquifer sediments.
A remaining question is whether trace metal releases due to leaking CO2 are harmful. It could be argued
that a small increase in lead concentrations above the ―no-impact‖ threshold values in an aquifer will not
have a measureable health impact. However, EPA MCL thresholds have been established to protect
human health. Long-term increases above the MCL thresholds could therefore have the potential for
negative impacts on human health.
Clearly, the scientific community has not yet reached an agreement on the important issue of deciding
whether the impacts are negative, insignificant, or positive. One reason could be that the degree of
perturbation and response to induced changes is site-specific and a function of inherent aquifer properties
as well as the characteristics of the leaking plume (i.e., gas composition and brine concentration) at the
specific site.
We have considered the risk to groundwater due to changes in pH, TDS, trace metals, and organics. The
risk to groundwater is directly proportional to the mass of CO2 or brine leaked. In many simulations
considered in the NRAP risk analyses, the leaked mass is relatively small and plumes are not likely to be
detected by the pumping of existing groundwater wells (E Keating et al. 2014). However, zones of
lowered pH and elevated TDS and trace metals may persist for decades. Based on biodegradation rates
and sorption coefficients from the literature, organic plumes are not expected to persist in groundwater;
further experimental research is needed to confirm this under site-specific conditions.

5.3 Future Efforts
Over the last two decades, a number of laboratory and field experiments as well as modeling work have
been conducted to study the impact of CO2 and brine leakage on groundwater quality; this greatly
enhances our understanding on the magnitude of such impact and the controlling processes. However,
questions remain and further investigations are required.
One of the remaining questions to be addressed as investigations move to the post-injection site care
period is whether trace metals released during the leakage phase will recover to the background level of
the aquifer and at what times scales this would happen when compared with the recovery of pH and
dissolved CO2 if the leakage were to be detected and stopped. Once the leakage stops, the plume of high
CO2 (dissolved or gaseous) and low pH will be diluted due to mixing with groundwater. As a result, the
gaseous CO2 will dissolve, and eventually, dissolved CO2 will have a very low concentration. While it
may not reach pre-leakage conditions, concentrations may become low enough to make aqueous pH
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return to values close to neutral (or, at least, higher than the EPA MCL of 6.5). Nevertheless, modeling
studies (L Zheng et al. 2015) and laboratory experiments (PM Fox et al. 2014) show that trace metals
have fairly complex behavior in terms of recovery. Further studies are certainly warranted. Numerical
models supported with laboratory experiments should be conducted to address this issue.
Organic contaminants mobilized from the injection reservoir were considered in development of the
groundwater impact models for the High Plains and Edwards Aquifers. However, it is not known how
these contaminants may partition between the CO2 saturated aqueous and air phases as they travel up a
borehole or other leakage path. Experiments are needed to determine how changes in pressure and
temperature along the leakage path will affect phase partitioning of these contaminants. This will impact
their long-term persistence once they arrive in the aquifer. Studies are also needed to determine the extent
and rate of major and minor element release in the leakage pathway (i.e., from deep reservoirs to aquifers)
under conditions of decreasing temperature and pressure.
While ROMs have been demonstrated as an effective tool to evaluate the risk associated with
groundwater, the development of such models is challenging mainly because of the highly non-linear
response of the impacted volume to the change of chemical parameters. For example, if the aquifer
sediments are low in calcite content and calcite is removed due to dissolution, the volume of pH greater
than the threshold changes sharply; this process is difficult to be emulated by ROMs. One potential
solution is to further categorize aquifer conditions and develop ROMs for each condition. Currently,
NRAP has two groundwater ROMs that are based on the Edward and High Plains Aquifers; both are
designed for aquifers with appreciable pH buffering capacity. In the future, a ROM should be developed
for aquifers with limited pH buffering capacity.
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