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ABSTRACT

Geologic CO; sequestration (GCS) is believed to play a critical role for mitigating
CO, emissions. Many geologic carbon storage site options include not only excellent
storage reservoirs bounded by effective seal layers, but also Underground Sources of
Drinking Water (USDWs). An effective risk assessment of potential CO, leakage from
the reservoirs provides maximum protection for USDWSs. A primary purpose of this
dissertation is to quantify possible risks of CO, leakage to USDWs, specifically risks
associated with chemical impacts.

Wellbore provides possible leakage pathways for CO,, and its integrity is a key risk
factor for geological CO, storage. This dissertation firstly presents an analysis on the
impacts of CO, leakage through wellbore cement and surrounding caprock with a gap
(annulus) in between. Mechanisms of chemical reactions associated with cement-CO,-
brine interactions are predicted, and wellbore integrity under CO,-rich conditions is
analyzed with a case study example — the Farnsworth CO, enhanced oil recovery (EOR)
unit (FWU) in the northern Anadarko Basin in Texas.

The second part of this dissertation focuses on quantification of possible risks of CO,
leakage through fractured wellbores to overlying USDWs. To understand how CO; is
likely to influence geochemical processes in aquifer sediments, a response surface
methodology (RSM) with geochemical simulations is used to quantify associated risks.

The case study example for this analysis is the Ogallala aquifer overlying the FWU.



Increased CO, concentrations in shallow groundwater aquifers could result in release
and mobilization of toxic trace metals. This dissertation also presents an integrated
framework of combined batch experiments and reactive transport simulations to quantify
trace metal mobilization responses to CO, leakage into USDWSs. The mechanisms of
trace metal mobilization are elucidated, and the key parameters are quantified. The case
study includes elevated CO, conditions at the Chimayo site in northern New Mexico, a

natural analog with CO, upwelling.
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CHAPTER 1

INTRODUCTION

Global warming and climate change are known to be caused by emissions of
greenhouse gases (CO,, CH4, N2O, etc.) into the atmosphere, at least in part. Carbon
dioxide (CO,) is the primary greenhouse gas emitted through human activities (EPA,
2017). From 1990 to 2015, total gross U.S. CO, emission increased by 5.6 %, with about
5,410 million metric tons (MMT) of CO, emitted in 2015 (EPA, 2017). Fossil fuel
combustion from centralized sources contributes up to 93% of the total CO, emission
(EPA, 2017).

To avoid further global warming, reducing CO, emission, especially from stationary
sources such as power plants, is desirable. Carbon capture, utilization, and storage
(CCUS) technologies are believed to play a critical role for mitigating such CO,
emissions (Litynski et al., 2013; NETL, 2015). Geologic CO, sequestration (GCS), as
one of the sequestration options, has gained much attention because of its feasibility and
capacity (Bachu, 2000). Enhanced Oil Recovery (EOR) with CO, (CO,-EOR), as one of
the GCS targets, offers the potential economic benefit of increased oil production, which
may offset some costs of CO, capture and storage, and has become a promising method

for CCUS (IPCC, 2005).



1.1 Potential Risks of CO, Leakage

CO; leakage through caprock or wellbores from CO, storage reservoirs (sealing
integrity) is considered as a key risk factor by many studies, and wells are identified as a
greater risk than geological features such as faults and fractures (Bachu and Watson,
2009; Viswanathan et al., 2008; Wigand et al., 2009). Wells in oil fields are usually
completed with Portland cement as sealing material with portlandite (Ca(OH),) and
calcium-silicate-hydrate (CSH) as the main components (Scherer et al., 2005). When
attacked by CO,, portlandite and CSH would degrade sequentially and form calcite and
hydrated silica gel, which may impact the cement structural integrity (Carey et al., 2007;
Kutchko et al., 2007).

Most GCS sites are overlain by groundwater aquifers. Another major concern of
CCUS application is the risk of CO, leakage from deep sequestration reservoirs through
highly-permeable zones into overlying Underground Sources of Drinking Water (USDW).
CO;, itself is not hazardous to water quality, but increased CO, concentrations in shallow
groundwater aquifers could reduce pH and enhance geochemical reactions between
groundwater and aquifer sediments, resulting in release and mobilization of toxic trace
metals (Little and Jackson, 2010; Zheng et al., 2009).

Multiple environmental variables such as wellbore properties, aquifer geology,
mineralogy, and groundwater chemistry play an important role in the responses of
wellbores and groundwater to CO, leakage (Bacon et al., 2014; Carroll et al., 2016; Frye
et al., 2012). These geological variables suggest site-specific uncertainty/risk assessment
is essential for safe and effective application of carbon sequestration (Little and Jackson,

2010; Wilkin and Diguilio, 2010).



1.2 Research Approaches

Specific research interests of impacts of CO, leakage include CO, leakage rate
assessment, CO,-wellbore cement interactions, impacts of CO, leakage into overlying
USDWs, and early detection criteria. To date, most research on such assessments rely on
lab-scale experiments (Bachu and Bennion, 2009; Frye et al., 2012; Little and Jackson,
2010), field-scale tests (Carey et al., 2007; Yang et al., 2013; Zheng et al., 2012), and
numerical modeling (Bacon et al., 2016; Carey and Lichtner, 2007; Viswanathan et al.,
2012). However, these approaches have their own disadvantages. For example, lab-scale
experiments are usually conducted under ambient pressure and temperature, and with
well-mixed water-sediment systems, the water-rock-CO; interactions are not fully
representative of geochemically heterogeneous sediment system with flow (Trautz et al.,
2013; Yang et al., 2014); field-scale tests are often with a longer experimental cycle, and
the test water tends to mix with local groundwater which might affect the results (Mickler
et al., 2013); simulations results are not necessarily representative of a realistic case
because simplified models are usually used (Yang et al., 2014).

To overcome the defects of these study approaches listed above, modeling approaches
combined with laboratory/field observations and site-specific uncertainty assessments are
of interest for safe and effective application of carbon sequestration in recent research
(Wilkin and Diguilio, 2010). Carey et al. (2007) collected one cement core sample
recovered from a well exposed to CO,-rich brine at the SACROC CO,-EOR site, which
provides an opportunity to investigate the performance of CO,-cement interaction with a
real case calibration. Carroll et al. (2014) discussed the probability of detecting a CO,

leakage plume into groundwater aquifer with multi-phase flow and reactive transport



simulations combined with reduced order models. They also introduced “impact
thresholds” for a no-impact contaminant level based on site-specific data, which is easier
for assessing the site-specific groundwater quality change. Yang et al. (2014) developed
an inverse multicomponent geochemical modeling approach to interpret responses of
water chemistry to the introduction of CO; into a set of laboratory batch reactors
containing carbonate-poor and carbonate-rich potable aquifer sediments.

In this dissertation, modeling approaches calibrated with laboratory and field
observation data and uncertainty assessments are applied to quantify uncertainty and
forecast the responses of wellbore cement and overlying USDWs to CO, leakage from
the reservoir. Results of this study are intended to improve ability to quantify risks

associated with potential leakage of CO, from reservoirs.

1.3 Overview

Geologic carbon storage site options usually include not only storage reservoirs
bounded by effective seal layers, but also Underground Sources of Drinking Water
(USDWs). An effective risk assessment of potential CO, leakage from the reservoirs
provides maximum protection for USDWs. A primary purpose of this dissertation is to
quantify possible risks of CO, leakage to USDWs, specifically risks associated with
chemical impacts. This dissertation contains five chapters, including an introduction,
three published journal articles, and a general conclusion.

Chapter 1 (this chapter) introduces the concepts of CCUS, GCS, CO,-EOR, and
potential risks of CO, leakage from a storage reservoir. The significance of uncertainty

analysis by combining simulation and experimental/field observation data is also



emphasized in this chapter.

In Chapter 2, impacts on wellbore integrity under CO,-rich conditions within an
operational time scale are analyzed, and mechanisms of chemical reactions associated
with cement-CO,-brine interactions are also discussed. Key parameters for cement-CO,
interactions are verified with a cement core sample exposed to CO, for 30 years. The
uncertainty of wellbore integrity is also analyzed for the Farnsworth CO, enhanced oil
recovery (EOR) unit (FWU) in the northern Anadarko Basin in Texas.

Chapter 3 applies an effective risk assessment to quantify possible risks to USDWs,
specifically risks associated with chemical impacts on USDWs by reduced order models
(ROM). The case study example for this analysis is the Ogallala aquifer overlying the
FWU, and water chemistry factors for early detection criteria are also identified.

In Chapter 4, an integrated framework of combined batch experiments and reactive
transport simulations is developed to quantify water-rock-CO, interactions and arsenic
(As) mobilization responses to CO, and/or saline water leakage into USDWs. This study
is intended to improve ability to quantify risks associated with potential leakage of
reservoir fluids into shallow aquifers, in particular the possible environmental impacts of
As mobilization at carbon sequestration sites.

Chapter 5 summarizes the general conclusions and recommendations for all three

chapters presented in this dissertation.
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CHAPTER 2

QUANTIFICATION OF CO,-CEMENT-ROCK INTERACTIONS AT
THE WELL-CAPROCK-RESERVOIR INTERFACE AND

IMPLICATIONS FOR GEOLOGICAL CO; STORAGE

Reprinted from International Journal of Greenhouse Gas Control 63, Ting Xiao, Brian
McPherson, Amanda Bordelon, Hari Viswanathan, Zhenxue Dai, Hailong Tian, Rich
Esser, Wei Jia, William Carey, Quantification of CO,-cement-rock interactions at the
well-caprock-reservoir interface and implications for geological CO, storage, 126-140,

2017, with permission from Elsevier. https://doi.org/10.1016/j.ijggc.2017.05.009.
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Carbon dioxide (CO,) leakage through wellbores and surrounding caprock from CO,
storage reservoirs is considered as a key risk factor for geological CO, storage. Carbon
dioxide can react with wellbore cement, and with the degradation of the cement, it might
lose its structural integrity and provide extra leaking pathways for CO.. It is important to
investigate the performance of CO,-cement interactions and analyze the potential risks
for CO;, leakage through wellbore cement.

In this chapter, we analyze the impacts of CO, leakage through wellbore cement and
surrounding caprock with a gap (annulus) in between. Key parameters for cement-CO,
interactions are verified with the cement core sample from the SACROC Unit exposed to
CO, for 30 years, and such parameters are used in our reactive transport simulations for
forecasting the wellbore structural integrity. The Farnsworth Unit (FWU), an oilfield in
the northern Anadarko Basin in Texas undergoing active CO, enhanced oil recovery

(EOR), is selected as a case study.
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ARTICLE INFO ABSTRACT

Keywords: Wellbore integrity is a key risk factor for geological CO, storage. A primary purpose of this study is to analyze the
Wellbore integrity impacts of CO, leakage through wellbore cement and surrounding caprock with a gap (annulus) in between. Key
CO, leakage parameters for cement-CO, interactions were verified with a cement core sample from the SACROC Unit exposed

Cement-caprock interface

- to CO,, for 30 years. These parameters and other data served as the basis of reactive transport model simulations.
Reactive transport simulation

The case study example for this analysis is the Farnsworth CO, enhanced oil recovery (EOR) unit (FWU) in the
northern Anadarko Basin in Texas. Specific objectives of this study are: (1) to analyze impacts on wellbore
integrity under CO,-rich conditions within an operational time scale; and (2) to predict mechanisms of chemical
reactions associated with cement-COy-brine interactions.

Simulation results suggest that cement tortuosity and diffusion coefficient are the two most important
parameters that dictate cement carbonation penetration distance. Portlandite (Ca(OH),) reacts with CO, and
forms calcite, reducing porosity, in turn directly impacting CO- leakage rates by infilling pathways. Simulated
calcium-silicate-hydrate (CSH) degradation is limited, suggesting that a wellbore will maintain its integrity and
structure under the considered conditions. Simulations also suggest that sulfate concentration < 2500 mg/L in
the leaking brine would not cause monosulfate degradation. Without an existing fracture, CO, will likely not
enter the caprock, and the cement would not degrade accordingly. For the FWU specifically, the wellbore cement
would likely keep its structure and integrity after 100 years. However, if a fracture exists at the cement-caprock
interface, calcite dissolution in the limestone caprock fracture could occur and increase the fracture volume, a
concern for caprock integrity.

1. Introduction

Carbon capture, utilization, and storage (CCUS) technologies are
believed to play a critical role for mitigating CO, emissions from
stationary sources (Litynski et al., 2013; NETL, 2015). Particularly,
COs-enhanced oil recovery (CO-EOR) with CO, injected into oil
reservoirs is a well-established and relatively mature technology that
offers potential economic benefits of increasing oil production and
reducing the cost of CO, storage (NETL, 2012; Dai et al., 2014, 2016).
CO,, leakage through caprock or wellbores from CO, storage reservoirs
(sealing integrity) is considered as a key risk factor by many studies,
and wells are identified as a greater risk than geological features such as
faults and fractures (Bachu and Watson, 2009; Viswanathan et al.,
2008; Wigand et al., 2009).

Wells in oil fields are usually completed with Portland cement as
sealing material (Scherer et al., 2005). After hydration, portlandite (Ca
(OH),) and calcium-silicate-hydrate (CSH) become the main compo-
nents that react with CO, to form calcite and hydrated silica gel (Bertos
et al., 2004; Kutchko et al., 2007). Reactions of cement carbonation
(degradation) are summarized in Egs. (1)<(4) (Kutchko et al., 2007).
This process is a complex function of the cement properties (density,
alkalinity and others), fluid dynamics, reaction kinetics, and stress state
of the wellbore environment (Carey et al., 2010; Carroll et al., 2016; Li,
2011). In particular, portlandite and CSH are dissolved sequentially,
and with the calcite (CaCO3) precipitation, porosity and permeability
decrease to provide a less permeable front to the acid attack. After
portlandite has been depleted, CSH starts to react with CO, and form
hydrated silica gel, which may impact the cement structural integrity

* Corresponding author at: Department of Civil and Environmental Engineering, University of Utah, Salt Lake City, UT, 84112, USA.

E-mail address: b.j.mcpherson@utah.edu (B. McPherson).

http://dx.doi.org/10.1016/j.ijggc.2017.05.009
Received 24 February 2017; Received in revised form 4 May 2017; Accepted 12 May 2017
1750-5836/ © 2017 Elsevier Ltd. All rights reserved.
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(Carey et al., 2007; Kutchko et al., 2007).

COyuq) + H,0 - HCOZ + H* (1)
Ca(OH)y,) — Ca®* + 20H 2
Ca** + HCO3 + OH™ - CaCOs5) + H,0 3)
H* + CSH5) —» Ca®* + H,0 + Si0, H, Oy, 4

Wellbore cement integrity and cement-CO, interactions under CO,-
rich environment were studied via experiments (Bachu and Bennion,
2009; Carey et al., 2010; Huerta et al., 2016; Kutchko et al., 2007,
2008; Li et al,, 2015; Rimmelé et al., 2008; Wigand et al., 2009),
simulations (Cao et al., 2015; Carey and Lichtner, 2007; Huet et al.,
2010; Viswanathan et al., 2008; Wertz et al., 2013), and field analyses
(Carey et al., 2007). Specific research interests of these studies include
possible degradation mechanisms and reaction pathways, CO, penetra-
tion rate and wellbore integrity, and geological variables that impact
CO,-cement interactions. In particular, the cement core sample recov-
ered from a well exposed to COx-rich brine at the SACROC CO»-EOR site
(Carey et al., 2007) provides an opportunity to investigate the
performance of CO,-cement interaction with a real case. The uncer-
tainties of the reservoir and cement properties (such as interface
between CO, and cement, the size of opening to let CO5 access, brine
composition, reaction kinetics, and diffusion/advection) require sensi-
tivity/uncertainty analysis with site-specific conditions and further
quantifications of the roles of these factors. Carey et al. (2007) applied
a one-dimensional model and considered tortuosity and porosity of the
cement with mineral reaction rates as key variables controlling the
reactions. However, the process of fluid migration upwards was
neglected in their study. We suggest that it is appropriate to predict
how far CO, could migrate (the sample was taken from 4 to 6 m above
the reservoir). The Carey model also neglected the impact of brine
composition (brine is flowing in the reservoir with various composi-
tions at different locations) and the possible concentration of CO, in the
brine. Thus, we suggest that a 2-D (at least) model is necessary to
discuss the impacts of upward migration of CO, and the brine
composition to cement degradation.

To understand the mechanisms of cement degradation under CO,
sequestration conditions in CO,-EOR reservoirs, geochemical models of
wellbore cement-caprock-reservoir interface were developed. Specific
objectives of this study include: (1) to understand how CO, is likely to
influence wellbore cement degradation and wellbore integrity; (2) to
analyze the effects of possible uncertainty parameters that control
reaction characteristics; and (3) to verify/calibrate the numerical
simulation model with results from the SACROC field study and to
confirm that numerical modeling is an effective tool for forecasting
wellbore cement-CO,-brine interactions in other cases. Finally, the
Farnsworth Unit (FWU), an oilfield in the northern Anadarko Basin in
Texas undergoing active CO, enhanced oil recovery (EOR) is selected as
a case study. However, because we do not have cement samples from
the FWU, we assigned cement material parameters based on the
SACROC sample because both of the two sites use Portland cement
for well casing. All simulations were performed with TOUGHREACT V2
(Xu et al., 2011) and an equation of state for multiphase CO, and brine,
ECO2N (Pruess, 2005).

2. Methods
2.1. The SACROC Unit

The SACROC Unit is located in the Permian Basin, western Texas
(Vest, 1970). The Wolfcamp Shale Formation of the lower Permian
forms the low permeability caprock above the Pennsylvanian limestone
Cisco and Canyon formations of the reservoir at about 2400 m depth,
with an average 240 m in thickness (Han et al., 2010; Jia et al., 2016;
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Table 1
1-D model grid specifications.

Rock domain Number of elements Thickness (mm) Grid name

Cement 4 10 All11 — All 4
Cement 10 1 All5 — Alll4
Fracture 2 2 All115 — Allle
Fracture 1 4 Al1117
Fracture 1 8 Al1118
Fracture 1 20 Al1119
Fracture 1 50 Al1120
Fracture 1 120 A1121

Jia et al., 2017). The reservoir temperature is about 54 °C, and the
pressure is about 18 MPa (Carey et al., 2007). The operational well
focused on by Carey et al. (2007) was drilled in 1950 with Portland
cement, and was exposed to CO, since 1975 during a 17-year CO,
injection. The core sample of the wellbore cement and caprock was
collected after 30 years of CO, exposure.

2.2. SACROC simulation verification

To reproduce and extend the simulation results of Carey et al.
(2007), a one-dimensional model was created. The initial and boundary
conditions were mostly based on the design and specifications discussed
in Carey et al. (2007) and Carey and Lichtner (2007). The model
included 0.05m CO,-free cement (porosity = 30%, permeabili-
ty = 107 m?) adjacent to a 0.2 m CO, saturated shale-fragment zone
(porosity = 70%, permeability = 107"*m?* with 21 grid cells
(Table 1, Fig. 1). Simulation thermodynamic conditions included
18 MPa pressure and 50 °C temperature, to mimic in-situ conditions.
Note that 25 °C temperature was assigned by Carey et al. (2007) and
Carey and Lichtner (2007), and we deviated from this specification.
Cement tortuosity was set at 0.0004 (Carey et al.,, 2007), and the
diffusion coefficient for aqueous species was set at 10 ~° m?/s (Gherardi
et al., 2007). Molecular diffusion was considered as the only mechanism
for mass transport in this case.

The van Genuchten-Mualem model and Corey’s model were selected
for aqueous and gas relative permeability calculations, respectively; the
van Genuchten function was selected for capillary pressure calculations
(Pruess et al., 2012). Specific settings for this model are summarized in
Table 2.

The initial cement and fractured caprock mineralogy is summarized
in Table 3. The Ca/Si ratio for CSH used in this study was 1.7 (Allen
et al., 2007), which was slightly different than the Ca/Si = 1.77 used in
Carey and Lichtner (2007). Mineral reaction rates were determined by
reaction kinetics and mineral surface area in this study. Rather than
neglecting the surface area of minerals (Carey et al., 2007), both kinetic
rate law and surface area were considered. Assuming spherical grains of
the minerals, specific surface area (SSA) of each mineral was calculated
by (Labus and Bujok, 2011):

A-v
V-MW

SSA = )
where A is spherical area, v is molar volume, V is sphere volume, and
MW is molecular weight. Molar volume and molecular weight of each
mineral were obtained from EQ3/6 database (Wolery, 1992). In this
study, the mineral surface areas were changed to analyze their impacts
on geochemical reactions. In the verification case, minerals were
assumed as spheres with 1 mm diameter. The brine in the shale was
set to equilibrium with saturated CO,, according to the initial fluid
composition assessed by Carey and Lichtner (2007). The initial cement
fluid chemistry was also calculated for equilibrium conditions of
cement minerals. The initial fluid compositions are summarized in
Table 4.

Porosity and permeability may change due to the mineral precipita-
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Fig. 1. The 1-D conceptual model set-up.
Table 2 2007; Wertz et al., 2013). In this study, CO, flow was considered to be

Relative permeability and capillary pressure function settings (Gherardi et al., 2007).

Relative permeability

Rock domain A Sie Sis Sgr
Cement 0.457 0.3 1.0 0.05
Fracture 0.457 0.3 1.0 0.05

Capillary pressure

Rock domain A Si Sis 1/Pg Prax
Cement 0.457 0.0 0.999 1.6 x 1077 10®
Fracture 0.457 0.0 0.999 51 % 107° 107

tion/dissolution. In the simulations of this study, permeability change
was approximated via porosity change as (Xu et al., 2012):

ifg)
& 6)

where k; and ¢; are the initial permeability and porosity, and k and ¢
are the modified permeability and porosity, respectively.

2.3. Impacts of key variables

It is likely that CO, diffusion from a fracture is the most significant
transport process when it degrades the wellbore cement (Carey et al.,

Table 3
Summary of simulated initial mineral abundance and reaction rate constants.

controlled by diffusion. Diffusivity, mineral particle size (surface area),
permeability of cement and fractured caprock, fractured caprock
porosity, boundary conditions and brine chemistry were considered
as the subject factors for a sensitivity analysis of CO,-cement reaction
characteristics. The model applied for the sensitivity analysis was the 1-
D model described in the previous section (Table 1), with specific initial
conditions listed in Table 5. Specifically, different mineral sizes
considered in this study were set within the range of cement particle
sizes (Sobolev and Gutiérrez, 2005). The base case followed the settings
of the simulation of Carey et al. (2007). Reasons for these specific
settings of diffusivity and brine chemistry are discussed in the following
sections.

2.3.1. Diffusivity for aqueous species

In general, molecular diffusion plays a significant role when
advective flow across the cement is insignificant. In the case of wellbore
cements exposed to CO,, advection is insignificant unless fractures are
present, and thus diffusion was explicitly included in all simulations.
Diffusive flux of chemical mass is proportional to the concentration
gradient and diffusion coefficient (Fick’s law):

f=—-dvC @)

where f is the diffusive flux, d is effective diffusivity, and C is the
concentration of the subject ion. In the subsurface, diffusion occurs
within a porous medium, and the tortuosity of the flow path increases
the diffusion distance, thus tortuosity (¢) and porosity (¢) of the porous

Mineral Volume fraction (% of solid) Kinetic rate law Source®
Neutral Acid Base
k25 (mol/(m?s)) Ea (kJ/mol) k25 Ea n(HT) k25 Ea n(HY)
Shale
Tllite 66.0 1.660 x 107 "° 35.0 1.047 x 107" 236 034 3.020 x 1077 589  —0.40 1
Quartz 22.0 1.259 x 10714 87.5 1
Albite 4.4 2.754 x 107 "2 69.8 6.920 x 10~ 650  0.457 2510 x 107'*  71.0 —0.472 1
Kaolinite 3.3 6.918 x 1071 222 4898 x 107'* 659  0.777 8912 x 107" 179 0472 1
Calcite 2.2 1.600 x 10~° 235 0.501 144 10 1
Dolomite 2.2 2,951 x 107# 52.2 6.456 x 10~* 36.1 05 1
Cement
CSH 54.1 1.000 x 1072 38.0 2
Portlandite 22.0 1.000 x 107° 1.122 3
Monosulfate 19.3 1.14 x 1072 40.0 3
Kaotite 4.7 1.600 x 107 '# 0.0 5.940 x 107° 0.0 0.275 4
Secondary
8i0, (am) 0.0 3.66 x 1071 73.06 1
Gypsum 0.0 1.620 x 1072 0.0 1
Gibbsite 0.0 3.160 x 107'? 61.2 2240 x 1078 475 0.992 2240 x 1077 80.1 -0.784 1
Friedel’s Salt 0.0 1.000 x 1072 0.0 5
Ettringite 0.0 1.14 x 1072 40.0 2
Brucite 0.0 5.750 x 10~° 42.0 1.860 x 10~° 59.0 0.5 1
Dawsonite 0.0 1.000 x 1077 62.8 1
Magnesite 0.0 4570 x 10710 235 4170 x 1077 144 1.0 1

# Source: 1 Palandri and Kharaka (2004); 2 Baur et al. (2004); 3 Regnault et al. (2009); 4 Wertz et al. (2013); 5 Carey and Lichtner (2007).
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Table 4
Initial fluid compositions assigned in the simulations (unit: mol/kg).
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Name Concentration in shale Concentration in cement Name Concentration in shale Concentration in cement
PH (unitless) 5.69 11.66 Ca®" 1.4 x 1073 58 x 1077
Mgt 7.3 % 10°% 1.0 x 1077 Na* 1.3 1.0 x 1072
K* 11 % 107" 1.0 x 107 Fe** 1.0 x 107" 5.3 x 107'?
Si0; (aq) 1.0x10°? 1.0x10°% HCO,™ 1.7 27 % 107°
NO3 ™~ 1.0 x 107" 1.0 x 107" 50,77 59 %107 33x107°
cl- 1.7 1.0 x 107'2 AlO,™ 23 x 107" 1.5 % 1077
Table 5
Simulated cases for the reaction characteristics analysis.
Mineral size Shale Cement Cement diffusion coefficient Cement Shale permeability CO; source Shale length
(mm) porosity tortuosity (aqueous) (m?/s) permeability saturation ({cm)

Base 1 0.7 0.0004 107° 10-" 10°12 0 20
Tortl 1 0.7 0.04 107° 107" 1071 0 20
Tort2 1 0.7 0.004 10°° 1077 1071 ] 20
Tort3 1 0.7 0.00004 10°° 10" 107" 0 20
Tort4 1 0.7 Default 107° 107" 10" 0 20
Diff1 1 0.7 0.0004 107 10747 1071 0 20
Diff2 1 0.7 0.0004 10" 1077 107" ] 20
SSA1 0.1 0.7 0.0004 1077 107" 107" 0 20
SSA2 0.01 0.7 0.0004 107° 1077 1071 ] 20
Bound1 1 0.7 0.0004 107° 107 10" 0 o
Bound2 1 0.7 0.0004 107° 10~" 10" 0 1
Porol 1 0.3 0.0004 107° 107" 107 0 20
Poro2 1 0.09 0.0004 107° 107 10712 ] 20
Perm1 1 0.7 0.0004 107° 10718 1071 0 20
Perm2 1 0.7 0.0004 10~° 10" 107 0 20
sgl 1 0.7 0.01 1071 1077 1074 0 20
Sg2 1 0.7 0.01 101" 10717 1071 0.3 20
Sg3 1 0.7 0.01 107" 10~ 107" 0.5 20
Sg4 1 0.7 0.01 1071 107" 1071 0.9 20
Cheml-11 1 0.7 0.0004 10°° 10-"7 1071 0 20

media must be considered (Ingebritsen et al., 2006), The multiphase
diffusion equation solved by TOUGHREACT is (Pruess et al., 2012):
Iy = —drotppedi VX5 ®
where ¢ is porosity, a7y is the tortuosity that includes a porous medium
dependent factor 7y and a coefficient that depends on phase saturation
Sp, 5 = 1p(Sp), pg is density, dy" is the diffusion coefficient of compo-
nent « in bulk fluid phase j, and X" is the mass fraction of component x
in phase f.

If no tortuosity factor is assigned explicitly, a porosity and satura-
tion-dependent tortuosity are calculated internally (Pruess et al., 2012)
via
Ty = S @

In this study, initial porosity of the cement was assigned to be 0.3
(Carey and Lichtner, 2007), initial water saturation was considered
100%, and tortuosity by default under this condition was ~0.6 (Eq.
(9)). Therefore, an order of magnitude of tortuosity, ranging between
1075 and 6 x 10~', was considered in this study.

Diffusion flux also depends on the diffusion coefficient. Although
the diffusion coefficient depends on ion charge and radius, typical
values range between 10~ '°~10® m%/s for aqueous species in water
(Ingebritsen et al, 2006) and 10~ '*-10"®m?/s in fractured rocks
(Zhou et al, 2007); 10”°m?/s has been assigned in previous
TOUGHREACT simulation studies (Gherardi et al., 2007). Goto and
Roy (1981) calculated diffusion coefficients of ions in hardened cement
pastes for temperature ranging between 27 and 60 °C, and the resulting
values ranged between 107" to 107 '® m%/s. In this study, therefore,
diffusion coefficient for aqueous species was assigned the range of
107 "'-10"% m?/s.
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2.3.2. Diffusivity for gaseous CO>

When injected with CO,, supercritical CO, may be trapped in the
reservoir underneath a sealing formation (usually called “structural
trapping” or “stratigraphic trapping”), especially in the first few
decades, near injection wells (IPCC, 2005). Supercritical free gas phase
may easily leak via buoyant flow through a fractured caprock with a
higher permeability (Tian et al, 2014). Therefore, gaseous CO,
diffusion is the primary transport mechanism for facilitating cement-
CO, interactions. In this study, gaseous CO, saturations (Sg) of 0.0, 0.3,
0.5 and 0.9 were analyzed with the 1-D model (Table 1), and a specific
location Point A (Fig. 1) was considered as a CO; source boundary. The
initial gas saturation of Point A was considered to be an uncertainty
parameter, and no CO, was dissolved in the fractured caprock brine
initially. Studies on gas diffusivity in cement (Houst and Wittmann,
1994; Sercombe et al., 2007) show the effective diffusion coefficient
range 10~ *-10~° m?/s, depending on different parameters such as
water saturation and porosity. Diffusion coefficient for gaseous species
(CO5 here) was set with 10~ ® m?/s accordingly, diffusion coefficient for
aqueous species was set with 10™"" m?/s, and tortuosity was set with
0.01 for cement. Other parameters are summarized in Table 5.

2.3.3. Reservoir brine chemistry

Mineral composition in the reservoir affects the brine composition
and salinity (Moller, 1988). However, the time for mineral and brine to
reach equilibrium is relatively long. With the impacts of mineral
heterogeneity, regional flow, and water injection for enhanced oil
recovery, brine composition and salinity can vary tremendously within
a reservoir (Tang and Morrow, 1999). Brine composition also affects the
solubility of CO, (Enick and Klara, 1990) and may further impact the
process of cement carbonation when leaking brine is exposed to
cement.

To assess potential impacts of reservoir brine chemistry on cement-
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Table 6
Selected brine chemistry of monitoring data from the SACROC Unit (unit: mg/L).

TDS Na* c- K* ca?* Mg?* $0,2~

Chem1 10822 4195 5707 0 0 0 0
Chem2 10447 3202 5735 0 538 127 217
Chem3 28984 8847 17230 0 1805 319 493
Chem4 40037 12832 23909 0 1946 446 624
Chem5 55110 18059 31125 0 2486 376 2554
Chem6 70271 21047 42710 145 4572 907 562
Chem? 85438 28718 50851 0 3112 839 1672
Chem8 100022 28898 61303 245 7331 1420 652
Chem9 114178 34754 69938 0 7101 1504 669
Chem10 130128 38407 80000 350 8620 1975 591
Chemll 145121 46022 88901 0 7832 1582 692

CO,-brine interactions, 11 different brine chemical compositions (with
salinity varied between 1.0-14.5%, shown in Table 6) were chosen
from the USGS database (Blondes et al., 2016) based on over 200
specific data points for the SACROC reservoir. Iron and aluminum
concentrations from this reservoir were negligible with non-detected
values; pH and HCO;3;~ were calculated with saturated CO,. The same 1-
D model described in Section 2.2 was simulated. To simulate the
process of CO,-saturated brine migration through the fracture to the
cement (Point A to Point B on Fig. 1), the initial water chemistry of
point A on Fig. 1 (the inflow boundary) was modified to be CO,
saturated brine, and no CO,; was dissolved in the fractured caprock
initially. Molecular diffusion was considered as the primary mechanism
for dissolved CO,, transport. The results corresponding to the grid point
adjacent to shale-fragment (the cement-fracture interface, point B on
Fig. 1) were of specific interest. The simulation duration was 100 years
to ensure the time for mineral-brine-CO,, interactions.

2.4. Two dimensional simulation

To evaluate the impacts of upward CO, migration on cement
degradation, a 2-D radial model was developed to simulate CO, leakage
pathways and reactions with cement at the wellbore-reservoir-caprock
interface (Fig. 2). Because cement degradation at the cement-casing
interface was limited (Carey et al., 2007), casing was not included in
our model. The domain is 10 m in depth and ~20 cm in radius, with
805 (24 x 35) grid cells. The formations (specific model domain
sections) from the central line of this domain include 10 cm casing
(not included in this model), 5 cm cement (¢ = 0.3), 0.5 cm fracture
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Fig. 2. The 2-D model set-up.
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(¢ = 0.7), and 2.6 cm caprock (¢ = 0.08). Initial temperature was set
to 50 °C throughout the domain, and the temperature difference could
be ignored within 10 m depth near the reservoir. Initial pressure was set
at 18 MPa at the domain bottom with a hydrostatic gradient assigned
within other layers. A constant pressure CO, source was assigned at the
bottom of the domain, and a constant pressure boundary was set at the
upper corner of the caprock formation. Other boundaries were set as
no-flux conditions. Initial water chemistry and mineral assignments
were identical to those described in previous sections. The simulation
duration was 100 years.

2.5. Reaction kinetics of cement minerals

Because CSHs with highly disordered structures do not exhibit a
stable formula, their thermodynamic properties are not fully under-
stood (Kulic and Kersten, 2001). Soler (2007) reviewed the main
methodologies for calculating CSH dissolution equilibrium constant
(logK), which is an important parameter for numerical simulations to
understand the evolution and degradation of hydrated cement. In this
study, amorphous SiO, (am), tobermorite (5Ca(OH),:6SiO55H,0),
jennite (10Ca(OH)»6Si0,-6H,0), and portlandite were chosen as end-
members to decide reactive constants for CSH dissolution with various
Ca/Si ratios (Kulic and Kersten, 2001). This method was also applied by
Soler et al. (2011) for a study on water-cementitious grout reactions in a
fractured rock. The molecular weight was calculated with the stoichio-
metry formula and the molecular surface area was according to
Lothenbach and Winnefeld (2006). The formula and equilibrium
constants for CSH used in this study at 25 °C are shown in Table 7.

3. Results
3.1. SACROC simulation verification

Fig. 3 shows selected simulated mineralogy and pH profiles across
the carbonation zone after 30 years. At the cement-shale interface,
portlandite is consumed with the attack of CO,. Meanwhile, pH drops
significantly from ~12 to ~6 and calcite precipitates. CSH and katoite
show negligible consumption, with insignificant SiO, and gibbsite
precipitation accordingly. These simulation results suggest that well-
bore Portland cement will not lose its integrity after 30 years CO,
exposure. We infer that the penetration depth of calcite precipitation
represents the depth of CO, intrusion (and this is < 1cm). The
simulation results of this verification case generally reproduce the
results of Carey et al. (2007), but with slightly different specific results;
such might be due to the difference of initial conditions and reaction
kinetic parameters. Significant amounts of CSH dissolve to form
secondary CSH and amorphous silica in the simulation results of
Carey et al. (2007), but this outcome is not as significant in our
simulation results. This might be due to different mineral reaction
kinetics used in the two studies. However, it is difficult to authenticate
simulated results by samples from the field because they all exhibit

Table 7
Equilibrium constants (logK) and stoichiometric coefficients for CSH.

logK (25 °C) Stoichiometric coefficients

Ca*” Si0; HY H,0
CSH_02 1.9648 0.23 116 —0.46 0.69
CSH_04 6.4767 0.56 1.39 —-1.12 1.68
CSH_06 13.271 1.03 1.72 —2.06 3.09
CSH_08 24.631 1.82 2.27 —3.64 5.46
CSH_10 14.583 1.00 1.00 —2.00 2.86
CSH_12 18.801 1.20 1.00 —2.40 331
CSH_14 23.124 1.40 1.00 —2.80 3.75
CSH_17 28.634 1.70 1.00 —3.40 5.70
CSH_20 29.133 2.00 1.00 —4.00 6.00
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Fig. 3. Selected mineralogy and pH profile across the carbonation zone at 30 years.
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Fig. 4. Calcite precipitations across the carbonation zone at 5, 10, 30, 50 and 100 years.

amorphous status. When CSH reacts with CO,, hydrated silica/CSH
with decreased Ca/Si ratio will occur, causing porous and weakened
structure and loss of integrity (Kutchko et al., 2007). The core samples
from the SACROC Unit showed no such structure loss, which could
indicate that the degradation of CSH was not significant. Fig. 4 shows
calcite precipitation during 100 years of simulated CO, exposure. The
CO,, intrusion rate decreases with time because porosity and perme-
ability decreases with calcite precipitation, which in turn reduces
further chemical reactions between cement and CO,.

3.2. Impacts of key variables on cement-CO5 saturated brine interactions

Under diffusive-controlled mass transport conditions, many differ-
ent variables may induce uncertainty, including cement diffusivity,
mineral reaction rates, permeability of cement and fractured caprock,
boundary conditions, porosity of the fractured caprock, and chemical
composition of leaking brine. A total of 30 cases (Tables 5 and 6) were
simulated to test the impacts of these variables during cement-CO4
saturated brine interaction. Fig. 5 shows simulated calcite and porosity
across the carbonation zone at 30 years with different initial conditions
of key variables. Permeability of cement and fractured caprock does not
affect CO, intrusion into wellbore cement when molecular diffusion is
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the dominant flow mechanism. For sake of brevity, we do not show the
results for cases of different permeability.

With the rate constant coefficient (k,s) set as a constant value, the
assigned mineral surface area will dictate the reaction rate (e.g. smaller
particle size, larger surface area and faster reaction rate). Simulated
results indicate (Fig. 5(a)) that with decreasing particle size of cement
from 1 mm to 0.01 mm, calcite precipitation and porosity reduction is
more significant at the cement-fractured caprock interface (calcite
volume fraction increases from 17% to 23%). However, the depth of
CO; intrusion is not affected by different cement particle sizes because
CO,, barely penetrates the surface when diffusion dominates. For larger
volumes of CO, saturated shale at the domain boundary, deeper cement
carbonation takes place (Fig. 5(b)). However, comparing the base case
(20 cm in length of shale fragment) and the boundary with constant
CO,-saturated brine source (infinite volume), the difference of the CO,
intrusion depth is negligible. This result suggests that the base case
could simulate a steady source of CO, saturated brine and reduce the
computational time. The effect of varying fractured caprock porosity
(Fig. 5(c)) is similar to that of the setting of boundary condition
(Fig. 5(b)). With decreasing shale porosity, the volume of CO, saturated
brine decreases, which further impacts the carbonation zone depth.

Varying diffusivity (tortuosity and diffusion coefficient) produced
the most significant impact on the depth of carbonation zone (Fig. 5(d)
and (e)). With tortuosity range of 107°=~10""! and diffusion coeffi-
cient range of 10 ~°~10~ ! m?/s, the carbonation depth varies from less
than 2mm to total penetration of the cement (5cm). Therefore,
diffusivity variables should be chosen carefully. Studies of cement
diffusion behaviors suggest that diffusivity could be affected by pore
geometry, curing age, temperature, water/cement ratio and other
parameters (Goto and Roy, 1981; Promentilla et al., 2009; Provis
et al.,, 2012). Results of these previous experimental studies indicate
that diffusion coefficient ranges between 1012 and 10~!° m%/s (Goto
and Roy, 1981) at reservoir temperature, tortuosity ranging from 102
to 1 (Promentilla et al., 2009; Provis et al., 2012), and the effective
diffusion coefficient is approximately 10~'2m?/s (Caré, 2003). Our
simulated tortuosity 0.0004 is significantly less than the experimental
results mentioned above. Based on the diffusivity parameters suggested
in the literature, it seems more reasonable to set cement tortuosity to
10~ 2 and diffusion coefficient 10~ ! m?/s to fit the carbonation zone
depth (~5 mm) of the core sample (Fig. 5(f)). Wertz et al. (2013) also
used similar diffusivity parameters in their simulation study of cement-
CO, interaction. However, diffusivity data at field conditions in the
reservoirs are usually very difficult to obtain, and thus treating this
variable as an uncertainty parameter might be the best option for
forecasting the behavior of CO, leakage through wellbore cement.

The impact of leaking gaseous CO, on cement is shown in Fig. 5(f).
With gaseous CO, saturation (Sg) 0-0.9 at the source, no impact on the
simulated depth of carbonated cement zone is observed; and indeed
these Sg results suggest that gaseous CO» does not penetrate the front
layer of cement. This indicates that diffusion of the aqueous species
(dissolved CO,) is probably the only transport mechanism that facil-
itates cement degradation, and diffusivity of the aqueous phase controls
this process. Mineral precipitation results also indicate that Sg impacts
the geochemical reactions at the cement-fracture interface. When
Sg = 0.3, calcite obtains 23% volume fraction at the cement-fracture
interface, compared to 19% of other cases, suggesting higher amount of
CO, trapped in mineral phase (as calcite). However, with larger Sg
values (0.5 and 0.9), the precipitation of calcite does not show much
difference with the case Sg = 0. It is because the model assumes that
the dissolved CO- is the major reactant with cement, and with a higher
gaseous CO, saturation, it impacts the aqueous phase flux and amount
into the cement, although pH of the brine decreases because of higher
CO, partial pressure. Moderate amount of gaseous CO, could accelerate
calcite precipitation and porosity reduction at the cement-fracture
interface which further seals the fracture, because more CO, could
dissolve in the brine and decrease the pH; but when gaseous CO; is
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dominant in the pore space, its impact is insignificant because of lack of
brine.

Under real reservoir conditions, the pressure of the reservoir usually
increases when injecting CO,/water especially near the well leading to
pressure driven advections with the leaking plume. The flux into the
caprock fractures caused by pressure gradient might be more significant
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than diffusion, and CO,-cement interactions might also be impacted.
Reservoir pressure was also tested as a potential impact factor with our
1-D model by increasing the pressure of the source grid (A1121, point A
in Fig. 1) to 181-190 bar with CO, saturation of 0.3-0.9. Results of CO,
intrusion depth and mineral precipitations at the cement-fracture
interface did not show noticeable difference with the cases only
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Fig. 6. pH and selected mineralogy changes at cement-fracture interface: (a) pH; (b) Porosity; (c) Total CO, sequestered in mineral phases (kg/ma); (d) Calcite volume fraction.

considering diffusion (figures not shown). The reason for this scenario
is that CO, does not break the capillary pressure barrier at the cement-
fracture interface and hardly enters the cement to dissolve into the
cement brine. This also indicates that cement is able to act as a shield to
avoid the CO, attack. However, if fractures existed in the cement or if it
lost its integrity with degradations, gaseous CO, would easily penetrate
the wellbore cement and further degrade the cement very quickly.

To analyze the impacts of reservoir brine chemistry, a total of 11
scenarios were simulated. Selected mineralogy and pH changes via time
at the cement-fractured caprock interface due to cement-CO, saturated
brine interactions are shown in Fig. 6. With the salinity range between
1 and 14.5% of the leaking brine, the difference of chemical reactions
and mineral precipitations are not significant. pH of the cement drops
from ~11 to ~ 6 with the consumption of portlandite and precipitation
of calcite after one decade, and show negligible changes afterwards.
Meanwhile, porosity and permeability of the cement decreases. CO,
trapped by minerals (SMCO,) in the cement of these 11 cases does not
show significant difference with ~220kg/m® after 30 years and
~270 kg/m?® after 100 years at the cement-fracture interface. Calcite
is the major mineral precipitating during the simulation time (up to
20% of volume fraction), and the same trend of calcite precipitation is
observed with CO, trapped by minerals, which indicates that calcite is
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the major mineral that traps CO, in the cement. CO, solubility
decreases with the increasing salinity (Na™ and Cl~ concentrations
increase), but no evidence shows the reduction of dissolved CO,
impacts the cement carbonation. With the highest salinity simulated
in our study, halite (NaCl) does not precipitate. Generally, the leaked
reservoir brine salinity (mainly NaCl) does not significantly impact the
cement-CO, interactions by reducing CO, solubility, changing reaction
pathways, and increasing the chance of salt precipitation.

3.3. Two-dimensional simulation

Because the leaked brine chemistry does not significantly impact the
cement-CO, interactions according to the results of the former section,
the TDS median value of reservoir brine chemistry (Chem6) was
selected for the 2-D simulation. Mineral surface area does not sig-
nificantly impact cement carbonation zone depth, although more
calcite precipitation takes place at the cement-fracture interface with
smaller mineral sizes (Fig. 5(a)). In the 2-D simulations, 1 mm mineral
particle size was used for the simulations. Cement tortuosity 0.01 and
diffusion coefficient 10~ m%*/s were used according to the fitted
carbonation zone depth (~5 mm) of the core sample (Fig. 5(f)).

Under operational conditions in the reservoir, the reservoir pressure
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is usually not constant. With water-alternating-gas (WAG) applied, gas
(COy) saturation (Sg) near the injection well is also changing. After the
reservoir is depleted, with further CO, spreading, pressure and Sg
would decreases near the injection well. Reservoir pressure and Sg
could be treated as uncertainty parameters especially with lack of
monitoring data. To simplify the models, reservoir pressure and Sg are
set as constant parameters in our cases, although they usually change
with time.

3.3.1. Impact of pressure

To analyze the impact of reservoir pressure on CO, migration and
intrusion into the cement, four cases were conducted with constant
reservoir Sg (0.3). Fig. 7 shows mineral trapped CO, at the cement-
caprock-reservoir interface. Because calcite precipitation is the major
pattern for trapping CO in the cement according to the results of the 1-
D model, this can also indicate the amount of calcite precipitation.
Hydrostatic pressure near the injection well (Fig. 7(a)) is quite
impossible for real reservoirs with CO, injection, but it shows the
impacts of CO, diffusion and buoyancy on cement degradation. It is
obvious that with diffusion and buoyancy but without pressure driven
force, the impacted (carbonated) area/height of the cement is far less
than the cases with pressure driven flow (Fig. 7(b—d)). Gas phase CO; is
hardly to migrate to the top of the domain, and it further prevents CO,
dissolution and diffusion into the cement at the top area. The
carbonated zone of cement limits within 6 m above the reservoir under
this condition, and the carbonation depth is less at 4-6 m above the
reservoir. On the other hand, CO, migrates upward easily toward the
fracture between cement and caprock with the pressure driven flow
(Fig. 7(b—d)), and the carbonation zone of cement is quite uniform
along the fracture within the modeling domain. It is because gas phase
CO, is filled in the fracture area, dissolves in the brine, and diffuses into
the cement horizontally. Within 10 m domain above the reservoir, the
carbonation zone does not show significant difference among the three
cases. However, the vertical impact area might be larger with higher
reservoir pressure in a larger scale, which also depends on the length of
the fracture to allow CO, to migrate.

3.3.2. Impact of reservoir gas saturation

Fig. 8 shows the mineral trapped CO, at the cement-caprock-
reservoir interface after 30 year exposure with different reservoir Sg
at constant 18.1 MPa reservoir pressure. Sg = 0 is considered in this
case (Fig. 8(a)), which shows the impact of dissolved CO, diffusion
only. Under this condition, the carbonation zone of cement is limited,
which indicates that the impact of dissolved CO, diffusion is not
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significant, for both degradation depth (~3 mm) and height (~2 m).
With higher reservoir Sg (0.3-0.9), gas phase CO, fills in the fracture
and migrates into the cement with dissolved phase, and the impact
area/height is larger (~5mm all along the 10 m domain). When
reservoir Sg = 0.3 and 0.5, the difference of cement carbonation zone
is not significant between these two cases. However, when Sg = 0.9,
the CO, intrusion depth is significantly larger than the other two cases
(Fig. 8(d)). The carbonation depth reaches more than 1cm at the
bottom and ~ 7 mm near the top. The reason could be explained as the
PH of the brine further decreases with higher Sg (0.9), and cement-CO,
interactions are accelerated. Mito et al. (2015) have observed larger
alteration depths for the cement exposed to wet supercritical CO, than
CO, saturated brine with their batch experiment. However, the 1-D
simulation results do not show significant difference among the three
cases (Fig. 5(f)), which is quite different to the 2-D simulation results.
The reason could be explained as in the 1-D model, CO, dissolution to
brine is not as significant as that in the 2-D model due to boundary and
initial condition settings (closed boundary and no pressure gradient),
and the diffusion of the acid fluid is not as significant as it in the 2-D
model. But in the 1-D model, moderate gaseous CO, also shows some
impacts on the cement carbonation process. This also indicates that the
boundary conditions and initial settings should be carefully chosen to
get reasonable results.

3.3.3. One-D vs. two-D model

Cement diffusion coefficient, cement tortuosity, reservoir brine
chemistry and mineral surface area were also varied with the 2-D
model, and it shows similar result with the 1-D model (Figs. 5 and 6).
However, those two models show somewhat different results on
reservoir gas saturation (Fig. 5(f) vs Fig. 8(d)). Both the 1-D and 2-D
models show their own advantages and disadvantages. For example,
simulation time is mostly within 2 h for the 1-D model, but it could take
up to several days for the 2-D model to reach the same simulation time.
On the other hand, the 2-D model could simulate the impacts of the
reservoir pressure/gas saturation on the height of the carbonated
cement, and heterogeneity could be considered with different forma-
tions/layers, which is not possible with the 1-D model. The boundary
condition should be carefully picked for the 1-D model to avoid
underestimation of CO, impacts (Fig. 5(b)). In general, the 1-D model
is more time efficient, and the 2-D model is capable for more
approaches; the users should choose the model based on their require-
ments.
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4. Application to the Farnsworth Unit

The Farnsworth Unit (FWU) is a CO,-EOR site, locates in the
northern Anadarko basin, Ochiltree County, Texas, and operated by
Chaparral Energy, L.L.C. (CELLC). The FWU site is the subject of the
Southwest Regional Partnership on Carbon Sequestration (SWP) Phase
III, a program sponsored and facilitated by the U.S. Department of
Energy (DOE) and its National Energy Technology Laboratory (NETL).
CO,, has been injected since January 2011, and one million tonnes of
net CO, injection is planed till 2017. Wellbore integrity and leakage
through wellbores have been identified as a primary risk factor for this
site (Xiao et al., 2016), but samples of well cement and nearby
formations are hard to get when the project is ongoing. It is difficult
to do the risk assessment without any information of the wellbore
cement-caprock-reservoir interface. However, with the analysis of well
cement performance with 30 years of CO, exposure from the SACROC
Unit (Carey et al., 2007), some key factors for wellbore cement could be
adopted for the FWU, because both sites applied similar types of cement
(Class H Portland cement). In this case study, a 2-D model of CO,-
cement interactions was built at the wellbore cement-caprock-reservoir
interface to analyze the impacts on wellbore integrity under COx-rich
conditions.

4.1. Model setup

The 2-D model (Fig. 2) was used for this case study. Initial
temperature was set at 70 °C throughout the domain, and initial
pressure was set at 23 MPa at the domain bottom with hydrostatic
gradient for other layers. Cement tortuosity was set at 0.01, and
diffusion coefficient for aqueous species was set at 10~ ' m?/s. The
initial reservoir water chemistry was selected from the on-site produced
water monitoring data, which was conducted by the New Mexico
Institute of Mining and Technology (NMT), part of SWP Phase III. The
water chemistry was in equilibrium with different CO, partial pressure
value that was used in our simulations. Because shallow groundwater
was injected into this reservoir, the brine salinity was very low (TDS
~ 3000 mg/L). The initial caprock water chemistry was chosen from
the USGS produced water database (Blondes et al., 2016). The initial
cement water chemistry was in equilibrium with the cement composi-
tion. Specific water chemistry for the three porous media (reservoir,
caprock and cement) is shown in Table 8. X-ray diffraction (XRD)
results conducted by NMT were used for the initial caprock mineralogy,
and the initial cement composition was calculated from the initial Class
H Portland cement composition by simulations. Because the reservoir
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Table 8
Initial fluid compositions used in the FWU case study (unit: mol/kg).

Name Concentration in Concentration in Concentration in
shale cement reservoir
pH (unitless)  6.99 11.36 -
Mg?* 1.3 x 107* 1.0 x 1077 6.3 x 107°
K* 4.5 x 1077 1.0 x 1072 22 x 107"
Si0, (aq) 55 x 1074 1.9 x 1072 1.0 x 1071
NO;~ 1.0 x 1071° 1.0 x 1071 1.0 x 1071
cl- 1.9 x 107 1.0 x 10712 52 x 1072
Ca** 3.0 x 1073 1.8 x 1072 15 x107*
Na* 2.2 x 107" 1.0 x 1072 39 x 1072
Fe?! 1.0 x 10710 1.3 x 107 4.4 x 107
HCO3™ 2.2 x 1072 4.2 x 10712 2.0
5042 5.9 x 1072 1.0 x 107° 21 x107*
AlO,~ 6.1 x 107° 1.4 x 1072 9.1 x 107"
Table 9

List of initial mineral abundance for the FWU case study (% of solid).

Mineral Volume fraction Mineral Volume fraction
Shale Cement

Calcite 53.38 CSH 58.21

Dolomite 215 Portlandite 28.89

Tllite 10.28 Monosulfate 9.96

Kaolinite 1.70 Kaotite 2.90

Quartz 29.3

brine-rock equilibrium was broken by the injected water, the miner-
ology of the reservoir was set with non-reactive minerals. The initial
mineral abundance for the caprock and cement is shown in Table 9. The
other initial settings were taken from the previous SACROC model. The
simulation time was 100 years within an operational time scale, which
included the operational time exposed to CO; (assume 30-50 years) and
post injection monitoring period (usually 50 years).

4.2. Results

Similar to what is observed from the 2-D model of the SACROC Unit,
the cement-CO, interactions at the cement-caprock-reservoir interface
in the FWU are basically maintained within 5 mm depth after 30 year
exposure to CO, under various reservoir conditions (Figs. 9 and 10).
Calcite is the major product of the cement degradation process with
portlandite consumption, which sequesters CO, in the mineral phase,
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During the 100 year simulation time, when supercritical CO, and a
pressure gradient exist in the reservoir with a fracture at the cement-
caprock interface, CO, would migrate upwards and dissolve into the
brine to make pH drop. The acid fluid reacts with the cement with
diffusion to form calcite, which is the major product of this process
(Fig. 11). After 30-year exposure, the carbonation zone of the cement
could be about 5 mm thick, and after 100 years it can reach ~8 mm
thickness. Porosity at the cement-fracture interface decreases due to the
carbonation process (Fig. 12). After 100 year exposure to CO,, porosity
could decrease from 30% to 20%, which provides a protection for the
cement from further CO, penetration. However, as a limestone forma-
tion of the caprock in the FWU, calcite dissolves in the fracture and
leads to a larger porosity, because pH in this area is relatively low with
CO, existence. Within 100 years, porosity at the fracture can reach to
0.85, compared to 0.7 initially. This might cause an increasing area of
fracture, which might be harmful for the caprock integrity. Compared
to the SACROC Unit (with a clay mineral dominant caprock), it might
be a larger concern for CO, leakage when the caprock is a limestone
formation. Another simulation without the fracture in the domain was
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also conducted. The results show that CO, will not enter the caprock
under this condition, and the cement would not degrade except at the
contacting interface with the reservoir.

5. Discussion
5.1. Ca and Mg concentrations in the leaking brine

When CO,-saturated brine attacks the wellbore cement, portlandite
releases Ca®* and forms calcite. When Mg?* is available in the brine, it
is also possible to form dolomite (CaMg(CO3),) or magnesite (MgCO3).
With the same salinity of the brine (7% for the SACROC in this study),
impacts of different Ca*>* and Mg** concentrations were assessed with
a simplified 1-D model with two cement cells connect to an infinite
CO,-rich fracture cell. A total of five sensitivity cases were conducted,
and the initial water chemistry is shown in Table 10. The cement-
fracture interface was of interest, and the simulation time was 100
years.

Fig. 13 shows pH and some minerology changes during the 100-year
simulation time. There is no significant difference of pH with varying
Ca®* /Mg concentrations, and pH of cement goes down to ~ 6.0 with
the brine intrusion, which is similar to the results shown in Section 3.2.
The results also indicate that with higher Ca®>*/Mg?" concentration, it
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Fig. 10. CO, sequestered in mineral phase (kg/m®) with different gas saturation (Sg) after 30 yr exposure (reservoir pressure 23.1 MPa): (a) 0.0; (b) 0.3; (c) 0.5; (d) 0.9.
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Fig. 11. Calcite volume fraction changes in 100 year simulation time (reservoir Sg 0.3, reservoir pressure 23.1 MPa): (a) 0 year; (b) 10 year; (c) 30 year; (d) 100 year.

is faster for porosity to decrease and CO, sequestration in minerals with
calcite/dolomite precipitation. Ca?* has a greater impact on CO,
precipitation in the simulated cases, and the porosity almost drops
down to 0 after 100 years with high Ca®* concentration. With high
concentration of Ca?* and lack of Mg>*, calcite is the main product
when cement interactions with CO,. With high concentration of Mg2+
and lack of Ca®*, calcite precipitates in the beginning with supply of
Ca®* from portlandite dissolution and is replaced dolomite later. With
the Mg-rich cases, dolomite could occupy as high as 40% of the volume
fraction. Magnesite may also precipitate when Mg>* concentration is
high, but its abundance is not dominant (less than 5%). Overall, cement
carbonation products with CO, intrusion are controlled by both of these
two ions together accordingly. Ca®* and Mg?* concentrations in the
leaking brine do not significantly impact the pH change with cement-
CO, saturated brine interactions, but they could affect the mineralogy
later in the cement.

Fig. 14 shows the relationship among Ca®*, Mg>* and salinity
(TDS) of the SACROC and FWU brine with more than 200 monitoring
data of produced water from the SACROC reservoir (Blondes et al.,
2016) and more than 20 from the FWU obtained from the USGS
database (Blondes et al., 2016) and on-site monitoring data conducted
by NMT. Ca®* and Mg>* show overall linear correlations with TDS in
the SACROC reservoir. With groundwater injection, no such correla-
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Table 10

Selected initial water chemistry of the cases (unit: mol/kg).
Case name Na* cl~ Ca’* mg?*
TDS_only 1.20 1.20 107 107
Cal 1.10 1.20 0.05 1071
Ca2 0.97 1.20 0.11 1071
Mg 1 1.16 1.20 107 0.02
Mg 2 1.13 1.20 10-% 0.04

tions show for the FWU brine, although with higher salinity (TDS), both
Ca®* and Mg®" concentrations increase. For both sites, Ca®>* concen-
tration is overall significantly higher than Mg?* (Ca:Mg = 4:1 on
average). Dolomite and other Mg-minerals show negligible precipita-
tion (~0.01%) with all the simulation cases for these two sites. The
reason of this phenomenon could be explained as Ca®>* is dominant in
the leaking brine and calcite is easier to precipitate. Generally, although
brine salinity shows significant difference among the reservoirs, the
ratios among Ca®*/Mg?* are relatively stable. For Ca?* rich CO,
saturated leaking brine reacted with cement, calcite would be the major
product for the cement carbonation process.
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Fig. 12. Porosity changes in 100 year simulation time (reservoir Sg 0.3, reservoir pressure 23.1 MPa): (a) 0 year; (b) 10 year; (c) 30 year; (d) 100 year.

137



T. Xiao et al.

23

International Journal of Greenhouse Gas Control 63 (2017) 126-140

03
(b) ——— TDS_only
025 mugzie (OAZ)
stemms oy Ca_2
—— - Mg_1
02} - Mg_2
- 0
7]
go.ts -
[
0.1
0.05 -
L l 1 1
307 10° 107 10" 10° 10' A 10°
Time(yr)
600 0.5
(c) (d)
500 - Js %
;7 !
; !
& 400 - fr ot
< ;&
E //
g:mo- [
3
o
&
200 -
100 -
1 l A 'l PN | A d A
10% 10° 107 107 10° 10' §07 10° 107 10" 10° 10'
Time(yr) Time(yr)

Fig. 13. pH and minerology changes at cement-fracture interface: (a) pH; (b) Porosity; (¢c) CO, sequestered in mineral phase (kg/m®); (d) Calcite volume fraction.

5.2. Sulfate and chloride attack

Sulfate attack is believed to be one of main factors causing cement
to crack and lose its integrity (Li, 2011). Portland cement itself contains
limited sulfate as gypsum and it forms monosulfate
(Ca4Al,S04(0H);26H,0) later with hydration process. Once the well-
bore cement is exposed to reservoir brine containing sulfate, it might
bring severe degradation associated with Ca®?*, Mg®" and Na®,
especially when sulfate exceeds 4% by weight of cement (Li, 2011).
With sulfate attack, monosulfate and portlandite would degrade to form
ettringite (CagAly(SO4)3(0OH);226H,0) and gypsum, respectively, and
it causes cement expansion and even leads to cracks. Carey and Lichtner

(2007) simulated sulfate attack to the wellbore cement with a high
concentration (saturated) of sulfate in the brine. Ettringite and gypsum
were observed as products in their simulation results, but expansion of
the cement was not discussed.

Sulfate concentration of the SACROC and FWU brine can be as high
as 4000 mg/L but in most cases its concentration is < 3000 mg/L in the
SACROC and < 200 mg/L in the FWU (Fig. 15). Sulfate does not show
obvious correlations with TDS or pH, which is more “random” for the
brine composition. The SACROC cement sample does not indicate any
evidence of sulfate attack (Carey et al., 2007), and neither ettringite nor
gypsum is observed in the simulations of this study, with sulfate
concentration between 0 and 2554 mg/L (Table 6), which suggests
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Fig. 15. Sulfate concentrations of the SACROC and FWU brine and their relationship with TDS and pH: (a) the SACROC; (b) the FWU.

that sulfate in the SACROC and FWU brine does not necessarily need to
be considered as a concern for cement integrity.

Carey et al. (2007) observed friedel’s salt precipitation in their
simulations with cement-brine-CO, interactions. In our verification
cases, friedel’s salt did not show precipitation. Suryavanshi and
Swamy (1996)’s study showed that the solubility of Friedel’s salt would
increase with the degree of cement carbonation and pH drop. Under the
circumstance of CO, attacking, Friedel’s salt should dissolve but not
precipitate instead. However, further experimental verifications could
be done for chloride-cement interactions.

6. Conclusions

This study focused on the impacts of CO, leakage through a cement
wellbore and surrounding caprock with a gap in between. Sensitivity
analyses of key parameters, including cement-CO, interactions and
reservoir conditions were conducted with the cement core sample from
the SACROC Unit, exposed to CO, for 30 years. The derived reactive
transport model was also applied to a commercial-scale CO,-EOR field
— Farnsworth Unit (FWU) as a case study.

Major findings include:

(1) Cement tortuosity and diffusion coefficient are key parameters for
determining the depth of the carbonation zone. With the SACROC
cement core sample calibration and the experimental values from
other studies, values of cement tortuosity = 0.01 and diffusion
coefficient = 10~ m?/s seem reasonable to fit the carbonation
zone depth (~5 mm) of the core sample. For reservoirs that lack
wellbore cement samples, to treat these variables as uncertainty
parameters might be another option for future studies.

(2) Operational reservoir pressure and reservoir gas saturation (Sg)
affect the height of carbonated zone along the existing fracture
between the cement and the caprock, because of the buoyancy and
pressure driven force for CO,.
Leaked brine salinity (TDS) from 1 to 14.5% does not significantly
impact interactions between cement and CO, saturated brine by
reducing CO, solubility, changing reaction pathways, and increas-
ing the chance of salt precipitation. Calcite (CaCO,) is the major
product for cement carbonation. When Mg?* is abundant and Ca®*
is lacking, dolomite (CaMg(CO3),) will tend to precipitate instead
of calcite. However, in real reservoir brines, Ca>* concentrations
are usually larger than Mg?* (4.1 times for the SACROC reservoir),
thus dolomite is not likely to precipitate.

When CO, saturated brine reaches the cement, Portlandite (Ca

(OH),) reacts with CO, and forms calcite (> 20% volume fraction),

leading to porosity reduction (up to 10% reduction in 100 years),

significantly impacting CO, leakage rates by infilling pathways. On
the other hand, CSH degradation is limited, which indicates that the

3)

(4)
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wellbore maintains its integrity and structure under our simulation
conditions.

(5) Simulation results suggest that sulfate concentration < 2500 mg/L
in leaking brine would not cause monosulfate degradation.

(6) CO, will likely not penetrate an unfractured caprock, and the
cement would not degrade significantly in this case.

(7) For the Farnsworth Unit, the wellbore cement will likely maintain
its structure and integrity after 100 years. However, if an acid
plume were to enter an existing limestone caprock fracture, calcite
would likely dissolve because of reduced pH. This process could
increase porosity of the fracture and enlarge the volume of the
fracture area — a major concern for CO, leakage.
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In Chapter 2, we analyzed the interaction between CO, and wellbore cement, which is
considered a major pathway for CO, leakage. It is hard for CO, to penetrate wellbore
cement when there are no pre-existing fractures. However, with an annulus between
wellbore and caprock, CO, easily leaks from the reservoir due to buoyancy. There also
might be micro-fractures in the wellbore cement due to mechanical effects, which
provides leakage pathways for CO..

Many CO, storage reservoirs are overlain by potable groundwater aquifers, and the
water quality might be affected by CO, leakage. In this chapter, we assess the potential
risks to the Ogallala groundwater aquifer overlying the Farnsworth Unit (FWU) due to
CO; leakage through wellbores with micro-fractures with quantitative response surface
methodology (RSM). This chapter focuses on how CO, leakage is likely to influence the
groundwater quality in the Ogallala aquifer, and what water chemistry components are

suitable for early detection criteria.
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Many geologic carbon storage site options include not only excellent storage reservoirs bounded by effec-
tive seal layers, but also Underground Sources of Drinking Water (USDWs). An effective risk assessment
and mitigation plan provides maximum protection for USDWs, to respect not only current policy but also
to accommodate likely future USDW-specific regulatory protections. The goal of this study is to quantify
possible risks to USDWs, specifically risks associated with chemical impacts on USDWs. Reactive trans-
port models involve tremendous computational expense. Therefore, a secondary purpose of this study

ggywl/:ii:ge is to develop, calibrate and test reduced order models specifically for assessing risks of USDW chemical
USf)Ws : impacts by CO; leakage from a storage reservoir. In order to achieve these goals, a geochemical model was

developed to interpret changes in water chemistry following CO; intrusion. A response surface method-
ology (RSM) based on these geochemical simulations was used to quantify associated risks. The case
study example for this analysis is the Ogallala aquifer overlying the Farnsworth unit (FWU), an active
commercial-scale COz-enhanced oil recovery field. Specific objectives of this study include: (1) to under-
stand how CO; leakage is likely to influence geochemical processes in aquifer sediments; (2) to quantify
potential risks to the Ogallala groundwater aquifer due to CO, leakage from the FWU oil reservoir; and
(3) to identify water chemistry factors for early detection criteria.

Results indicate that the leakage rate would most likely range between 10-14-10-1% kg/(m? year) for
typical and likely leakage pathway permeability ranges. Within this range of CO, leakage rate, ground-
water quality is not likely to be significantly impacted. The worst-case scenario yields trace metal
concentrations approximately twice as much as the initial value, but these predicted concentrations are
still less than one-fifth of regulation-stipulated maximum contamination levels and do not exceed the
no-impact thresholds. Finally, the results of this analysis suggest that pH may be an effective geochemical
indicator of CO, leakage.

Groundwater quality
Risk analysis

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

Enhanced Oil Recovery (EOR) with CO, (CO,-EOR) offers the
potential economic benefit of increased oil production, which may
offset some costs of CO, capture and storage (IPCC, 2005). Most
CO,-EOR sites are overlain by groundwater aquifers (DOE/NETL,
2010; USGS Map of the Principal Aquifers of the United States:
http://water.usgs.gov/ogw/aquifer/map.html). Although the pos-
sibility of CO, leakage from a sequestration site is very low

* Corresponding author at: Department of Civil and Environmental Engineering,
University of Utah, Salt Lake City, UT 84112, USA.
E-mail address: txiao@egi.utah.edu (T. Xiao).

http://dx.doi.org/10.1016/].ijggc.2016.04.009
1750-5836/© 2016 Elsevier Ltd. All rights reserved.

(Bachu and Watson, 2009; Gaus, 2010), regulatory policy gener-
ally includes protections against CO, leakage to potable aquifers
through wellbores or faults, including water quality impacts by
acidification and trace metal mobilization (Gaus, 2010; IPCC, 2005).
Multiple environmental variables such as aquifer geology, miner-
alogy, and groundwater chemistry also play an important role in
controlling groundwater quality (Bacon et al., 2014, 2016; Dai et al.,
2014a,c; Frye et al., 2012; Wilkin and Digiulio, 2010). These geo-
logical variables suggest site-specific, quantitative risk assessment
is essential for safe and effective application of carbon sequestra-
tion (Wilkin and Digiulio, 2010) and early leak detection criteria
(Little and Jackson, 2010). To date, most research on assessment
of chemical impact risks (from CO, leakage) rely on lab-scale and



29

306 T. Xiao et al. / International Journal of Greenhouse Gas Control 50 (2016) 305-316

Colorado Kansas

Oklahoma

,Anaaarkb

Basin

Fig. 1. The Farnsworth unit.

small, short-term site-scale experiments to obtain early detection
of aquifer quality changes in non-storage formations (Frye et al.,
2012; Little and Jackson, 2010; Lu et al., 2010; Qafoku et al., 2013;
Viswanathanetal., 2012; Wellsetal.,2007; Yang etal.,2014; Zheng
etal, 2012, 2015). However, uncertainty analysis with numerical
simulations becomes a key tool for forecasting long-term ground-
water quality changes by CO, leakage.

In this study, a response surface methodology (RSM) was con-
ducted to quantify uncertainty and risks. Response surface methods
are statistical and mathematical techniques used for developing,
improving, and optimizing model building and model exploitation
(Box and Draper, 1987; Myers and Montgomery, 1995). SuchRSM is
becoming more widely used than computationally-expensive and
time-intensive processes of “traditional” risk and uncertainty anal-
ysis methods (e.g. the basic Monte Carlo method). The National
Risk Assessment Partnership (NRAP) is pioneering application of
RSM specifically for geologic carbon sequestration (Carroll et al.,
2014; Dai et al., 2014b; Pawar et al., 2014). For example, Dai et al.
(2014b) developed a generic integrated framework for optimizing
CO; sequestration with RSM. Results suggest that, in order to max-
imize both oil production and CO; injection, the distance between
injection and production wells should approach 300 m. Addition-
ally, the best value of water alternating gas (WAG) ratio should
be 5-6.5. Other recent work detailing RSM, as applied in carbon
sequestration research, includes Rohmer and Bouc (2010) and Li
and Zhang (2014).

An active CO-EOR field was selected for this study, the
Farnsworth Unit (FWU) in Ochiltree County, Texas (Fig. 1), oper-
ated by Chaparral Energy, L.L.C. (CELLC). The FWU site is the subject

(a) A (b) A

of the Southwest Regional Partnership on Carbon Sequestration
(SWP) Phase IlI, a program sponsored and facilitated by the U.S.
Department of Energy and its National Energy Technology Lab-
oratory. The FWU includes an overlying underground source of
drinking water (USDW) aquifer, the Ogallala formation, located in
the northern Anadarko basin. For this site, our primary goal is to
quantify potential risks to groundwater quality due to CO; leakage
through wellbores. We selected the FWU for case study because:
(1) there are considerable brine/water and mineralogy data avail-
able for both the FWU and the Ogallala aquifer; and (2) the Ogallala
aquifer is one of the largest USDWs in North America (George
et al,, 2011), which represents a typical drinking water resource
in the USA. The main objectives of this study include: (1) to under-
stand how CO; leakage is likely to influence geochemical processes
in aquifer sediments; (2) to quantify potential risks to the Ogal-
lala groundwater aquifer associated with changes in groundwater
chemistry due to CO, leakage from the FWU; and (3) to identify
water chemistry components as indicators for early detection cri-
teria.

This study is organized into three parts: (1) cement hydration
simulations, to obtain the equilibrium composition of wellbore flu-
ids with wellbore cements; (2) quantification of the possible range
of CO; leakage rates from the FWU reservoir through wellbore frac-
tures (using typical and likely permeability ranges) to the overlying
USDW: and (3) quantification of potential risks to Ogallala ground-
water quality due to CO, leakage.

2. Methods

To analyze potential impacts of CO, on the water quality of a
USDW, a series of numerical simulations was conducted. Simu-
lation of cement hydration provides associated wellbore cement
components, which are major reactants that consume CO, through
a leakage pathway such as a fissure. Results were then used to
determine the possible extent/rate of CO, leakage flux through the
wellbore cement. Simulation of CO, leakage flux through wellbores
suggests possible leakage rates as well as the likely probability dis-
tribution exhibited by the data. Finally, the forecasted range of CO;
leakage fluxes was used for RSM-based quantification of risks asso-
ciated with CO, leakage into the Ogallala formation in this case
study.

2.1. Response surface methodology

Stages in the application of RSM employed in this study include:
(1) determining major independent parameters and experimen-
tal design; (2) conducting numerical experiments according to
the selected experimental matrix with verification of the RSM
model equation; and (3) obtaining the response surface model and

(C) A

v

X]

X2 X2

A 4
v

X1 X

X2

Fig. 2. Symmetrical second-order experimental designs: (a) full three-level factorial design; (b) central composite design; (c) Box-Behnken design (Adopted from Bezerra

et al., 2008).
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conducting further analysis (e.g. determination of early detection
indicators).

Choosing of experimental design has a large influence on the
accuracy of the approximation of the response surface. Common
designs include the full three-level factorial design, central com-
posite design, and Box-Behnken design (Bezerra et al,, 2008). These
are widely used for symmetrical second-order experiments (Fig. 2).
In this study, the Box-Behnken design was applied because of its
mathematical efficiency.

The model equation is defined with a polynomial function,

n=Ff(x1,X2,....%) + &,

where ) is the response, fis the function of response, xy,x5,. . ., Xp are
the independent parameters, n is the number of the independent
parameters, and g is the statistical error.

The units and/or ranges are usually differentin the experimental
domain, thus potentially having different levels of effects for the
response. To overcome uneven impacts and render the units of the
parameters irrelevant to responses, the parameters are normalized
to the range from —1 to 1. Usually the equation of normalization is
written as

X_(xma'x‘f'xml‘nJ/z

X= (Xmax — Xmin) /2

where X is the normalized parameter, x is the natural variable, and
Xmax and xpi, are maximum and minimum values of the natural
variables.To account for and quantify curvature, usually a second-
order equation is used for RSM, written as

y= ,Bg + 2?:1 ,ngl' + Z,‘<jﬁ,'jx,')&:i + E?:I ,B,-.-X,z + &,

where Bo, B, Bjj. and B;; represent the regression coefficients of
constant, linear, interaction, and quadratic terms, respectively; X;
and X; are normalized independent parameters.

The matrix notion of this model is written as

n 1T X Xiz .o Xi] [Bo &1
y2 1T X1 X2 oo Xon| | B £

- + or=Xp +¢.
Vi 1 X X2 oo Xind Lpa &

The regression coefficient £ is solved by using the method of
least squares (MLS), which assumes errors are random, indepen-
dent of each other, and profile with a zero mean and a common
unknown variance; g should minimize the sum of the squares of
the errors (SSE), or

e=y-y=y-XB,

SSE= X1 82 = &Te = (y—XB) (v—XB).

where yis the observed value and y is the fitted value. The derivative
of SSE may be used to yield 8, or

% (SSE) = —2XT (y—XB) = 0= B = (X"X)'X"y.

After the regression coefficients are obtained, model adequacy

may be evaluated by several techniques. Usually, coefficient of
~2
Sly) o
=y =1 i) andfor coef-
= ¥=143"y:.) and/or
ficient of variation of the root mean square error (CVRMSE =
- 2

V Z(Y%/j') are used to check how well the model fits with
the observed data.

determination R? (RZ =1 -

Table 1
Initial mineral composition of cement hydration simulation (Scrivener et al., 2004).

Name Volume fraction: %
Alite 19.8
Ferrite 5.6
Portlandite 17.8
CSH 35.0
Belite 7.5
Aluminate 2.7
Ettringite 7.0

2.2. Simulation of cement hydration

Wells in the FWU are completed with Portland cement. When
the cement mixes with water, it starts hydration with chemical
reactions, and causes microstructure formations to form a harder
structure (Li,2011; Mehta and Monteiro, 2014). Chemical reactions
during hydration involve:

(1) Hydration of aluminates:

(Ca0); - Al,05 (aluminate) + 3CaS04 - 2H,0 + 26H,0 —
(Ca0)s - Al; 05 - (503)3 - (H20)3; (ettringite)

(Ca0)g - Al;03-(S03)3 - (H20)3; + 2(Ca0)s - Al,03 + 22H,0 —
3(Ca0), - Al 05 - S03-(H,0),5 (monosulfate) ,

where AP+ in ettringite and monosulfate can also be substituted
by Fe3+ (Taylor, 1997);
(2) Hydration of the silicates:

(Ca0Q); - Si0; (alite) + H,0 — CSH (calcium silicate hydrate)
+ Ca(OH ), (portlandite)

(Ca0), - Si0, (belite) + Hy0 — CSH + Ca(OH),,

where CSH does not have a confirmed formula, and the ratio of Ca/Si
of CSH varies.It is the primary binding material of the cement. Sat-
urated CSH has the approximate formula (Ca0); 75i02-(H20)4 (Baur
et al.,, 2004);

(3) Hydration of ferrite:

(Ca0), - Al, 05 - Fe, 05 (ferrite) + 3CaS0y - 2H,0 + 21H,0 —
(CCIO)G -/:”203 . (503)3 . (H20)32 + Fe;05 - (Hzo}s.

The major cement component that reacts with CO, is portlandite
(Ca(OH)3):

Ca(OH), + €0, = CaCOs + H,0

Most of the reactions take place during a few hours and release a
significant amount of heat. After a few days, the chemical reactions
and hardening rates decelerate. However, hydration processes may
take decades to reach an equilibrium state. To predict the equi-
librium wellbore cement composition for the field environment,
a batch simulation of cement hydration was conducted with an
arbitrary and lengthy time period of 100 years. To avoid vigor-
ous chemical reactions and heat release during the initial several
hours, the initial Portland cement composition for this simulation
(Table 1) was adopted from Scrivener et al. (2004), and specifically
their cement hydration experimental results at the end of the 1st
day. Water chemistry was adapted from the average brine chem-
istry data of the FWU reservoir, which was conducted by the New
Mexico Institute of Mining and Technology, part of SWP Phase .
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Table 2

Hydrogeological parameters.
Property Value
Reservoir (Morrow)
Thickness 30m
Permeability 4.52x 10 m?
Porosity 0.1453
Rock density 2650 kg/m?
Salinity 6%
Cement
Permeability 50x 1072 m?? CO2 Leaking
Porosity 0.08"
Rock density 2400kg/m? Fig. 3. Simplified conceptual model.
USDW aquifer
Thickness 100m Table 4
Permeability 50x 103 m? Independent parameters for simulations of CO; leaking into USDW aquifer.
Porosity 0.30 s T AT
Rock density 2600 kg/m? Parameter name Low(—-1) Mid(0) High(+1)  Distribution
Salinity 0.35% Permeability: m? 10714 10712 10712 Lognormal
Fractiie Leaking rate: kg/(s m?) 10-2! 10-19 10-17 Lognormal
Permeability 1.0x10-Mm22 CEC: meq/100g 1 6.5 12 Uniform
Porosity 040" Absorbent SSA: m?/g 1 50.5 100 Uniform
Rock density 2400 kg/m?

2 Bachu and Bennion (2009).
b Rimmelé et al. (2008).

Table 3

Independent parameters for CO; leaking rate simulation.
Parameter name Low(—1) Mid(0) High(+1) Distribution
CO; saturation 0.1 0.5 09 Uniform
Reservoir pressure: bar 300 325 350 Uniform
Wellbore fracture proportion  0.01 0.055 0.10 Uniform

2.3. Simulation of CO, leakage flux through wellbores

To assess the most likely value of CO, leakage rate through well-
bore fractures, a vertical 1-D simulation was conducted over a time
period of 100 years. The resulting mineralogy of the cement hydra-
tion batch model was then utilized for subsequent simulations.
Based on the sizes of wells in the FWU, the diameter of the sim-
ulated well was set as 17 cm, and the thickness of the wellbore was
assigned 2.5 cm. The bottom of the reservoir was assigned at 3000 m
depth, and the thickness was assigned 30 m. The overlying aquifer
was assigned a thickness of 100 m, and the upper surface boundary
was assigned atmospheric pressure. Hydrostatic pressure was set
as the initial pressure of the domain, and the initial temperature
was set as 20°C at the top of the domain with a 25°C/km gradi-
ent. Hydrogeological and geochemical parameters of the reservoir
were assigned using monitoring/characterization data as much as
was possible. Cement permeability was set based on results of pre-
vious studies by Bachu and Bennion (2009) and Rimmelé et al.
(2008). The Ogallala USDW formation is a typical sand aquifer,
and its hydrogeological parameters (i.e. porosity and permeabil-
ity) were assigned based on its sand properties (Cronin, 1969). The
initial chemical parameters were assigned according to monitor-
ing data from the Ogallala formation. A dual permeability domain
was utilized for fracture and matrix flow, implemented using the
multiple interacting continua (MINC) in the TOUGH2 code (Pruess
et al., 2012) for simulation of micro fractures within the cement
casing. The major hydrogeological parameters are summarized in
Table 2. Saturation of CO, and reservoir pressure were chosen as
independent parameters, given that the FWU is an active oil pro-
duction field. It is widely believed that wells used for CO, injection
would pose less risk because of frequent attention and care (Bachu
and Watson, 2009), but micro fractures/cracks can occur when
the wells are in use (Bachu and Bennion, 2009). Consequently,

wellbore fractures proportion was chosen as another uncertainty
parameter. A selected range of these independent uncertainty
parameters are summarized in Table 3. The uncertainties of leak-
age flux were quantified by RSM on the basis of these three
parameters.

2.4. Quantification of risks associated with CO, leakage into the
Ogallala formation

2.4.1. Model domain and assumptions

A 2-Dradial model was assembled and simulated to analyze the
potential risks to groundwater quality due to CO; leakage (Fig. 3).
Regional groundwater flow may dilute potential contaminants, but
this was neglected for simplicity in this study, because regional
flow velocities in this basin that are maximum ~10 m/year (Nativ
and Smith, 1987) is not significant for our simulations to achieve
such dilution. In the initial simulation step to quantify CO, leakage
rate, all simulations assumed that CO, dissolves in water instantly
when it was injected with gaseous CO; injected into the system at a
constant rate. Water chemistry results in the Ogallala aquifer were
examined forasimulated time duration of 200 years. Based on more
than 100 fresh-water well drilling records on/near the FWU (TWDB
database), the thickness of the aquifer was assigned 100 m, and the
bottom depth was set as 150 m. The distance between monitoring
wells of the FWU is around 1000 m; consequently, the dimension of
the model was set as 1000 m x 100 m with a total of 230 grid cells.
A regression model was created with RSM to assess the impacts to
the Ogallala USDW aquifer. Permeability, CO; leakage rate, cation
exchange capacity (CEC) and absorbent specific surface area (SSA)
were chosen as independent parameters (Table 4). The range of CO;
leakage rate was determined by the results of the previous section,
the permeability range was assigned according to typical sand mea-
surements (Beard and Weyl, 1973). Additionally, the ranges of the
remaining two parameters are discussed in Section 2.4.3.

24.2. Model parameters and boundary conditions

A constant temperature of 25 °C and hydrostatic pressure were
assigned as initial conditions. A homogeneous porosity value of 0.3
was used, and heterogeneity neglected (Beard and Weyl, 1973).
The initial water chemistry was based on the average composi-
tion of more than 100 water analyses of FWU groundwater samples
(Table 5), which was conducted by the New Mexico Institute of Min-
ing and Technology, part of SWP Phase III. For the water indexes
not available with the water samples, their values were adopted
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Initial water chemistry of the Ogallala aquifer.

Table 6
Selected MCLs for inorganic contaminants of Texas and EPA.

Name Concentration (mg/L) Balanced Concentration (mol/kg) Name Texas (mg/L) EPA (mg/L)

H pH7.73 10-752 NO3~ 10 (as N) 10 (as N)

Mg2* 2938 1.14x 1073 As 0.01 0.01

K* 555 1.42 <1074 Se 0.002 0.05

Si03 (aq) 18.6 (as Si) 6.65 x 10~ cd 0.005 0.005

NO3- 152 2.45 x 104 cr 0.1 0.1

Cl- 60.7 1.71x 1073 pH >7.0 (unitless) 6.5-8.5 (unitless)
HyAsO4~ 240 x 103 (as As) 3.41 x10-° Mn 0.05 0.05

cd? 3.44 1075 2.18 x 10-10 TDS 1000 500

Pb%* 870 x 1074 2.78 x 107° Al 0.05-0.2 0.05-0.2

F- 173 9.12 x 103 5042~ 300 250

Ag' 3.61x 1075 8.78 x 1011

Zn?* 450 x 107! 5.03 x 1078

DS 570 548 mg/L the results of our size distribution tests for the Ogallala sand sam-
Ca? 51.8 1.04x 103 . .

Na 479 2.07 < 10-3 ples. Specific surface area (SSA) of each mineral was calculated by
Fe2 200x10-32 1.49 x 10-8 SSA=A x v[(V x MW), where A is sphere area, v is molar volume, V
HCO3- 2632 3.70 x 1073 is sphere volume, and MW is molecular weight (Labus and Bujok,
5(1)42’ 589 R - 5.22 x 10"1‘0 2011). Molar volume and molecular weight were obtained from
AlO;~ 1.00 x 103 (as AI**) 2.05 x 10~

Bt 790102 12107 EQ3/6 database (Wolery, 1992).

Cr(OH)* 2.00 x 102 (as Cr) 3.28 x 108

cuz* 1.40 x 102 9.19x 10-8 2.4.3. Chemical reactions

HSe0, 3.00x ‘0’2 (as 5e) L10x 10’: Previous analyses suggest that cation exchange capacity (CEC)
’(\)’[};‘p 1'37;)1:‘}0 1'17 =10 and sorption processes with dissolution of carbonates might be
02 (aq) _ 1.48 x 10-40 the main factors driving the geochemical response to CO; injec-

2 Hopkins (1993).

from Hopkins (1993). Total dissolved solids (TDS) was calculated
by the sum of concentrations of all ions included and resulting in
the simulations.

Selected maximum contaminant levels (MCLs) of drinking water
contaminants by Texas and the U.S. E.P.A. (Environmental Pro-
tection Agency) are listed in Table 6. All element concentrations
except Se do not exceed the Texas MCL; Se does not exceed the
EPA standard. TDS exceeds EPA MCL values but not the Texas MCL;
NO3~, As and Mn are more than 1/10 of the standard value. For-
mer studies suggest that pH is an important indicator for CO,
intrusion in groundwater. Therefore, this study considered TDS,
nitrate, As, Se, Mn and pH as potential water contaminants. The ini-
tial dissolved oxygen was calculated using the oxidation reduction
potential (ORP) value. A water-mineral equilibrium condition was
obtained by performing the simulation without any injection for
100 years (Table 5). The initial mineralogy was set up based on geo-
logical data of the High plains aquifer (Qafoku et al., 2013), shown
inTable 7. The radius of mineral grain was set to 1 mm, according to

Table 7
List of initial mineral abundance and possible secondary mineral phases.

tion (Zheng et al., 2012). Aqueous complexation, cation exchange,
adsorption/desorption and mineral dissolution/precipitation were
considered for chemical reactions. The thermodynamic parame-
ters for aqueous and mineral reactions were taken from the EQ3/6
database (Wolery, 1992). The parameters for the kinetic rate law of
minerals were taken from Palandri and Kharaka (2004). For min-
erals not include in these sources, the kinetic parameters were
assumed to be the same as similar minerals in the same category
(Table 7).

For adsorption/desorption reactions, the Gouy-Chapman dou-
ble diffuse layer model was used (Smith, 1999). Hydrous ferric
oxide (HFO) was assumed to be the sorbent, because it is a widely
existing mineral as a sorbent in shallow natural systems, with the
approximate formula Fe(OH); used in this model. Constants and
sorbent properties were taken from Dzombak and Morel (1990),
with the strong site density 9.0 x 10~8 mol sites/m?, and the weak
site density 3.0 x 107% mol sites/m2. Adsorption/desorption reac-
tions are controlled by the total amount of sorption sites (product
of amount of sorbent and sorbent SSA). The model sensitivity to
the total amount of sorbent sites could be evaluated by varying one
of these parameters (Zheng et al., 2012). Sorbent fraction of the

Mineral Volume fraction Reactive SSA Kinetic rate law
(% of solid) (cm?/g)
Neutral Acid Base
k25 (mol/(m?s))  Ea(kJ/mol) k25 Ea n(H") k25 Ea n(H")
Primary
Quartz 60.9 11.328 1.259 x 1014 875
Calcite 5.0 11.071 1.600 = 10-¢ 235 0.501 144 1.0
Kaolinite 8.5 11.565 6918 x 10714 222 4.898x 10712 659 0777 8912x107* 179  _0472
K-feldspar 23.0 11.735 3.890 x 10-13 38.0 8710 x 10~ 51.7 05
Muscovite 25 10.598 3.020x 10-13 220 7.762 x 1012 220 0.5
Fe(OH); (HFO) 0.1 9.646 1.000 x 107 61.2
Secondary
Illite 0.0 10.858 1.660 < 1013 35.0 1.047 x 1011 236 0.34 3.020 x 10717 58.9 —0.40
Smectite-Na 0.0 10.854 1.660 x 10713 35.0 1.047 x 10-11 236 0.34 3.020 x 10717 58.9 -0.40
Smectite-Ca 0.0 10.880 1.660 x 1013 35.0 1047 x 101 236 034 3.020x10°7 589 040
Dolomite 0.0 10471 2951 %108 52.2 6.456 x 1074 36.1 0.5
Greenrust 0.0 13.483 1.500 x 102 73.0
Goethite 0.0 7.030 1.148 < 108 86.5
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Table 8

Surface complexation reactions and surface complexation constants on HFO.
Surface complexation reaction logK
HFO_sOH +H* = HFO_sOHz" 7.29
HFO_wOH +H* = HFO_wOH; " 7.29
HFO_sOH=HFO_sO~ +H" —8.93
HFO_wWOH =HFO_wO~ +H* -8.93
HFO_sOH +5042- + H* = HFO_sS04~ +H,0 7.78
HFO_WOH + 504%™ + H* =HFO_wSO4~ + H,0 7.78
HFO_sOH +5042~ = HFO_SOHS042~ 0.79
HFO_WOH +S04%~ = HFO_wOHS042~ 0.79
HFO_sOH +Ag" = HFO_sOAg + H" -1.72
HFO_wOH +Ag* = HFO_.wOAg + H* -53
HFO_sOH +Cd?" =HFO_sOCd* +H* 0.47
HFO_WOH + Cd?* = HFO_wOCd* + H* -291
HFO_sOH +HSe0; ~ = HFO_sSe03~ +H,0 429
HFO_wOH +HSeO3~ =HFO_wSe03;~ + H20 4.29
HFO_sOH +H,As04~ + H" = HFO_s Hy AsOy4 + Ho0 10.17
HFO_wOH +HzAs04~ + H* =HFO_w HzAs04 +H,0 10.17
HFO_sOH +Fe?* = HFO_sOFe* + H* -0.95
HFO_wWOH + Fe2* =HFO_wOFe* + H* —2.98
HFO_wWOH + Fe?* +H,0 = HFO_wOFe(OH) + 2H* —11.55
HFO_sOH +Cu?* = HFO_sOCu* +H* 2.43
HFO_WOH + Cu?* = HFO_.wOCu* + H* 0.14
HFO_sOH +Cr(OH )2* = HFO_sOCr(OH)* + H, 0 11.63
HFO_sOH +CrO42- + H*= HFO sCrO4~ +H,0 10.85
HFO_WOH + CrO42= + H* = HFO_wCrO4~ + H,0 10.85
HFO_sOH +Cr042~ = HFO_sOHCrO42- 3.9
HFO_WOH + Cr042- = HFO_WOHCr042~ 39
HFO_sOH +Mn?* = HFO_sOMn* + H* -04
HFO_wOH +Mn?* =HFO_wOMn* + H* -35
HFO_sOH +Pb%" = HFO_sOPb* + H* 4.65
HFO_WOH + Pb%" =HFO_wOPb* + H" 0.3
HFO_sOH +Zn?" = HFO_sOZn* +H* 0.99
HFO_wOH +Zn?" =HFO_wOZn* + H* -1.99
HFO_sOH +Ca?* = HFO_.wOH(Ca?* 497
HFO_WOH + Ca2* =HFO_wOCa* + H* -5.85
HFO_WOH + Mg?* = HFO_.wOMg* + H* —4.60

total mineral volume was assigned at 0.1%, and sorbent SSA was
treated as an independent uncertainty parameter. Pure sorbent SSA
is 600 m?/g; yet the actual (Ogallala) value is far less. Based on tests
of Fe concentrated clay surface areas (Fontes and Weed, 1996) and
BET surface area tests for our Ogallala sand samples, 1-100 m?/g
sorbent SSA was used in our study. Adsorption/desorption reactions
considered in this study are shown in Table 8.

The CEC of a sediment could often be considered constant
(Appelo and Postma, 1993). However, no measured data of
the Ogallala formation overlying FWU is available, so CEC was
treated as an uncertainty independent parameter. Based on CEC
values for various minerals, 1-12meq/100g was assigned for
this study, which could cover typical values for sands (Ming
and Dixon, 1987). The exchange reactions and their selectiv-
ity coefficients are shown in Table 9 (Appelo and Postma,
1993).

0.2
— Alite
= m= Belite
0.15 ==« e Ferrite
Aluminate
= == (CaSO4

Volume fraction

0.001 0.01
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Time: yr
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2.5. Simulation tool

Volume fraction

All simulations were performed with TOUGHREACT V2 (Xu etal.,
2012)and an equation of state for multiphase CO, and brine, ECO2N
(Pruess, 2005). TOUGHREACT V2 is enhanced with surface com-
plexation and cation exchange to compute the adsorption and ion
exchange processes on mineral surfaces. Although ECO2N does not
include a liquid CO, phase, the temperature and pressure condi-
tions for the Ogallala suggest only supercritical and dissolved CO3
phases can exist, indicating that ECO2N is appropriate for this study.

3. Results and discussion
3.1. Cement hydration

The solid phase changes during cement hydration are shown in
Fig. 4. With the consumption of alite, belite, ferrite and aluminate,
CSH, portlandite and ettringite precipitate as main products, and
porosity decrease because of precipitation. These results are con-
sistent with known cement hydration mechanisms (Li, 2011). The
composition of cement become stable after 0.1 year, but there are
still slight changes for decades of simulated time. Although CSH
does not have a confirmed formula, in these simulations the aver-
age Ca/Si ratio is about 1.7, corresponding to former studies (Allen
et al., 2007). Portlandite (Ca(OH); ) as the major reactant with CO;
in the wellbore makes up to 40% of the volume of the hydrated
cement.

3.2. CO; leakage flux through wellbore

The simulated CO, leakage rate to the overlying groundwater
formation (the Ogallala) during the 100 year time period was of
particular interest. The correlation between the original (full reser-
voir model) simulated CO; leakage rates and RSM forecasted rates
areabove 0.95, which suggests that the RSM forecasts are sufficient.
Additional results show that CO, leakage rate increase during the
first year, but then it maintains a stable value for the remainder
of the 100 years. Simulations indicate that no gaseous phase CO,
leaks, instead only dissolved (aqueous) CO, enter the simulated
Ogallala. Similar results were also found by Ellison et al. (2012).
With the relatively low permeability of wellbore cement, diffusion
is assumed to be the main CO; leakage mechanism. For CO; leakage
through wellbore cement obtained in this study, more than 95% is
trapped by cement. Only 0.4-4.3% of CO, leaks into the USDW for-
mation, at least for the prescribed fracture proportion, reservoir
pressure and CO, saturation conditions. The cumulative distribu-
tion function (CDF) of log CO, leakage rate after 100 years fits a
normal distribution curve with P value <0.005 by the Anderson-
Darling test (Fig. 5). More than 90% probability suggests that the
leakage rate for the assigned hydrologic properties range between

0.6
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Time: yr

Fig. 4. Composition changes during cement hydration.



34

T. Xiao et al. / International Journal of Greenhouse Gas Control 50 (2016) 305-316 311
Table 9
Cation exchange reactions and selectivity coefficients.
Equation: Na* +1/i M-X; «—— Na—X+1/i M* with Kyam = [Na—X] [M*]V/([M - X;]"! [Na*])
Ton Knam lon Kynam fon Knam
H* 1 Mg2* 0.5 Ca? 0.4
K* 0.2 Fe?* 0.6 Mn?* 0.55
Cu® 0.5 Zn% 0.4 Pb?* 03
Ba2* 0.35 caz 0.4 crd 0.08
e Data CDF trace metals (Mn, As, and Se) show similar R? and CVRMSE values,

= === Normal Distribution fitted line

I -
0.8 F Mean=19.24
«. 0.6 } Standard Deviation = 1.189,
8 0.4 F Pvalue<0.005
0.2
0 " N

7 19 2
Response of -log Leakage rate (k

Fig. 5. CDF of CO; leakage rate after 100 year.

10-21-10-17 kg/(m?s), or about 10-'4-10-1kg/(m? year). This
leakage rate is far less than other estimations by former stud-
ies (Carroll et al., 2009, 2014; Ellison et al., 2012). However,
other studies assumed a much higher wellbore permeability (e.g.
10-14-10-19 m2 used by Carroll et al., 2014) and leaky wells have
been assumed to fully penetrate the caprock and connect the
storage reservoir and the shallow aquifer (Carroll et al., 2014).
Under such conditions, convection would be dominant and result
in a much higher leakage flux. If reactive transport within well-
bore cement is not considered, CO;, leakage is also likely to be
overestimated—at least in the beginning stages of CO, intrusion
before cement (portlandite) is consumed. Other studies also con-
firmed that wellbore cement plays an important role for preventing
CO, leakage (Carey et al., 2007; Kutchko et al., 2008). Specifi-
cally, model simulations with higher permeability (homogeneous
10-'¥m2) and without chemical reactions were also executed in
this study. Gas phase CO, leakage breakthrough occurs much faster
than that with chemical reactions, and leakage rate increases sig-
nificantly up to as high as 10-%kg/(m?s), which is similar to the
results of other studies. Generally, the model results suggest that
these resulting small flux values are due to (1) the scenarios are for
non-penetrated micro fractures that naturally occur in the well-
bore cement; and (2) the reactions between CO; and portlandite
(Ca(OH);) of wellbore cement largely consume CO,. Note that
although porosity decreases due to precipitation of CaCO3, perme-
ability is not considered to be reduced as well; these simulated
flux reduction results found in this study are due only to CO; con-
sumption by chemical reaction. The reduction in flux rate would
be even greater if a permeability-porosity relationship (such as
Kozeny-Carman relationships; Carman, 1956 ) were utilized. We are
evaluating such permeability-porosity impacts in more detail in a
separate study.

3.3. Risk assessments of CO, leakage into the Ogallala formation

3.3.1. Polynomial response surface model and validation of the
equations

Generally, the coefficient of determination (R?) between simula-
tion results and the responses of the regression (RSM) model for all
of the water indexes examined exceed 0.9, average values exceed
0.96, and the coefficient of variation of the root mean square error
(CVRMSE) is no more than 10%, averaging less than 3% (Table 10). All

thus the table only shows Mn’s model adequacy to represent the
model adequacy for all trace metals. The high R and low CVRMSE
values (Table 10) suggest that the resulting trained ROMs suffi-
ciently fit the original (full reservoir model) simulation outcomes,
and the ROMs are adequate for predicting outcomes of interest for
full-scaled (non-ROM) simulations within the given range.

To verify the adequacy of the regression models for all the cases
in this experimental domain, a total of 50 randomized simulations
were conducted. Each independent parameter ranged from —1 to
+1, following their distributions. The correlation between simu-
lated outcomes and regression models was calculated for all water
indexes of interest. The R? and CVRMSE values between these two
series of results are shown in Table 11. It shows a nearly linear
correlation between simulation and ROM results with an R? value
that exceeds 0.7 after one year, and exceeds 0.85 afterwards. In the
first few years, all water indexes examined do not show significant
changes due to CO; leakage, which could explain the lower values
of R? for the first year’s results. On the other hand, CVRMSE is no
more than 1% for the results after one year, and averaged 5% over a
200 year period. Lower correlations between the response surface
model and the verification simulation results are observed for TDS,
pH, N, Mn, As and Se, but the regression model can represent the
full-scale simulation results with a high confidence level.

3.3.2. Risks of CO, leakage into the Ogallala formation (case
study) and early detection criteria

For simulations of up to 50 years of CO, leakage, no significant
changes in TDS, trace metals or pH resulted throughout the entire
domain. However, after 100 years, the changes become more obvi-
ous. After 200 years, there is more than a 10% possibility that TDS
exceeds 780 mg/L (initially 540 mg/L), approaching a 50% increase
compared to the initial value (Fig. 6). pH ranges between 7.2-7.7
through the domain (initially 7.5), which is less than 10% differ-
ent (Fig. 7). Concentrations of other elements (N, Mn, As, Se) show
similar trends to TDS (figures not shown).

Both Figs. 6 and 7 indicate the upper layer of the domain gen-
erally exhibit stronger impacts because CO; buoyancy promotes
more contact by CO,. In this model, CO; dissolves in groundwater
when it migrates into the USDW formation, increasing the den-
sity of that groundwater within the bottom layer of the Ogallala
aquifer. However, the CO, leakage rates are small enough that the
increased density has a negligible impact. Simulated head gradi-
ents dictate that dissolved CO; as well as some ions flow upward
and laterally away from the leaky well. Horizontally, the impacts of
CO, plume extent reaches more than 1000 m away from the leak-
age point following initial significant changes after 50 years. These
changes facilitate detection at the monitoring wells.

The CDF of responses of TDS at 10, 50, 100 and 200 years (Fig. 8)
suggests that as time increases, the uncertainty increases. In the
first 50 years, no significant changes of TDS resulted. Even at 100
years, simulation results suggest only about a 10% probability that
TDS would exceed 600 mg/L, which is well within what would
be considered normal fluctuation. After 200 years, this probabil-
ity grows to 40%, and with a 10% probability that TDS exceeds 50%
variation of the initial value. However, results also suggest less than
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Table 10
Model adequacy between simulation results and ROM responses.
Time, yr 1 10 50 100 200
TDS R? 0.990+ 2908 0.993+2.006 09949006 0.993+0%06 0.993+0007
CVRMSE, % 0.01 3*;%%% 0.1 zsfs;gsg 0.635j?;%9 1.26713;9]3 2.553@9;m
pH R? 0.964+C" 0.993+0! 0.993+0! 0.993+! 0.994+0"
CVRMSE, % 0002 4o 0.013f8:w 0067?8:%; o.laafs;m 0.264‘_‘8:9 12
N R? 0.981+0! 0.993+0! 0.994°3, 0.994+ 0.994*
CVRMSE, % 001 STBES}S 0.1 394’3ﬂ 0.692 :g% 1 .386§§£’§ 2.809*_‘&35
Mn R 096870 0.904*p0ar 0993 08 099300 09937068
CVRMSE, % 0.019+80% 0.132+3391 067771870 1.3567 3002 272755
Table 11
Model adequacy between verification simulation results and ROM responses.
Time, yr 1 10 50 100 200
DS R? 0‘833f§:§” o.s7sj°-§3‘ 0.881 %;g 0.881 *‘g"‘-ﬁ; 0.38310339
CVRMSE, % 0.028'{'8:? 0274'8‘&53 1.332° 36 2.60st; 5.00413&x i
pH R? 0.76618; 0.876*_8-IBE 0.877:8:?;3 0.879j8w 08850
CVRMSE, % 0004y 0028 g 0140 ce 02800y 0568455
N R 0815%giz 0.8793%%a 08810 0883'gp 0889 00rc
CVRMSE, % 0.032* 1 0.295;8'igg 1.457:6 3 2.857fa'igé 5.486"3
Mn R? 0‘782’:8: i 0.877* tH 0.8797! 0.878°0 0.879* 20
CVRMSE, % 00357053 0.283+03%2 1.398+1510 2731548 523275358
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Fig. 6. 50th and 90th percentile probabilities of TDS distribution after 50, 100, and 200 years.
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Fig. 8. CDF of TDS responses at 10, 50, 100, and 200 years.

a 4% probability that TDS could exceed 1000 mg/L, which is Texas’
MCL threshold.

It is usually believed that the closer test wells are located to the
leaking point, the sooner that detections are rendered. However,
based on this study, the CDF plots for 100, 500 and 1000 m away
from the leakage point only show slight differences within 200
years. The existing monitoring wells are 1000 m away (on average)
from the injection/production wells in the FWU, and at this dis-
tance a well could detect groundwater quality changes due to CO,
leakage at later times. This study only considered low CO, leakage
rates. If CO; leakage rates were relatively high, such as those associ-

ated with the highly-over-pressured reservoir driving flow into the
Ogallala aquifer, earlier detection of the leakage would be likely.

Fig. 9 illustrates concentration changes in water quality indexes
examined, with different percentiles at 1000 m away from the leak-
age point. Within the 95th percentile, the concentrations are not
likely to exceed twice the initial values, or exceed the MCL lim-
its. However, Se already exceeds the Texas MCL (0.002 mg/L) value
initially, and these simulations forecast a 50% probability that the
concentration would increase (worsen) during the 200 year period.
On the other hand, Se does not exceed EPA MCL standards for drink-
ing water (<0.05mg/L), and it is still ~10 times less than the EPA
standard.

Usually groundwater chemistry varies over time due to multiple
reasons including groundwater flow, experimental errors and other
issues, and some differences among tests are typically acceptable.
Early detection of CO, leakage is more difficult by water chem-
istry tests if the change is very small, especially if less than 10%.
Consequently, suggested principles to choose indicators for early
detection include: (1) ease of testing and (2) detection of signifi-
cant changes due to CO; leakage, especially compared to existing
monitoring data (Table 12) or they exceed regulatory MCLs. Carroll
et al. (2014) introduced “impact thresholds” for a no-impact con-
taminant level based on site-specific data. This is meaningful for
water chemistry change quantification, especially for those water
indices that are significantly different from the MCLs. Such no-
impact thresholds were also calculated based on more than 100
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Fig. 9. Selection of water index changes via time at current monitoring wells with 5th, 50th and 95th percentiles.
Table 12
Selection of water index variations at current monitoring wells.
pH TDS, mg/L N, mg/L Mn, mg/L As, mg/L Se, mg/L
Average 77 570 343 0.008 0.0024 0.003
Median 7.7 415 2.69 0.001 0.0025 0.003
Minimum 7.2 160 0.00 0 0 0.000
Maximum 8.2 1946 7.69 0.147 0.004 0.008
5% threshold 7.5 244 1.20 1.0x 1042 1.0x 1042 1.0x 1042
95% threshold 8.0 1757 7.52 0.03 0.0038 0.008

2 Detection limit by ICP-MS (http://www.eag.com/documents/icp-oes-ms-detection-limit-guidance-BR023.pdf).

monitoring water samples of the Ogallala groundwater in this study
(Table 12), with 5% and 95% thresholds. If a predicted concentra-
tion stays between the 5-95% thresholds, it may be considered “no
impact” to water quality. The no-impact thresholds for this spe-
cific site are overall stricter than the MCLs (except TDS), suggesting
that the thresholds could be more sensitive to the water chemistry
changes than regulatory MCLs for the sites with high water quality
(a scenario described by Carroll et al., 2014).

Manganese, As and Se all exhibit a relatively large number of
“no detection” (trace, minor, or none detected) values, so the detec-
tion limits are used for their 5% thresholds, respectively. Based on
these results, we infer that pH is not likely to exceed EPA and Texas
MCLs. However, there is ~50% probability that pH would exceed
the 5% threshold in 50 years, suggesting that pH could be consid-
ered as indicator for CO, leakage. The selected trace metals (Mn,
As and Se) exhibit greater than 50% increase of their concentra-
tions in the worst-case scenarios, but chances are low that these

would exceed the 95% thresholds or MCLs. Arsenic is the only trace
metal even close to being significant, with a ~5% probability that
it would exceed the no-impact threshold after 150 years. These
data might be considered normal and not suggested as leakage
indicators. These trace metals usually require inductively coupled
plasma-mass spectrometry (ICP-MS) to be detected, which is hardly
portable (current technology), and field methods increase the pos-
sibility of larger errors. This is also another reason that the trace
metals are not suggested to serve as early detection water quality
change indicators. Total dissolved solids is one index that is easily
tested in the field, and its concentration could increase more than
50% of its initial value according to these ROM results. However, in-
situ tests suggest large error bars (uncertainty) for TDS with a high
no-impact threshold; so TDS is not recommended as an early detec-
tion indicator. Additionally, this study indicates that nitrate is not
recommended as an indicator either. Nitrate is not a reactant with
CO; and it is not released like trace metals in the simulations, but it
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usually shows slight increases when redox changes. For most of the
simulated cases, nitrate concentration does not show a significant
increase (no more than 50% probability). The reason for its con-
centration increase in the top layer in worst-case scenarios (with
highest nitrate concentration increase) is both the impacts of redox
changes due to CO, leakage and the up-flow due to slight density
changes of the groundwater. In general, the Ogallala groundwa-
ter quality is not likely to be significantly impacted due to limited
CO, leakage (e.g., rates forecasted in this study) through wellbore
cement with micro fractures. The value of pH is very sensitive to the
intrusion of CO, in the early stage (less than 50 years) compared to
the no-impact threshold value, suggesting that it may be suitable
as a geochemical indicator for CO, leakage.

4. Conclusions

This study focuses on assessment of potential risks of CO,
leakage through wellbores on groundwater quality using an RSM
approach, as well as identification of water chemical factors to
establish early detection criteria. The case study application is a
commercial-scale CO,-EOR field. Before that, we evaluated the
uncertainties of the CO, leakage rate with consideration of CO,-
cement chemical reactions.

Major findings include:

(1) This study suggests that a greater than 90% proba-
bility of leakage rate values should range between
10-'4-10-1° kg/(m? year). This small leakage rate is explained
by the relatively low permeability of wellbore cement, and
chemical reactions between CO, and portlandite (Ca(OH),)
that consumes CO, as well as further decrease the fracture
porosity resisting the CO, pathways.

(2) RSM-based results are sufficiently robust, as indicated by coef-
ficient of determination (R?) and coefficient of variation of the
root mean square error (CVRMSE) values calculated between
simulation results and the RSM-predicted responses. R? and
CVRMSE between 50 validation simulation results and response
surface equations are >0.8 and <10%, respectively. The high
R? and low CVRMSE values suggest that the results of ROMs
are likely sufficiently effective for representing full-reservoir
model simulation results.

(3) No-impact thresholds associated with site-specific monitoring
data could be avaluable reference for evaluation of CO; impacts.

(4) Within the range of CO, leakage rate, TDS, nitrate and trace
metal concentrations could be twice as much as the initial
value with the worst scenarios after 200 years. However, these
water indices do not exceed the MCL limit, or exceed no-impact
thresholds according to the in situ monitoring data, suggesting
that the Ogallala groundwater quality should not be signifi-
cantly impacted.

(5) Water quality at 100, 500 and 1000 m away from the leakage
point indicate only slight differences within 200 years, suggest-
ing that the distance between current monitoring wells and
injection/production wells is of limited impact with respect to
early detection criteria.

(6) pHissuggested as a likely geochemical indicator for early detec-
tion, because it is sensitive to CO, leakage and is easy to detect.

This study has limitations that indicate much future work can
be done on this topic. Future research may include (1) calibration of
the cement hydration simulations with experiments to obtain more
accurate data; (2) an improved model for the Ogallala formation
could be developed with more field formation data; (3) calibra-
tion of geochemical reactions with CO, by laboratory experiments
could be utilized to obtain site specific reaction parameters, espe-

cially for sorbent type, sorption capacity and sorbent surface areas;
and (4) additional boundary conditions such as different reservoir
pressure could be evaluated, depending on the specific site/location
of interest.
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In Chapter 3, we analyzed the chemical impacts of CO, leakage on the groundwater
quality in the Ogallala aquifer overlying the Farnsworth Unit (FWU), and water
chemistry components that are suitable for early detection criteria. Among all the USDW
water quality changes due to CO, intrusion, toxic trace metals release and mobilization
from aquifer sediments are of special interests. An additional risk is the leakage of
reservoir brine, which may contain toxic substances, into USDWs.

In this chapter, the mechanisms of toxic trace metal (arsenic in specific) mobilization
with an integrated experimental and simulation framework is analyzed. The responses of
arsenic (As) release under different water salinities and key kinetic parameters
controlling As mobilization processes are identified. The case study includes elevated
CO;, conditions at the Chimayo site in northern New Mexico, a natural analog with CO,
upwelling. Batch experiments of water-rock-CO; interactions are conducted with both
fresh groundwater and saline water, to mimic scenarios of CO, leakage with and without
deeper formation brine. Quantitative interpretation of As mobilization due to leaked CO

and brine utilizes an inverse reactive transport modeling approach.
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We developed an integrated framework of combined batch experiments and reactive transport
simulations to quantify water-rock-CO, interactions and arsenic (As) mobilization responses to CO,
and/or saline water leakage into USDWs. Experimental and simulation results suggest that when CO,
is introduced, pH drops immediately that initiates release of As from clay minerals. Calcite dissolution
can increase pH slightly and cause As re-adsorption. Thus, the mineralogy of the USDW is ultimately

a determining factor of arsenic fate and transport. Salient results suggest that: (1) As desorption/
adsorption from/onto clay minerals is the major reaction controlling its mobilization, and clay minerals
could mitigate As mobilization with surface complexation reactions; (2) dissolution of available calcite
plays a critical role in buffering pH; (3) high salinity in general hinders As release frem minerals; and (&)
the magnitude and quantitative uncertainty of As mobilization are predicated on the values of reaction
rates and surface area of calcite, adsorption surface areas and equilibrium constants of clay minerals,
and cation exchange capacity. Results of this study are intended to improve ability to quantify risks
associated with potential leakage of reservoir fluids into shallow aquifers, in particular the possible
environmental impacts of As mobilization at carbon sequestration sites.

Geologic CO, sequestration (GCS) is considered a promising approach for mitigating CO, emissions from cen-
tralized sources'~". One major concern is the risk of CO, and/or brine leakage from deep sequestration reser-
voirs through highly-permeable zones such as faults and abandoned wells into overlying underground sources of
drinking water (USDW)'?. Carbon dioxide itself is not hazardous to water quality, but increased CO, concentra-
tions in shallow groundwater aquifers could reduce pH and enhance geochemical reactions between groundwater
and aquifer sediments, resulting in release and mobilization of toxic trace metals'" '*. An additional risk is the
leakage of reservoir brine, which may contain toxic substances, into USDWs!3 14,

To assess the risk of CO,/brine leakage to overlying USDWs and to detect signatures of aquifer quality changes
at early stages, various approaches have been conducted with lab-scale experiments'" -7, short-term field-scale
tests’*2", numerical modeling*'~¥, and natural analog observations'* . Most of these studies focus on CO, leak-
age and its impacts on groundwater quality, but a limited number of studies have examined the leakage of brine
with/without CO, into shallow aquifers. Keating et al.** observed the upward migration of CO, and saline water
under natural conditions, which affected the salinity and trace metal concentrations in shallow groundwater.
To date, modeling approaches combined with laboratory/field observations are necessary for studies of the geo-
chemical impacts of leaked CO, in shallow aquifers, to reduce the uncertainties of modeling itself and to inter-
pret the observation data with appropriate reaction patterns. Yang et al.>” developed an inverse multicomponent
geochemical modeling approach to interpret responses of water chemistry to the introduction of CO, into a set
of laboratory batch reactors containing carbonate-poor and carbonate-rich potable aquifer sediments. Bacon
et al.*' applied multiphase reactive transport modeling to identify potential trace metal release mechanisms under
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elevated CO, conditions in a carbonate aquifer with both batch and column experiments. However, limited stud-
ies have been conducted with such combined approaches for geochemical mechanisms under saline conditions
to interpret the responses to brine leakage, which is also significant for quantitative risk analysis of GCS projects.

The primary goal of this paper is to elucidate the mechanisms of trace metal mobilization with an integrated
experimental and simulation framework. The case study includes elevated CO, conditions at the Chimayo site in
northern New Mexico, a natural analog with CO, upwelling. Arsenic (As) is relatively rich within the sediments
and is a potential source of high As concentration in local water, thus As mobilization is of specific interest.
Batch experiments of water-rock-CQ); interactions are conducted with both fresh groundwater and saline water,
to mimic scenarios of CO, leakage with and without deeper formation brine. Quantitative interpretation of As
mobilization due to leaked CO, and brine utilizes an inverse reactive transport modeling approach. A specific
objective for this study is to identify the responses of As release under different water salinities and to quantify the
key parameters controlling As mobilization processes.

Results

Water chemistry changes. When CO, is introduced into the water-rock batch systems, pH decreases
immediately because of CO, dissolution in both background (BG) and saline (S) samples (Fig. 1a,b). After the
sharp drop, pH remains stable at ~5.9, even after CO, injection is stopped. The simulated pH also shows a sud-
den drop within 1 h of CO, injection, then a slight increase, and finally reaches a steady-state. This phenomenon
was also observed by Shao et al.'” and Yang et al.*". This process is mainly affected by CO, diffusion and mineral
reactions, and the dissolution of minerals (especially calcite) consumes hydrogen ions and causes the solution pH
to increase slightly between 4 and 72h'7. For the CO,-free (control) experiments, both measured and calculated
pH remain stable at ~8.3 for BG and ~7.3 for S (Fig. 1a,b), and good matches with high confidence are achieved
between calculated and experimental results.

Synthetic groundwater and saline water were used in our experiments, and the fast dissolving minerals (such
as calcite) are not abundant in the system. This makes it hard to track major ion concentration changes in the
water samples during the experiments, especially for Mg, Na, Si, Cl and SO in the saline-water reactor when CO,
is introduced. Only Ca shows a more than 50% concentration increase compared to the CO,-free experiments,
indicating that calcium minerals (especially calcite) dissolved during the experiments (Fig. 1c,d).

With CO; intrusion into the shallow groundwater aquifer, trace metals of environmental concern might be
released. Arsenic is of specific interest in our study due to its high concentration in the shallow groundwater of the
Chimayo site'”. Figure le-f shows As concentration changes of the batch experiments and simulated results. The
simulated results match well with the experimental measurements, which capture the trends of As concentration
changes in all four cases. Without CO, introduction, it shows an increase of As concentration and reaches to
equilibrium after sediment and water mixed for both BG and S systems. When CQO, is introduced to the reactors,
it shows a sharp increase of As concentration at the initial time, suggesting a large amount of As released from
the sediments due to CO, intrusion. After a few hours, As concentration starts to decrease slowly, and reaches
equilibrium after 26 days. For both reactors with and without CO, introduction, the BG reactors show higher
increases of As concentrations than that in the S reactors (20.1 pg/L vs. 15.7 pg/L for the sharp increase with
CO, introduction and 17.9 pg/L vs. 3.8 ug/L of the control reactors), which indicates that salinity impacts the
behavior of As mobilization. One possible reason is that high aqueous salinity reduces the dissolution of miner-
als (e.g. calcite and clay minerals), affects the water-rock equilibrium and system pH, which further hinders As
release. Although As concentration exceeds the maximum contamination level (MCL) of the U.S. Environmental
Protection Agency (EPA) in the beginning when CO, is introduced for both BG and S reactors, it drops below the
MCL after 8-day exposure, which might not be considered as a long term concern of the USDWs. This As con-
centration drop was also observed in other studies'”™*" ', It is notable that the BG reactor without CO, injection
shows a large increase of aqueous phase As concentration to exceed the MCL. However, the field samples show
low concentrations of As (~1pg/L) without CO, and brine exposure'’. This reveals the limitation of batch experi-
ments in that they overestimate the water-rock and water-rock-CO, reactions within well-mixed water-sediment
systems and large reaction areas of mineral surface, which is also pointed out by other researchers'®*".

Geochemical reaction parameters.  The inverse modeling approach is applied for estimating geochemical
reaction parameters for each experiment in this study. Estimated mean values of geochemical reaction parameters
from the four experiments are shown in Table 1. The coefficient of variation (CV, the ratio of the standard devia-
tion to the mean value) is also shown in the table to suggest the extent of variability of each parameter. Generally,
the estimated values are in agreement with those reported by literature'* ** *>**, which suggests high confidence
of the parameter estimation approach. However, the parameters with large CV values indicate high uncertainties
among different specific cases. Especially, mineral reaction rates and mineral surface areas of calcite and clay
minerals vary with up to two orders of magnitudes among the four cases, indicating that these parameters should
be carefully chosen for simulations, and our estimation can provide a reference for determining the range of these
parameters. To verify that the estimated mean values could represent the scenarios of all the cases, the model
was simulated with these mean values for all the four experiments. The results indicate that these parameters are
reasonable for geochemical reaction simulations especially for the analysis of As behaviors with/without CO,
introduction under a large range of salinity conditions.

A composite sensitivity analysis of the geochemical parameters was conducted to explore the most sensi-
tive parameters to the experimental results by calculating their composite sensitivity coefficients™ **. The most
sensitive parameters are listed in Fig. 2. Generally, Sensitivity is increased when CO, is introduced, indicating
that the related reactions are pH dependent. With CO, introduction, the model is highly sensitive to the calcite
reaction rates (cal_rkfl and cal_rkf2), hematite dissolution rate (hem_rkf), surface areas of calcite (cal_amin)
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Figure 1. Measured (symbols) and calculated (lines) water chemistry of the batch experiments: (a) background
(BG, TDS ~200mg/L) pH; (b) saline (S, TDS ~4000 mg/L) pH; (c) background Ca; (d) saline Ca; (e)
background As; (f) saline As. Maximum contaminant level (MCL) of As is also marked in (e) and (f).

and hematite (hem_amin), kaolinite adsorption surface area (kao_soh_ssa), and kaolinite adsorption equilibrium
constant (logK_kao). The cation exchange selectivity and CEC showed relatively high sensitivities for all the four
cases in our study, indicating that cation exchange reactions are significant for aqueous phase ion concentrations
including major ions (Ca, Mg, Na, K) and trace metals (As).

Opverall, the inverse modeling approaches provide reasonable geochemical reactions for our study, suggest-
ing that it is possible to predict groundwater chemistry responses with CO, intrusion in other cases. However,
there are still some limitations with such approaches. For example, the range and initial value of key parameters
should be carefully chosen to obtain a reasonable outcome; there might be more than one solution leading to
a good representation of the observation data; and uncertainties of the model structure and observation data
could also impact the estimations®. Therefore, experimental studies of mechanisms of geochemical reactions
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Calcite dissolution cal_rkfl 352x 10°° 092
Calcite precipitation cal_rkf2 1425 107 0.69
Kaolinite kao_rkf 1.06 = 1012 117
Hlite ill_rkf 118 1012 0.70
Mineral dissolution/  ['smectite sme_rkf 8.57 % 1077 1.23
precipitation rate - —
constant (mol/m?/s) Hematite hem_rkf 145% 10712 0.87
K feldspar fel_rkf 139 1071 1.33
Quartz qua_rkf 194 101 0.15
Albite alb_rkf 270 % 101 0.26
Anorthite ano_rkf 1.0 1071 097
Calcite cal_amin 5396 098
Kaolinite kao_amin 3le.84 L.15
Mlite ill_amin 27206 111
Smectite sme_amin 24.90 137
?f:;g;' surfieesre e hem_amin 27408 043
K-feldspar fel_amin 22242 1.87
Quartz qua_amin 2329 0.24
Albite alb_amin 27.48 Loo
Anorthite ano_amin 257.60 1.92
Hematite-OH hem_soh_ssa 213 0.62
Adsorption surface area Kaolinite-OH kao_soh_ssa 11018.86 0.95
(em?/g) llite-OH ill_soh_ssa 282 0.86
Smectite-OH sme_soh_ssa 65.83 0.75
(Hematite),— AsO4~ logK_hem —9.17 022
Surface complex Illite- HAsO4 logk_ill 1028 0.01
equilibrium constant
(logK) Smectite-HAsO4~ logK_sme 394 0.30
Kaolinite-AsO," logK_kao 115 0.59
E:;::‘;’Ei‘:q“ﬁ; 0 | CEC cec 292 054
KNa/H h_ekx 0.202 0.01
Cation exchange KNa/Ca ca_ekx 0.748 0.27
selectivity KNa/Mg mg_ekx 119510 0.45
KNa/K k_ekx 213x 102 0.23

Table 1. Estimated geochemical reaction parameters from the batch experiments.
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Figure 2. Sensitivity analysis of the geochemical reactive parameters.

are meaningful to provide reasonable reaction pathways and the ranges of key parameters under different condi-
tions. Our study using the combined application of batch experiments with geochemical simulation approaches
can provide a good example for future research with multiple reaction parameters for CO, and/or brine leakage
studies.

Discussion

Arsenic mobilization mechanisms. Arsenic mobilization behavior has been widely discussed by
researchers because it is one of the major concerns for groundwater quality in the event of CO, leakage. Most of
the studies consider the behavior of As to be largely related to adsorption/desorption onto/from the surfaces of
clay and Fe-rich minerals®**"*, and some researchers believe that As-bond mineral dissolution (i.e. As-carbonate
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Figure 3. Simulated adsorbed As on kaolinite with CO; introduction: (a) Background; (b) Saline.

minerals and Arsenopyrite) is the primary source of As contamination'®***°. The two mechanisms are sometimes
combined to explain As mobilization behavior in experimental and modeling approaches'® . It is hard to quan-
titatively determine the formula and fractions of such As-bond minerals because of their low concentrations, and
estimated formula and volume fractions are usually used in simulations'?. To verify As mobilization mechanisms
and to demonstrate the role of As mineral dissolution and surface adsorption/desorption, a small volume fraction
(<0.01%) of As-calcite (CaCO,-As,0;) was added to the numerical model as an uncertainty parameter to analyze
its impact to As behavior. The results show that the sensitivity of As concentrations to such mineral dissolution
is far less than that to surface adsorption/desorption process, and As-calcite dissolution shows minimal impact
on As concentration in the aqueous phase. The reason is because the mineral dissolution rate is far less than sur-
face complexation processes, and its dissolution is limited during the experiments. According to our simulation
results, adsorption/desorption onto/from the surfaces of clays, especially kaolinite, controls As mobilization with
water-rock-CO); interactions. Arsenic also shows adsorption/desorption to illite, hematite and smectite, but with
a few orders of magnitude less than that adsorbed on kaolinite. Figure 3 shows the simulated adsorbed As on kao-
linite with CO, introduction to both BG and § reactors. With CO, introduction, there is an immediate sharp drop
of adsorbed As, and it slowly re-adsorbs to local equilibrium in 7-15 days afterwards. The surface complexation
reactions of the clay minerals (S represents mineral sites) could be written as*":

SOH,, + H(ng] = SOH;EE) (1
SOHE,) = S0 + H{ﬁq) (2)
SOH(;) + HAsOqq = SAsO_,Z(;) + ?.H(J;q) + H,0 (3

‘The mass balance for the total numbers of reactive sites (omit other adsorbed metals) is:
[SOH] = [SOH] + [SOH,] + [SO ] + [SAsO} "] (4)

[SOH]y is related to the adsorption site density and mineral volume fraction, and the surface functional
groups are competitive for the available sites. During the experimental time in our study, clay minerals do not
show significant volume change, thus we can assume [SOH]; to be a constant value for this discussion. With the
sudden drop of pH (increase of H") at the initial time, it promotes reaction (2), and SOH, " rapidly occupies the
surface complexation sites, which results in As release from SAsO,* to the aqueous phase (H,AsO?). With the
buffering effect of calcite dissolution (CaCO, + H* = Ca** + HCO, "), the pH of the system starts to increase
slowly to a certain extent (Fig. 1a,b), and a series of local equilibriums are reached with SAsO,*/H,AsO, for
gradual As adsorption onto clay minerals (Equation (3)). Without CO; introduction, because of the low As con-
centration in aqueous phase, the adsorbed As releases from the clay mineral adsorption sites to reach to a series of
local equilibriums, which results in an increase in As concentration in the water (Fig, le,f).

Environmental implications. Trace metal contamination, especially As, is always a major concern when
considering the potential risks of CO, and saline water leakage from GCS sites. Results of this study suggest that,
in general, As may be considered an insignificant long-term concern in a CO, rich environment because of clay
adsorptions. Likewise, in a saline environment, high concentrations of major ions (Ca, Mg, Na et al.) could hinder
As release from the clay mineral sites. In such circumstances, if As is present, the reservoir brine might contain
low concentrations of As and other trace metals to begin with (i.e. not due to enhanced desorption and mabi-
lization). In many cases, increased salinity of USDW via the leaked saline water may likely be a larger concern
than any associated released the trace metals*. Observed data from the Chimayo site suggest that the brackish
water leaked through faults provides a source of arsenic and other heavy metals™. Kirsh ef al.** and Karamalidis
et al.*” showed As concentration increased in their experiments under both freshwater and saline environments,
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Figure 4. Batch experiments shown arsenic mobilization due to the reactions between the sediments and
introduced CO,.

Ca 52 2221 cl 280 2050.0
Fe Ldx 107° 221077 504 56.0 333.0

K 0.7 38.6 Si <DL <DL

Mg 8 2204 As <DL Lix 10t
Na 739 783.9 pH (unitless) &5 6.4

Table 2. Concentrations for major ions of the background and saline batch experiments (mg/L).

indicating that As-rich mineral dissolution becomes dominant in such cases. Arsenic mobilization mechanisms
should therefore be treated as a site-specific issue, with risk analyses of target GCS sites guided by preliminary
assays of As content of both reservoir and USDW strata.

Materials and Methods

An integrated framework of systematically combined batch experiments and reactive transport simulations has
been developed for better understanding As mobilization mechanisms with CO, leakage into shallow aquifers.
The sediment samples for batch experiments are collected from the Chimayo site, a natural CO, analog located at
the eastern margin of Espanola basin in northern New Mexico'®. The shallow drinking water aquifer at this site
has been investigated by a series of studies™ ****, and water chemistry was analyzed to evaluate mobilizations of
trace metals. Observed data show evidence of upward migration of CO, and saline water along the faults, whereas
the locations far from the faults are not impacted by CO, or brine. This site provides an example for analyzing the
impacts of CO,/brine leaked from a GCS site on overlying USDW quality.

Batch Experiments. Due to high As concentrations in the Chimayo groundwater exposed to CO, and saline
water, and the relatively high amount of As present in the sediment samples (up to 147 mg/kg), the behavior of As
caused by CO, and saline water intrusion is of specific interest. Batch experiments were conducted to mimic the
influx of CO, and saline water into the aquifer in order to evaluate As mobilization due to the reactions between
the sediments and CO, (Fig. 4). Details of the experiments were described by Viswanathan et al.”. Two sets of
experiments were conducted, with “background” (BG, low salinity, TDS ~200 mg/L) and “saline” (5, high salinity,
TDS ~4000 mg/L) synthetic groundwater, to represent the conditions with/without saline water intrusion. The
major components of each synthetic groundwater are listed in Table 2. With each set of experiments, one reactor
was exposed to CO, (maintained 1atm) and one reactor was kept as a steady-state, CO,-free control. Before CO,
injection, the sediment samples were exposed to the synthetic groundwater for ~3 days to reach a steady state.
Water samples were then collected over a 26-day experimental period: 14 days for CO, injection and 12 days for
post injection. Major ion and As concentrations were analyzed subsequently.

Geochemical Modeling Approach. In this study, a reactive transport model considering aqueous species
complexation, mineral dissolution/precipitation, adsorption/desorption, and cation exchanges was created, in
order to evaluate the mechanisms of As mobilization. All simulations were performed with TOUGHREACT V2
and ECO2N* .

A total of 54 aqueous complexes that have high impacts on the results were selected for the simulations. The
aqueous complexes and their equilibrium constants are listed in Table 3. For all the batch experiments, the reac-
tors were exposed to an oxygen-rich environment (atmosphere). Under this condition, As (V) is considered a
dominant form in the aqueous phase, which also corresponds to the conditions of the site (pe > 4). Precipitation/
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OH 1399 |CaCO,(aq) |701 |SO,(aq) 37.57 | HAsO2 9.01
CaCl* 0.70 KCl(ag) 1.50 HSO;5~ 39.42 | AsO 20.6
CaCl, (aq) 065 | MgClt 014 | PhCl 145 |HAsO,(aq) | 2354
CaS0, (ag) —210 | MgSO, (aq) —2.38 | PbCl; (aq) —2.01 | H:AsOs(aq) 2361
NaCl (ag) 078 | NasO, —0.81 | PbCl —170 | HAsO, 32.78
FeCl* 017 | KSO, —0.88 | PbCl* 150 |UOCO)- 915
FeHCO," 204 | NaHSiO, (ag) | 830 |PbOH* 757 | UDLCO,)> | 405
FeCO; (ag) 4.88 CaOH" 12.85 | Pb(OH); (ag) |17.07 | US04 —3.97
FeCl™ 1.94 NaOH (aq) 14.15 | Pb(OH):~ 28.07 | UOCIT —0.15
NaHCO, (ag) | —0.17 | NaCO," 982 | Pb(CO,).> 1124 |UOSO,(ag) | 306
CallCO," —1.04 | H.SI0, 981 | PbO (ag) 1698 | UO,0H* 522
MgHCO,* | —103 |Fe** —8.49 | PhHCO," 289 |UDCO,(ag) |0.39
COs (ag) —6.34 | CH,y (aq) 144.15 | PbCOs (ag) 3.06

[ale ey 10.33 | H;(ag) 46.11 H;AsO,~ 225

Table 3. Aqueous complexes and their equilibrium constants at 25°C (Primary species include: H,0, H*, Ca®*,
Mg**, Nat, K*, Fe?*, AlO,~, 8i0, (aq), HCO,~, SO,*~, CI-, O, (aq), Pb**, H,AsO, (aq), UO,*).

dissolution reactions for all minerals detected in the sample (26% quartz, 3.6% K-feldspar, 2.4% albite, 2.4%
anorthite, 0.4% calcite, 0.4% hematite, 43.4% illite, 1.5% kaolinite, and 20.2% smectite) were included in the
model. Precipitation of possible secondary minerals was allowed to constrain major ion chemistry in the system.
The reaction rates and surface areas of the primary minerals were treated as uncertainty parameters. Although it
is hard to detect trace As-bearing minerals (such as As-carbonate minerals) by XRD or SEM-EDS analysis, it is
possible that As-rich minerals exist in the sediments'* and impact As concentration in the agueous phase. In this
study, the initial amount of trace As minerals were treated as uncertainty parameters.

Adsorption/desorption of As from clay/Fe-rich mineral surfaces was considered as an important process for
As mobilization with CO, and saline water intrusion. Hematite, kaolinite, illite and smectite were chosen as
principal adsorbents, because they were relatively abundant in the sediment samples and also widely reported by
former studies'>*"**, Arsenic aqueous species HAsO,? and H,AsO,~ were chosen as major surface adsorption
ions*', Adsorption/desorption reactions are controlled by the total amount of reactive sites (product of amount of
adsorbent, site density and adsorbent surface area)™, which has high uncertainty for different samples*'. The local
equilibrium of adsorbed As is affected by salinity and pH*" ** **. Therefore, adsorbent surface area and surface
complexation equilibrium constant were selected as uncertainty parameters.

Cation exchange reactions were also considered in the model for major cations, which might affect the
response of trace metals and pH to CO, and saline water intrusion. The Gaines-Thomas convention was used in
this study”’. The site-specific parameters of cation selectivity coefficient and cation exchange capacity (CEC) were
not measured for this site, and they were treated as uncertainty parameters.

To obtain the best estimations for the uncertainty model parameters, the nonlinear parameter estimation pro-
gram PEST* was applied. The 26-day experimental data were used to estimate the uncertainty parameters listed
above via inversion by minimizing the objective function J**->;

N L
J = miny E(p); E(p) = 3 willu(p) — ) )
i=1 =1

where E(p) is the sub-objective function from chemical species 7, N (=9) is the number of chemical species, w;
is the weighting coeflicient for the /th measurement of the ith species, which is computed with the inverse of the
standard deviation of the experimental data®, and ;" and @' are the simulated and observed concentrations of
Ca, Mg, K, Na, Si, Cl, SO, As and pH. A composite sensitivity analysis of the uncertainty parameters was also
conducted in order to determine the most sensitive parameters®.
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CHAPTER 5

CONCLUSION

This work specifically focuses on impacts of CO, leakage from geologic CO,
sequestration (GCS) reservoirs. CO,-wellbore cement interactions, CO, leakage through
fractured wellbores, CO, intrusion into groundwater aquifers, and its impacts on
Underground Sources of Drinking Water (USDW) quality are analyzed. Geochemical
reactions due to CO, intrusion are of specific interest in this work, which include aqueous
species complexation, mineral precipitation/dissolution, adsorption/desorption, and cation
exchange. Specific methods of reduce order models (response surface methodology),
uncertainty analysis, and inverse modeling are involved in this work. Lab-scale
experimental results and field observations are used for key parameters calibration, which
improves the reliability of numerical simulations.

Chapter 1 introduces potential risks of CO, leakage from storage reservoirs and recent
research approaches on this topic. Importance of combining numerical simulations with
experimental results and risk assessments is also addressed in this chapter.

In Chapter 2, chemical impacts of CO, leakage through wellbore cement and
surrounding caprock with a gap (annulus) in between are analyzed. The case study for
this analysis is the Farnsworth Unit (FWU), an active CO, enhanced oil recovery (EOR)

oilfield in the northern Anadarko Basin in Texas. Key parameters for cement-CO,
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interactions are calibrated with the cement core sample from the SACROC Unit exposed
to CO, for 30 years, and such parameters are used in our reactive transport simulations
for forecasting the wellbore structural integrity. The major conclusions drawn include:

(1) Cement tortuosity and diffusion coefficient are key parameters for determining the
depth of the carbonation zone. Values of cement tortuosity = 0.01 and diffusion
coefficient = 10™ m?/s are reasonable to fit the carbonation depth of the core sample.

(2) Operational reservoir pressure and reservoir gas saturation (Sg) affect the height
of carbonated zone along the existing fracture between the cement and the caprock,
because of the buoyancy and pressure driven force for COs.

(3) When CO, saturated brine reaches the cement, portlandite (Ca(OH),) reacts with
CO, and forms calcite (> 20% volume fraction), leading to porosity reduction (up to 10%
reduction in 100 years), significantly impacting CO, leakage rates by infilling pathways.

(4) CO, will likely not penetrate an unfractured caprock, and the cement would not
degrade significantly in this case.

(5) For the Farnsworth Unit, the wellbore cement will likely maintain its structure and
integrity after 100 years. However, if an acid plume were to enter an existing limestone
caprock fracture, calcite would likely dissolve because of reduced pH. This process could
increase porosity of the fracture and enlarge the volume of the fracture area — a major
concern for CO; leakage.

In Chapter 3, a response surface methodology (RSM) is conducted to quantify
uncertainty and risks to the water quality of the Ogallala aquifer overlying the Farnsworth
Unit (FWU) due to CO, leakage through wellbores with micro-fractures. This chapter

includes three parts: (1) cement hydration simulations, to obtain the equilibrium
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composition of wellbore fluids with wellbore cements; (2) quantification of the possible
range of CO, leakage rates from the FWU reservoir through wellbore fractures (using
typical and likely permeability ranges) to the overlying USDW; and (3) quantification of
potential risks to Ogallala groundwater quality due to CO, leakage. Major findings
include:

(1) This study suggests that a greater than 90% probability of leakage rate values
should range between 10 — 10 kg/(m? year). This small leakage rate is explained by
the relatively low permeability of wellbore cement, and chemical reactions between CO,
and portlandite (Ca(OH),) that consume CO, as well as further decrease the fracture
porosity resisting the CO, pathways.

(2) RSM-based results are sufficiently robust, as indicated by coefficient of
determination (R?) and coefficient of variation of the root mean square error (CVRMSE)
values calculated between simulation results and the RSM-predicted responses. R® and
CVRMSE between 50 validation simulation results and response surface equations are >
0.8 and < 10%, respectively. The high R? and low CVRMSE values suggest that the
results of ROMs are likely sufficiently effective for representing full-reservoir model
simulation results.

(3) No-impact thresholds associated with site-specific monitoring data could be a
valuable reference for evaluation of CO, impacts.

(4) Within the range of CO, leakage rate, TDS, nitrate, and trace metal concentrations
could be twice as much as the initial value with the worst scenarios after 200 years.
However, these water indices do not exceed the MCL limit, or exceed no-impact

thresholds according to the in situ monitoring data, suggesting that the Ogallala
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groundwater quality should not be significantly impacted.

(5) Water quality at 100, 500, and 1000 m away from the leakage point indicates only
slight differences within 200 years, suggesting that the distance between current
monitoring wells and injection/production wells is of limited impact with respect to early
detection criteria.

(6) pH is suggested as a likely geochemical indicator for early detection, because it is
sensitive to CO; leakage and is easy to detect.

In Chapter 4, the mechanisms of arsenic mobilization with an integrated experimental
and simulation framework are analyzed. The case study is the Chimayo site in northern
New Mexico, a natural analog with CO, upwelling, which provides an example of a
shallow groundwater aquifer with long-term CO, exposure. Quantitative interpretation of
As mobilization due to leaked CO;, and brine utilizes an inverse reactive transport
modeling approach. Results of this study are intended to improve ability to quantify risks
associated with potential leakage of reservoir fluids into shallow aquifers, in particular
the possible environmental impacts of As mobilization at carbon sequestration sites. The
main conclusions are:

(1) Arsenic desorption/adsorption from/onto clay minerals is the major reaction
controlling its mobilization, and clay minerals could mitigate As mobilization with
surface complexation reactions.

(2) Dissolution of available calcite plays a critical role in buffering pH.

(3) High salinity in general hinders As release from minerals.

(4) The magnitude and quantitative uncertainty of As mobilization are predicated on

the values of reaction rates and surface area of calcite, adsorption surface areas and
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equilibrium constants of clay minerals, and cation exchange capacity.

Future research could be done to improve the approaches of this work. Possible
research may include: (1) improved models for the simulated formations with more field
monitoring data could be developed; (2) laboratory experiments with site-specific
sediments and groundwater samples interacting with CO, could be conducted to obtain
geochemical reaction parameters for potential impacts on groundwater quality; and (3)
integrated frameworks combining experiments, simulation, and field observations are

necessary for accurately forecasting CO, behavior in the storage sites.



