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ABSTRACT

Deep basalt formations within large igne-
ous provinces have been proposed as target
reservoirs for carbon capture and sequestra-
tion on the basis of favorable CO,-water-rock
reaction kinetics that suggest carbonate min-
eralization rates on the order of 10-10° d.
Although these results are encouraging,
there exists much uncertainty surrounding
the influence of fracture-controlled reservoir
heterogeneity on commercial-scale CO, injec-
tions in basalt formations. This work investi-
gates the physical response of a low-volume
basalt reservoir to commercial-scale CO, in-
jections using a Monte Carlo numerical mod-
eling experiment such that model variability
is solely a function of spatially distributed
reservoir heterogeneity. Fifty equally prob-
able reservoirs are simulated using properties
inferred from the deep eastern Snake River
Plain aquifer in southeast Idaho, and CO,
injections are modeled within each reservoir
for 20 yr at a constant mass rate of 21.6 kg s™'.
Results from this work suggest that (1) forma-
tion injectivity is generally favorable, although
injection pressures in excess of the fracture
gradient were observed in 4% of the simula-
tions; (2) for an extensional stress regime (as
exists within the eastern Snake River Plain),
shear failure is theoretically possible for op-
timally oriented fractures if S, < 0.70S; and
(3) low-volume basalt reservoirs exhibit suffi-
cient CO, confinement potential over a 20 yr
injection program to accommodate mineral
trapping rates suggested in the literature.

INTRODUCTION
In 2012, global CO, emissions from fossil
fuel combustion increased 1.4% to 31.6 Gt (a

record high), and in May 2013, average daily

"E-mail: rpollyea@niu.edu

atmospheric CO, concentrations exceeded
400 ppm for the first time since such measure-
ments have been recorded (IEA, 2013). Several
technology-based and policy-driven strategies
have been proposed for stabilizing the global
CO, emissions, one of which is carbon capture
and sequestration (CCS) (Pacala and Socolow,
2004). The premise underlying CCS technol-
ogy is that point-source CO, can be captured
at industrial operations and pumped into deep
geologic formations for permanent disposal,
thus preventing atmospheric release. Four trap-
ping mechanisms have been identified for CO,
disposal in geologic formations: (1) physical
trapping beneath a low-permeability cap rock
seal, (2) residual saturation trapping of free-
phase CO, in isolated pore space, (3) solubil-
ity trapping of CO, dissolved in the aqueous
phase, and (4) mineralization by geochemical
water-CO,-rock interactions, resulting in per-
manently trapped carbonate precipitates (Matter
and Kelemen, 2009). The traditional geologic
settings for CCS reservoirs are sedimentary
basins with low-permeability cap rock seals
and depleted oil fields, where the occurrence of
hydrocarbon resources indicates the presence of
naturally occurring physical trapping mecha-
nisms (Orr, 2009).

Recently, however, a growing body of evi-
dence suggests that large igneous provinces
hosting deep basalt reservoirs (>800 m) may be
attractive targets for CO, disposal on the basis of
rapid mineralization reactions (McGrail et al.,
2006). Investigation of large igneous provinces
for CCS targets is motivated to a large extent by
the storage potential within both onshore and
offshore basalt formations. For example, the
Deccan Traps in central and western India have
an estimated storage capacity of 150 Gt CO,
(Jayaraman, 2007). Similarly, the storage capac-
ity of the Columbia River Basalt Group in the
northwestern United States has been estimated
to be on the order of 100 Gt CO, (McGrail et al.,
2006), and offshore basalt formations within

the Juan de Fuca plate and Central Atlantic
magmatic province hold potential for CO, dis-
posal on comparable scales (Goldberg et al.,
2008, 2010).

Mineralization reactions for geologic carbon
sequestration in basalt reservoirs have been
investigated theoretically on the basis of kinetic
rate laws (Alexander et al., 2007), and in the lab-
oratory using both grain-scale (McGralil et al.,
2006) and core-scale experiments (Schaef et al.,
2011). The work by Schaef et al. (2011) has
shown that CO,, dissolved in either the aque-
ous phase or a water-rich supercritical phase,
produces carbonate precipitates when exposed
to basalt samples under temperature and pres-
sure conditions representative of reservoir depth
for a period of 180 d. Significantly, this work
showed increasing mineralization rates with
increasing temperature and pressure, suggesting
that deep basalt reservoirs with elevated thermal
gradients may be ideal targets for CCS imple-
mentation; moreover, natural analogs for this
process were identified by Kelley et al. (2001)
in a Mid-Atlantic Ridge hydrothermal vent field
composed of ultramafic peridotite.

Despite the mounting evidence suggesting
that mineral trapping will play a significant role
in basalt-hosted CO, sequestration reservoirs,
many questions remain about the feasibility of
industrial-scale implementation. For example,
basalt-flow morphology is characterized by
dense, interconnected fracture networks that
provide both CO, storage capacity and poten-
tial escape pathways. This implies that physical
trapping, solubility trapping, and residual satura-
tion trapping will be necessary to hold seques-
tered CO, within the target reservoir over time
scales sufficient for mineralization reactions
to proceed. Although the influence of fracture
heterogeneity on site-scale CCS in basalt reser-
voirs has received little attention in the literature,
recent work by Pollyea and Fairley (2012) shows
that the spatial distribution of fracture-controlled
reservoir heterogeneity exerts significant control
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on the rate of injection pressure accumulation.
Unfortunately, these results were inconclusive
with respect to the CO, confinement potential
in basalt reservoirs over the 10 yr simulation
injection period, and the two-dimensional geom-
etry their model did not address the influence of
injection pressure on the geomechanical state
of the target reservoir. In the present work, we
extend the efforts of Pollyea and Fairley (2012)
by developing three-dimensional stochastic
representations of layered, low-volume basalt
reservoirs with characteristics inferred from
basalt exposures within the eastern Snake River
Plain, Idaho. We simulated CO, injections for
20 yr at a constant mass rate of 21.6 kg s in
50 equally probable synthetic basalt reservoirs.
In this Monte Carlo approach, model variability
is solely a function of the spatially distributed
fracture heterogeneity, and modeling results are

evaluated across 50 individual simulations to
investigate (1) the likelihood of exceeding the
fracture gradient at injection depth, (2) potential
for shear failure of optimally aligned faults or
fractures, and (3) confinement potential in the
absence of mineralization reactions after a 20 yr
injection program.

MODEL DESCRIPTION

Low-volume basalt flows typical of the east-
ern Snake River Plain are characterized geo-
metrically by a length:width:thickness aspect
ratio 30:10:1, respectively, with length scales
on the order of 10'-10° m (Welhan et al., 1997,
2002b). Figure 1A presents a cross-sectional
image of two adjacent basalt flows observed
in outcrop at the Box Canyon field site, which
is located within the eastern Snake River Plain

~8 km southeast of Arco, Idaho. In the model
presented here, a synthetic assemblage of low-
volume basalt flows (Fig. 1B) is simulated as a
bimodal stochastic continuum using reservoir
properties inferred from previous investigations
on the eastern Snake River Plain, and described
by Pollyea and Fairley (2012). This representa-
tion simplifies the hydrogeologic reservoir prop-
erties into (1) high-permeability (k) units com-
posed of densely fractured upper colonnades and
rubbly flow margins and (2) low-k flow interiors.
The hydrogeologic properties are presented in
Table 1. Fifty equally probable, three-dimen-
sional synthetic reservoirs were generated using
asequential indicator simulation (Deutsch, 2002)
such that the spatial distribution of fracture-
controlled reservoir heterogeneity is constrained
by the model semivariogram and probability
distribution function of fracture distributions in
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Figure 1. (A) Digital image of adjacent low-volume basalt flows viewed in cross section at an outcrop within the Box Canyon field site,
which is located ~8 km southeast of Arco, Idaho. (B) Conceptual model of the eastern Snake River Plain by Welhan et al. (2002c, their fig.
2A) depicting a layered assemblage of low-volume basalt flows. (C) Example of one bimodal synthetic reservoir developed for this work.
High-permeability rubble zones and interconnected upper colonnades are identified with gray shading; low-permeability flow interiors
are denoted with black shading. Each reservoir contains 2,880,000 grid blocks with individual grid-block geometry of 25 m x 50 m x 25 m

(width by length by height, respectively).
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TABLE 1. RESERVOIR PROPERTIES

Pollyea et al.

TABLE 2. MODEL SEMIVARIOGRAM PARAMETERS

Flow interior Rubble zone
pr 2650 2650
[0 0.125 0.125
kK 3.40E-15 1.77E-14
K, 3.40E-15 1.77E-14
k, 7.06E-16 1.77E-14

Note: p,—dry density of basalt (kg m=); o—
porosity (—); k—permeability (m?), where subscript
denotes direction; permeability data are from Pollyea
and Fairley (2012).

outcrop. Across the ensemble of 50 reservoir
simulations, the probability distribution for each
subdomain is 0.31 for the high-k unit (densely
fractured upper colonnades and rubbly flow
margins) and 0.69 for the low-k unit (basalt-flow
interiors). For the two-dimensional, anisotropic
semivariogram model describing the minimum
horizontal and vertical fracture correlation, field
data were acquired using terrestrial light detec-
tion and ranging (LiDAR) by scanning analog
outcrop basalt exposures at the Box Canyon field
site in southeast Idaho; the field methods are pre-
sented in Pollyea and Fairley (2011), and the
semivariogram analysis is described in Pollyea
and Fairley (2012). In extending the model pre-
sented by Pollyea and Fairley (2012) into three
dimensions, we augmented the two-dimensional
anisotropic semivariogram model by adding
a basalt-flow lengthwise correlation structure
for the high-k facies in the horizontal plane of
simulated basalt flows. This component of the
anisotropic semivariogram correlation model is
based on spatial analysis of hydraulic conductiv-
ity data from pumping tests at the Idaho National
Laboratory’s Test Area North (Welhan et al.,
2002a, their fig. 8b), and it is assumed here to
represent the axis of maximum horizontal spatial
correlation with an effective range parameter of
107 m. The three-dimensional anisotropic semi-
variogram model for the high-permeability units
is presented in Table 2.

Each reservoir is composed of a three-dimen-
sional Cartesian mesh with 2.88 million grid
blocks simulating an areal extent of 5000 m X
10,000 m x 1800 m (Fig. 1C), and individual
grid-block geometry of 25 m x 50 m x 25 m,
respectively. Prior to CO, injection simulations,
steady-state (initial) conditions were computed
by imposing (1) a Dirichlet temperature and
pressure boundary across the top of the reservoir
domain (7=7 °C, P = 0.101 MPa) to represent
atmospheric conditions typical of the eastern
Snake River Plain, (2) a Neuman heat boundary
(0.11 W m™) across the bottom of the domain to
account for the regional geothermal flux known
to exist within the eastern Snake River Plain
(Brott et al., 1981), and (3) adiabatic tempera-
ture and pressure boundaries elsewhere. These
initial conditions represent a fully saturated sys-

346

Range
Direction Model type Sill (m)
Minimum horizontal Nugget 0.30 —
Exponential 0.15 1.5
Exponential 0.55 38.0
Maximum horizontal Nugget 0.30 —
Exponential 0.15 1.5
Exponential 0.55 107.0*
Vertical Nugget 0.30 —
Exponential 0.15 1.5
Exponential 0.55 10.0

*From Welhan et al. (2002a, their Fig. 8b).

tem from ground surface to 1800 m depth, with
linear hydrostatic temperature and pressure pro-
files ranging from 7 °C to 96 °C and 0.101 MPa
to 17.3 MPa, respectively. These initial condi-
tions suggest that CO, will exist in the super-
critical phase at depths greater than 762.5 m.

CO, injections were simulated within each
reservoir using TOUGH2-MP (Zhang et al.,
2008) with equation of state module ECO2N
(Pruess, 2005) for simulating nonisothermal
mixtures of water, salt, and CO,. For simulating
CO, injections, the upper and lower boundary
conditions remained unchanged from the ini-
tial conditions simulation; however, the lateral
boundary conditions were changed to impose
Dirichlet conditions along the vertical edges of
each reservoir, thus holding the linear tempera-
ture and pressure profiles constant in the far-field
regions of the model domain. In order to account
for the interaction of two-phase flow (aqueous
and supercritical CO,), the permeability of each
phase was modeled using generic characteristic
curves. The van Genuchten (1980) relative per-
meability model was applied for the gas phase
in the flow interiors and for the aqueous phase in
both flow interior and rubble zone subdomains,
while the Corey (1954) relative permeability
model was used for the gas phase in the rub-
ble zone subdomain (Table 3). In addition, the
capillary pressure effects between the aqueous
phase and nonwetting supercritical CO, phase
were modeled using the commonly invoked
van Genuchten (1980) capillary pressure curves
(Table 3). The injection well was simulated in
each reservoir as a single grid block centered in
the horizontal plane at a depth of 1562.5 m, and
CO, was injected at a constant mass rate of 21.6
kg s7' (680,000 metric tons per year) and forma-
tion temperature of 84.5 °C.

ANALYSIS AND DISCUSSION

One of the primary concerns in pursuing
large-scale CCS projects is that increasing pore-
fluid pressure may induce or trigger seismic
activity, the result of which threatens reservoir
integrity for CO, trapping (Zoback and Gore-
lick, 2012). In response to this concern, much
emphasis has been placed on evaluating the
geomechanical changes within target CCS res-
ervoirs. For example, Lucier et al. (2006) and
Goodarzi et al. (2011) used separate and cou-
pled, respectively, hydromechanical models to
show that small fluid pressure increases during
CO, injections may induce shear failure in the
cap rock seal overlying the Rose Run Sandstone
formation in southeast Ohio. Although CCS
operations in basalt reservoirs are predicated
largely on rapid mineralization rates, rather than
low-permeability cap rock seals, these results
highlight the importance of understanding how
increasing pore-fluid pressures influence reser-
voir geomechanics.

Tensile Failure

In low-volume basalt reservoirs, vertical fluid
flow is suppressed by the presence of relatively
low-permeability basalt-flow interiors. These
flow interiors are characterized by a central
entablature zone consisting of tightly welded
fractures with highly variable orientations
(Schaefer and Kattenhorn, 2004). The entabla-
ture forms during basalt-flow emplacement as
the upper and lower cooling fronts meet, and
the resulting thermal interactions blunt colum-
nar joint propagation through the entablature
(Kattenhorn and Schaefer, 2008). In a multiple-
phase hydrogeologic system consisting of an

TABLE 3. RELATIVE PERMEABILITY AND CAPILLARY PRESSURE MODEL PARAMETERS

A S, S Sy 1/P, Max. Peap

Flow interior Rel. perm. 0.75 0.20 0.99 0.01 — —
Cap. press. 0.75 0.00 0.99 —_ 4.80E-5 1.00E+7

Rubble zone Rel. perm. 0.75 0.30 1.00 0.00 — —
Cap. press. 0.75 0.00 0.99 — 1.38E-3 1.00E+7

Note: A, —phase interference parameter, also called van Genuchten’s m (-)]; S,—liquid-phase residual

saturation (-); S,—liquid-phase saturated saturation (-); S

—gas-phase residual saturation (=), when set to 0,

the Corey (1954) relative permeability model is invoked; P,—air entry pressure (Pa); P..,—capillary pressure (Pa).
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aqueous phase and nonwetting supercritical
CO, phase, the tightly welded entablature frac-
tures also suggest that capillary pressure effects
may inhibit vertical CO, migration through the
basalt pile. As a result, entablature units within
basalt-flow interiors are generally considered
barriers to fluid migration; however, since the
vertical dimension of low-volume basalt flows
is relatively small (on the order of meters to tens
of meters), the efficacy of the entablature zone
to inhibit vertical fluid flow may be reduced in
response to mode I fracture propagation (open-
ing motion). Moreover, since fluid flux within a
fracture roughly increases with the cube of frac-
ture aperture (Witherspoon et al., 1980), fracture
propagation through the entablature may drasti-
cally increase vertical effective permeability and
break down any capillary trapping effects.

Although permanent CO, disposal in basalt
formations is predicated on mineral trapping
(McGrail et al., 2006) rather than physical
trapping beneath low-permeability cap rock
seals, the feasibility of CO, sequestration in
these systems is inextricably linked with short-
term physical trapping within the basalt pile.
As a result, understanding the potential for
pressure-induced permeability changes prior to
widespread mineralization remains a vital com-
ponent to assessing the feasibility of sequestra-
tion in such systems. To examine the potential
for mode I fracture propagation in this model
scenario, we simulated time-series pressure
data at the CO, injection site for each simula-
tion (Fig. 2). Since CO, is placed in the system
at a constant mass rate (21.6 kg s™), variability
in pressure magnitude and accumulation rate
within each simulation are solely a function
of the spatial distribution of formation hetero-
geneity, and this suggests that interconnectiv-
ity of permeable structures (i.e., interconnected
upper colonnades and rubbly flow margins)
away from the injection site into the target res-
ervoir can substantially reduce injection pres-
sure. Conversely, injection pressure accumu-
lates when high-permeability structures near
the injection well become disconnected from
the far field of the reservoir (Pollyea and Fair-
ley, 2012). The effects of this injection pressure
with respect to mode I fracture propagation can
be evaluated by estimating the pressure required
to induce hydraulic fracture at depth, which, for
this analysis, was computed using the method
proposed by Eaton (1969):

_ |G B[V |, B

where F is the fracture gradient, G, is the
lithostatic stress, P; is pore-fluid pressure, v
is Poisson’s ratio, and D is depth. Using D =

(I
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Figure 2. Solid lines represent time-series pressure at the injection site for 50 CO, injection
simulations. The dashed line denotes pressure required for mode I failure estimated using

the Eaton (1969) method.

1562.5 m (the midpoint of the injection block)
and a Poisson’s ratio of 0.25, the estimated
fracture gradient is 0.0152 MPa m™ (0.67 psi
ft™), which results in a fracture pressure of
23.7 MPa at injection depth (Fig. 2, dashed
line). Results from the 50 simulations indicate
that 4% (2/50) of the simulations exceed the
fracture pressure near the injection site (Fig.
2). Although this result is promising, it must
be noted that in the two cases in which there
was failure, injection pressures exceeded the
fracture gradient by >2 MPa, suggesting that
fracture propagation through low-permeabil-
ity entablature units may be widespread in
these cases. In light of the costs associated
with developing a CCS reservoir, the practi-
cal implication of this result is that formation
injectivity cannot be assumed to be favorable
in low-volume basalt formations. As a result,
reservoir characterization and well siting must
quantify both near-well fracture heterogeneity
and connectivity into the target reservoir in
order to minimize the risk of mode I fracture
propagation and the associated permeability
increases that may result.

Shear Failure

The eastern Snake River Plain in southern
Idaho is located along the northeast margin of
the Basin and Range Province, and it is gener-
ally considered an extensional tectonic environ-

ment (Geslin et al., 2002; Payne et al., 2008),
although it has been suggested that stresses
within the eastern Snake River Plain may be
isotropic (Moos et al., 1990). In evaluating the
likelihood of shear failure for optimally aligned
faults/fractures in response to industrial-scale
CO, injections, this work assumes an exten-
sional stress regime, such that S, < S, < S,,
where S, and S,; are the minimum and maxi-
mum horizontal compressive stresses, respec-
tively, and S, is lithostatic stress. One limita-
tion to this analysis is that a detailed literature
review reveals that little is known about the
magnitudes of horizontal compressive stresses
within the eastern Snake River Plain. As a
result, this work considers three possibilities
for minimum horizontal compressive stress in
the target reservoir: (1) S, = 0.85S,, (2) S, =
0.70Sy, and (3) S, = 0.55S,,.

To account for the presence of pore-fluid
pressure (P;), the static (prior to CO, injection)
vertical effective stress (Sy,) is computed as a
function of depth using the relationship:

Sv.eff(Z)=(Pr—Pf)gZ’ 2)
where p, is the reservoir rock density, p; is the
aqueous-phase fluid density, g is acceleration
due to gravity, and z is depth within the reser-
voir (Fig. 3, black line). The effects of increas-
ing pore-fluid pressures that result from the CO,
injections are accounted for using simulated
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grid-block pressures. In particular, the mean

injection pressure, F, , ., for each grid block
for all 50 simulations is computed as:

50

— 1
Pf(x,,v,z) = %2 Pf,i(x,y,z)’ (3)

i=1

where Py is the modeled injection pressure
at location (x,y,z) within the model domain
for simulation i. This injection pressure acts in
opposition to all compressive stresses within
the target reservoir; however, we are primarily
interested in whether the injection pressures
move S, ; below the Mohr-Coulomb failure
threshold. Here, we invoke the Mohr-Coulomb
failure criteria for an extensional stress regime
in terms of the minimum and maximum princi-
pal stresses:

.}
O3t = Oenr |:(PLS+ 1)1/2+ HS:| , C))

where G, is the value of S, below which
shear failure is possible for optimally aligned
faults or fractures, o, . is the vertical compres-
sive effective stress (Sy.), and |, is the coeffi-
cient of static friction (Engelder, 1993). For the
coefficient of static friction, we assume a value
of 0.85 on the basis of Byerlee (1978, p. 624).
Since injection pressures are variable within
each CO, injection simulation as function of
time (7), the mean minimum compressive effec-
tive stress, §h,eff(t), is computed as:

§h,eff(t) =8, - Pf(x‘,y,z)(t)v )

where S, is the minimum horizontal stress, and
ISf(H_Z)(t) is mean grid-block injection pressure
for the time step () computed per Equation 3.
After 30 d of constant-rate CO, injections, this
model suggests that optimally oriented fractures
may fail in response to injection pressure if S,
= 0.55S,. As shown in Figure 3 (blue circles),
the vertical length scale for shear failure in
this scenario is ~150 m from the injection site;
however, this length is conservative because
the horizontal semivariogram correlation range
for high-permeability units is an order of mag-
nitude longer than in the vertical direction. In
addition, for S, = 0.70S,, shear failure is pos-
sible within bounds of uncertainty equivalent to
three standard deviations from the S, . (Fig. 3,
green error bars). Because the model variabil-
ity is solely a function of the spatial distribution
of reservoir heterogeneity, these results suggest
that (1) more complete information is needed
with respect to the in situ stresses within the
eastern Snake River Plain, and (2) understand-
ing the orientation of fractures in close proxim-
ity to the injection well is an important criteria
for both understanding risks associated with

Pollyea et al.

30

Depth (m)

L _200
- _400
L ~600

L _800

- —1000

- —1200

- —1400

- —1600

2 B M 4800
15 20 25 30

Stress (MPa)

Figure 3. Minimum and maximum principal stresses as a function of
depth for an extensional stress regime. The solid black line denotes
the maximum compressive effective stress (Sy_), which is vertical
in an extensional stress regime. Three scenarios are considered for
the minimum compressive effective stress (S,, ;) within the domain:
Shetr = 085Sy (brown); Sy r = 0.70S, . (green); S, . = 0.55Sy
(blue). For each scenario, the stress profile is computed at 30 d of
constant-rate CO, injection using a vertical column of model grid
cells that intersect the injection well. Solid lines denote the minimum
compressive effective stress prior to CO, injections, circles denote
mean (N = 50) S, ., for each grid cell (Eq. 5), and error bars repre-
sent bounds of uncertainty corresponding to three standard devia-
tions (30) from the mean 30 d S, . The red line is Mohr-Coulomb
failure criteria as a function of depth (Eq. 4).

induced or triggered seismicity and evaluating
the likelihood of damaging transport-inhibiting
basalt-flow interiors through shear failure.

CO, Transport and Confinement

In the absence of low-permeability cap rock
to physically trap injected CO, within the tar-
get reservoir, the feasibility of CCS in basalt
formations will largely depend on carbon-
ate mineralization to permanently isolate CO,
from the atmosphere. This suggests that physi-
cal CO, confinement in early time, i.e., prior to
widespread mineralization, will be necessary
to allow such geochemical interactions to com-

mence. Although fully coupled thermal-hydro-
mechanical models capable of approximating
water-CO,-basalt mineralization reactions are
beyond the capabilities of current simulation
codes (Fairley et al., 2010), we can use the
present simulations to estimate the probabil-
ity of CO, confinement for low-volume basalt
reservoirs in the absence of mineralization,
i.e., a worst-case scenario. In the numerical
model presented here, 13.6 million metric tons
of CO, are placed into the system after 20 yr
of constant-rate (21.6 kg s™) injection. Of this
CO, mass, the mean (N = 50) phase partition
consists of 9.7 million metric tons (71%) in the
supercritical phase and 3.9 million metric tons
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Figure 4. Mean (N = 50) aqueous-phase mass flux (kg s™) vectors in the x-z plane through the injection site; arrows denote flux direction,

and color palette denotes flux magnitude.

(29%) dissolved in the aqueous phase. Due to
the density differential between the CO,-rich
aqueous phase and natural formation water, the
CO,-rich aqueous phase sinks under gravity-
driven flow (Fig. 4), suggesting that solubility
trapping is a significant contributor to CO, iso-
lation in the fractured basalt reservoirs. Never-
theless, a substantial quantity of CO, remains in
the supercritical phase, which is buoyant with
respect to both natural formation water and the
CO,-rich aqueous phase. The mean supercriti-
cal-phase flux after 20 yr of injection indicates
that vertical mass transport is less than 5.0 x
10* kg s™! above 750 m depth, which is margin-
ally above the critical point for CO, (Fig. 5A).
In addition, the uncertainty associated with this
estimate is less than 1.0 x 10~ normalized vari-
ance (Fig. 5B). As a result, the overall physical
confinement potential of low-volume basalts is
promising over a time scale of 20 yr; however,
these results must be qualified because several
important physical processes are not described
in the simulation code deployed for this work.
In particular, the effects of mineralization/dis-
solution reactions, including reservoir permea-
bility changes and the force of crystallization,
may adversely affect reservoir performance;
however, equations of state that fully describe
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these processes are a well-known and unsolved
challenge for developing fully coupled thermal-
hydromechanical models (Fairley et al., 2010) at
the time of writing.

CONCLUSIONS

In this work, we investigated geologic carbon
sequestration in low-volume basalt formations
typical of the eastern Snake River Plain in south-
ern Idaho, USA. This investigation builds on the
previous work of Pollyea and Fairley (2012) by
developing a three-dimensional Monte Carlo flow
and transport model whereby model variability is
solely a function of spatially distributed forma-
tion heterogeneity, which is a priori unknown
within the eastern Snake River Plain at depths of
interest for geologic carbon sequestration. This
approach, although not specific to any one site
within the eastern Snake River Plain, benefits
from the ability to quantify a wide range of sys-
tem behaviors that result from the inherent uncer-
tainty. Fifty identically parameterized CO, injec-
tion simulations were computed using equally
probable synthetic reservoirs constrained on the
basis of an anisotropic semivariogram model that
describes the characteristic spatial dependence of
high-permeability structures within a basalt pile.

The results of this model indicate that low-
volume basalt reservoirs exhibit sufficient con-
finement potential over a 20 yr CO, injection
program to accommodate mineral trapping rates
suggested in the literature (McGrail et al., 2006;
Schaef et al., 2011). In addition, geomechanical
analysis of time-series pressure accumulation at
the injection site indicates that the potential for
tensile failure is low; however, the implications of
such failure may drastically reduce the confine-
ment potential by propagating preexisting colum-
nar joints through low-permeability entablature
zones within basalt-flow interiors. Interpreting
the potential for shear failure in response to injec-
tion is less conclusive because a detailed litera-
ture review indicates that little is known about the
magnitudes of in situ principal stresses with the
eastern Snake River Plain, although it is gener-
ally assumed to be an extensional stress regime.
Nevertheless, we evaluate the Mohr-Coulomb
shear failure criteria using three scenarios for
an extensional stress regime: S, = 0.85S,, S, =
0.70S,, and S, = 0.55S,. This analysis indicates
that the mean (N = 50) injection pressure after
30 d of injection may induce or trigger shear
failure for optimally oriented fractures within the
reservoir for S, = 0.55S,. In contrast, the mean
injection pressure for S; = 0.70S, results in a
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minimum effective horizontal stress above the
Mohr-Coulomb failure criteria; however, failure
is possible for this scenario within the bounds
of uncertainty, corresponding to three standard

Normalized
Variance
Gas Phase
Flux

o
o L =] . . .. .
> deviations from the mean injection pressure.
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