
Contents lists available at ScienceDirect

International Journal of Greenhouse Gas Control

journal homepage: www.elsevier.com/locate/ijggc

Geologic CO2 sequestration and permeability uncertainty in a highly
heterogeneous reservoir
Richard S. Jayne⁎, Hao Wu, Ryan M. Pollyea
Department of Geosciences, Virginia Polytechnic Institute & State University, Blacksburg, VA, United States

A R T I C L E I N F O

Keywords:
Numerical modeling
Permeability
Heterogeneity
CO2 sequestration
Columbia River Basalt Group

A B S T R A C T

To understand the implications of permeability uncertainty in basalt-hosted CCS reservoirs, this study in-
vestigates the feasibility of industrial-scale CCS operations within the Columbia River Basalt Group (CRBG). It is
generally accepted that plausible constraints on in situ fracture-controlled permeability distributions are un-
knowable at reservoir scale. In order to quantify the effects of this permeability uncertainty, stochastically
generated and spatially correlated permeability distributions are used to create 50 synthetic reservoir domains to
simulate constant pressure CO2 injections. Results from this research illustrate that permeability uncertainty at
the reservoir-scale significantly impacts both the accumulation and distribution of CO2. After 20 years of in-
jection the total volume of CO2 injected in each simulation ranges from 2.4 MMT to 40.0 MMT. Interestingly, e-
type calculations show that the mean CO2 saturation over the ensemble of 50 simulations is concentric around
the injection well, however, ensemble variance shows an ellipse of uncertainty that trends parallel to the long
axis of CRBG permeability correlation (N40°E). These results indicate that a priori knowledge of permeability
correlation structure is an important operational parameter for the design of monitoring, measuring, and ver-
ification strategies in highly heterogeneous CCS reservoirs.

1. Introduction

Spatial heterogeneities are present at all geologic scales, from pore
(Chang et al., 2016) to reservoir scales (Doughty and Pruess, 2004).
Understanding how spatial heterogeneity affects fluid flow is critical for
engineered carbon capture and storage (CCS) reservoirs in terms of
monitoring, management, and verification (MMV). Reservoirs that are
targeted for CCS require extensive site characterization to ensure that
the reservoir meets the requirements for capacity, injectivity, and
confinement for a given CCS project. Numerical models are commonly
used to predict what effects a large-scale CO2 injection will have on the
target reservoir and the behavior of the CO2 plume. However, many
numerical modeling studies employ a homogeneous representation of
the geologic media (Van der Meer, 1995; Pruess and Garcia, 2002;
Pruess et al., 2003). For example, at the reservoir-scale it is common to
implement a layered heterogeneity approach with internally homo-
geneous rock properties. Doughty (2010) simulates an injection of 1.1
million metric tons of CO2 into a dipping sedimentary basin to in-
vestigate the spatial and temporal evolution of the CO2 plume. While
this approach may be reasonable for some geologic environments, it is
also well established that uncertainty with the model parameters, such
as, permeability will strongly affect the direction and extent of the CO2

plume (Doughty, 2010). Moreover, Doughty and Pruess (2004) in-
vestigate the physical processes associated with the sequestration of
supercritical CO2 and show that the highly heterogeneous nature of
geologic media results in the formation of preferential flow paths which
have a significant impact on the overall behavior of the injected CO2.

Reservoir integrity within highly heterogeneous reservoirs is one of
the main concerns surrounding the idea of industrial-scale CCS projects
because leakage from CO2 storage sites may have negative health,
safety, and environmental (HSE) impacts at the surface. The difficulty
in reducing HSE risks, is locating the source of the CO2 leak from the
reservoir or any wells within the target formation. Previous works have
investigated issues of CO2 leakage from a CO2 storage site into surface
waters (Oldenburg and Lewicki, 2006), CO2 leakage through fault or
fracture pathways (Neufeld et al., 2009), and leakage through plugged
and abandoned wells (Pawar et al., 2009). The ability to monitor a CO2

plume post-injection and subsequent leaks is the first step in mitigating
these potential HSE risks. However, some monitoring efforts require a
priori knowledge of the location of the CO2 plume (i.e., well-based
monitoring). This requires site-specific predictions from detailed char-
acterization of the subsurface, which is a complicated and complex
endeavor (Price and Oldenburg, 2009). Quantifying, understanding,
and minimizing these risks effectively is a necessity if industrial-scale
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CO2 injections are to become a viable option to mitigate climate change
(Navarre-Sitchler et al., 2013).

A number of geologic formations have been investigated over the
years to study their potential for CCS. Sedimentary formations have
been extensively studied due to their ubiquity, large storage capacity,
and relatively high permeabilities, which are all required for large-scale
CO2 injections (Bachu, 2003; Metz et al., 2005). Other options for CCS
include depleted oil/gas reservoirs and deep, un-mineable coal seams
(Brennan and Burruss, 2003). In addition, flood basalt formations have
been gaining recognition as suitable reservoirs for industrial-scale CCS.
Unlike sedimentary aquifers that keep the CO2 trapped via capillary and
solubility trapping mechanisms (Wu et al., 2018), igneous rocks have a
higher potential for permanent geomechanical trapping of CO2

(McGrail et al., 2006; Matter et al., 2007; Matter and Kelemen, 2009;
Zakharova et al., 2012; Pollyea and Rimstidt, 2017). Geochemical
trapping involves a series of chemical reactions between the CO2,
aquifer water, and reservoir rock resulting in the precipitation of
thermodynamically stable and environmentally benign carbonate mi-
nerals. Recent developments at the CarbFix CCS pilot in Iceland (Matter
et al., 2016) and the Wallula Basalt Pilot Project located in eastern
Washington (McGrail et al., 2017) have shown that basalt reservoirs are
highly effective for permanent mineral trapping on the basis of CO2-
water-rock interactions. Specifically, pilot-scale basalt CCS at the
CarbFix project showed 95% permanent CO2 mineralization within two
years of injection (Matter et al., 2016). However, despite the effec-
tiveness of trapping CO2 via mineralization, the volumes injected in
both pilot projects (270 tons CO2 at CarbFix, 1000 tons CO2 at Wallula)
are far from the scales required to mitigate climate change. Upscaling
from a pilot project to an industrial-scale CO2 injection requires a de-
tailed characterization of the subsurface, which introduces a significant
amount of uncertainty associated with reservoir parameters which af-
fect the injectivity, capacity, and confinement of the target reservoir
(Chadwick et al., 2008).

Chadwick et al. (2008) outlines the importance of reservoir char-
acterization and how it is a necessary step to characterize both the
hydrologic and structural properties of the target reservoir for a CCS

project. For flood basalt reservoirs this can be challenging because it is
generally accepted that plausible constraints on in situ permeability
distributions are unknowable at reservoir scale. Previous studies have
investigated this issue, for example, Pollyea et al. (2014) quantifies the
effects of fracture-controlled heterogeneity by using stochastically
generated model domains along with Monte Carlo CO2 injection mod-
eling to show the highly variable sealing behavior within the low-vo-
lume Snake River Plains basalts. Additionally, there remains significant
uncertainty with respect to multiphase flow within heterogeneous
media at all scales. For example, the effects of pore-scale heterogeneity
on supercritical CO2-water flow and relative permeability saturation
curves have been investigated by Chang et al. (2016). Gierzynski and
Pollyea (2017) investigate outcrop-scale CO2 flow within a basalt
fracture network and show that CO2 tends to accumulate at fracture
intersection, which may yield self-sealing reservoir characteristics as
mineralization focuses at the union of branching fractures. Bosshart
et al. (2018) demonstrates how heterogeneities and a range of petro-
physical properties can significantly affect the CO2 injection rate and
storage capacity by modeling CO2 injections into different depositional
environments. Moreover, uncertainty in permeability distributions at
any scale, especially site-scale or larger can have a substantial impact
on the efficacy of hydrogeologic models, as well as, numerical model-
based risk assessment (NETL, 2011; Pollyea and Fairley, 2012; Pollyea
et al., 2014). To account for this uncertainty, stochastic methods have
been increasingly deployed to understand how spatial permeability
uncertainty affects feasibility assessments in fractured basalt reservoirs
(Srivastava, 1994a; Li et al., 2005; Pollyea and Fairley, 2012; Pollyea
et al., 2014; Popova et al., 2014; Gierzynski and Pollyea, 2017). These
methods constrain spatial permeability distributions on the basis of a
known (or assumed) probability distributions and spatial correlation
models (e.g., semivariogram). By utilizing spatial correlation models
and stochastic methods, this study is designed to assess the uncertainty
of fracture-controlled permeability at the reservoir scale associated
with a CO2 injection scenario. As a result, this study provides a link
between permeability heterogeneity and CO2 storage efficiency, as well
as providing a first-order approximation of the level of sensitivity

Fig. 1. Map showing the areal extent of the Columbia River
Basalts shaded in grey. Wells with permeability data compiled
by Jayne and Pollyea (2018) within the CRBG are shown in
red and the Wallula Pilot Borehole is denoted by the yellow
star. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this ar-
ticle.)
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associated with CO2 storage in highly heterogeneous hydrogeological
systems.

1.1. Geologic setting

1.1.1. Columbia River Basalt Group
The Columbia River Basalt Group (CRBG) is a continental large ig-

neous province in the northwest United States (Fig. 1), and comprises a
layered assemblage of ∼300 Miocene-age flood basalts with an areal
extent of 200,000 km2, aggregate thickness of 1–5 km, and total esti-
mated volume of 224,000 km3 (Reidel et al., 2002; McGrail et al.,
2009). The CRBG has been extensively studied due to its wide range of
resource potential, including (1) groundwater production (Burns et al.,
2011; Kahle et al., 2011), (2) nuclear waste storage (e.g., Gephart et al.
(1983), (3) natural gas storage (Reidel et al., 2002), (4) geologic CO2

sequestration (McGrail et al., 2017), and (5) geothermal resources
(Burns et al., 2016). Among the principal challenges in assessing the
feasibility of engineered CRBG reservoirs is to understand how fracture-
controlled reservoir properties (i.e., permeability and porosity) affect
both local- and regional-scale fluid flow. These fracture-controlled re-
servoir properties are governed by individual basalt flow morphology,
which is characterized by: (1) densely fractured, vesicular flow-tops, (2)
a central entablature comprising narrow, fanning columnar joints, and
(3) lower colonnades with vertical, column bounding joints (Fig. 2)
(Mangan et al., 1986). Within CRBG flows, in situ pumping tests reveal
that permeability ranges over thirteen orders of magnitude with the
entablature zone generally inhibiting groundwater flow, while densely
fractured flow tops and flow bottoms are highly productive (Kahle
et al., 2011; Jayne and Pollyea, 2018) (Fig. 3A). To further complicate
CRBG reservoir characterization, individual basalt flows exhibit km-
scale lateral dimensions and vertical dimensions from cm-scale to
greater than 70 m (Mangan et al., 1986).

1.1.2. Wallula Pilot Borehole
As part of the Big Sky Carbon Sequestration Partnership (BSCSP),

the U.S. Department of Energy identified the Columbia River Basalt
Group (CRBG) as a primary target formation for CCS development in
the Pacific Northwest. The CRBG was chosen on the basis of its rela-
tively high CO2 storage estimates (10–50 Gt CO2), potential for CO2

isolation, and generally favorable reservoir characteristics (Litynski
et al., 2006; McGrail et al., 2006, 2017; Rodosta et al., 2011). In order
to locate a suitable site for a pilot injection, seismic surveys were
conducted in Walla Walla County, WA, which identified areas where

major geologic structures would not preclude a CO2 injection (McGrail
et al., 2011). In January 2009 drilling of the Wallula Pilot Borehole
began and was completed in April 2009. The Wallula Pilot Borehole
reaches a total depth of 1,253 m and intersects three CRBG formations:
Saddle Mountain, Wanapum, and Grande Ronde (McGrail et al., 2009).
The target formation for injection is the Grande Ronde Basalt, of which
the Wallula Pilot Borehole intersects 26 flows and 7 members. A can-
didate (composite) injection zone was identified at 828–887 m depth,
spanning three brecciated interflow zones within the Grande Ronde
Formation (McGrail et al., 2009). Hydrologic characterization of these
three zones show that they represent a single hydraulic unit with re-
latively high permeability and are bounded by thick low permeability
flow interiors, which act as a natural caprock (McGrail et al., 2009). In
2013, a nominal 1000 metric tons (MT) of supercritical CO2 was in-
jected at the Wallula Pilot Borehole over the course of three weeks.
Since the injection, results have been published validating the reactivity

Fig. 2. A. Individual CRBG flow morphology (modified from Reidel et al.
(2002)). B. Generalized geology within the Wallula Pilot Borehole.

Fig. 3. A. Histogram of log permeability from well data compiled by Jayne and
Pollyea (2018). B. Histogram of the filtered permeability data to represent the
high permeability flow tops. The mean of log permeability is −11.5 m2 (grey),
in order to make this range of permeabilities more representative at the depth
of the injection zone the permeability distribution is translated downward so
that the mean log permeability is −14.5 m2, which is congruent with field test
from the Wallula borehole.
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of supercritical CO2 with basalts at the Wallula Pilot Borehole (McGrail
et al., 2017). Though these results are promising, transitioning to an
industrial-scale CO2 injection comes with a significant amount of un-
certainty, and before an industrial-scale injection can be implemented a
better understanding of these uncertainties is required. This study is
designed to bound the uncertainty associated with incomplete knowl-
edge of CRBG permeability during industrial-scale CO2 injections.
Specifically, we implement stochastic simulation strategy in combina-
tion with known geologic information from the Wallula borehole to
quantify how permeability variability affects CO2 storage capacity and
leakage potential within a synthetic CCS reservoir comprising CRBG
basalt.

2. Methods

This study combines geostatistical reservoir simulation with multi-
phase, multicomponent numerical modeling to investigate the influence
that the spatial distribution of permeability has on the accumulation
and distribution of the injected supercritical CO2 within the Grande
Ronde formation of the CRBG. The model scenario is designed to re-
present a large-scale constant pressure injection of supercritical CO2

into the composite injection zone (775–875 m) at the Wallula Pilot
Borehole. While the hydrologic characterization within the Wallula
Pilot Borehole has been extensive, the permeability distribution at in-
termediate- to long-range spatial scales is poorly constrained. As a re-
sult, this study uses a geostatistical analysis to constrain permeability at
the reservoir-scale and provide a first-order approximation of the un-
certainty associated with a large-scale CO2 injection into a fracture-
dominated, highly heterogeneous basalt reservoir.

2.1. Model domain

The model domain for this study comprises an areal extent of
5,000 m × 5,000 m × 1,250 m, which represents ground surface to
1,250 m depth with the Wallula Pilot Borehole centrally located
(Fig. 4). This domain is discretized into 530,000 grid blocks with di-
mensions of 50 m × 50 m × 25 m. For this model, the CRBG is con-
ceptualized on the basis of basalt flow morphology, which is a layered
heterogeneous system consisting of highly fractured flow tops (high

permeability) and flow interiors (low permeability). However, this
layered heterogeneity does not take into account the wide range of
permeability within individual basalt flow units, which are known to be
internally heterogeneous due to the ubiquitous fracture networks
within CRBG basalt. In order to account for the wide range of fracture-
controlled permeability within the composite injection zone
(775–875 m depth), sequential indicator simulation (sisim) is employed
to generate stochastic permeability distributions for the injection zone
(Deutsch and Journel, 1998). In this approach, the sisim routine selects
grid cells in random order and solves the ordinary kriging equations on
the basis of (1) the cumulative distribution function for CRBG perme-
ability, (2) known data points, which are the borehole permeability
tests from the Wallula borehole, (3) grid cells previously simulated by
the sisim routine, and (4) the chosen spatial correlation model, which
for this study is an anisotropic semivariogram model developed by
Jayne and Pollyea (2018).

Jayne and Pollyea (2018) show that permeability within the Co-
lumbia River Plateau exhibits a direction of maximum and minimum
spatial correlation oriented at N40°E and N130°E, respectively. In order
to calculate these spatial correlation models Jayne and Pollyea (2018)
compiled a regional database of CRBG permeability values from wells
within the CRBG (Fig. 1) to calculate semivariograms. To do this, per-
meability values were filtered on two standard deviations of the mean
to ensure only the highly productive flow tops and bottoms were in-
cluded in the calculations (Fig. 3B). The present study adopts this
convention to constrain the ranges of permeability within the high
permeability zones that are representative of the composite injection
zone. This results in a range of log permeability from −8.5 m2 to
−14.5 m2 with a median log permeability value of −11.5 m2. How-
ever, the present study is focused on permeability at depths greater than
750 m, where the log permeability in the Wallula Pilot Borehole is
∼−14.5 m2. In order to account for this, the permeability distribution
is translated so that the variability of permeability is maintained but the
mean permeability is representative of the composite injection in the
Wallula Pilot Borehole. This results in a new range of log permeability
from −11 m2 to −17 m2. Using this approach, a total of 50 equally
probable injection zones are simulated and inserted into the model
domain between 775 and 875 m. It is important to note that sisim ty-
pically honors the original probability distributions of the original

Fig. 4. Model domain for CO2 injection modeling study. The composite injection zone is bounded by the two red layers, the latter of which are specified as multiple
interacting continua (MINC) to represent fracture-matrix flow within the bounding entablature units. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)
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dataset with minor ergotic fluctuation. In this study, the resulting 50
equally-probable, spatially correlated permeability distributions vary
slightly about the mean, with an average log permeability of
−14.34 m2 and a standard deviation of 0.27. While there is some
variability in permeability distribution between the 50 synthetic re-
servoirs, each reproduces an equally-probable permeability distribution
for the given dataset shown in Fig. 3B. In order to model the effects of
fracture-matrix flow within the entablature zones bounding the com-
posite injection layer, the multiple-interacting-continua (MINC) method
is utilized to produce a dual-permeability model that is representative
of columnar jointing typical of basalt flow entablatures. The MINC
method is a generalized dual-porosity concept, which allows for parti-
tioning of the flow domain into different computational volumes within
each element (Pruess, 1992). In this approach, grid blocks are “nested”
within one another allowing a single grid block to be defined by mul-
tiple finite elements (multiple rock properties can be used, such as, for
fractured and unfractured rock matrix). A total of 50-equally probable
synthetic reservoirs are simulated in which permeability within the
injection zone is stochastically generated by sequential simulation and
the entablature zones bounding the injection layer are modeled as a
dual-continuum to represent columnar jointing.

For this modeling study, the relative permeability and capillary
pressure models along with the bulk fluid and rock properties are listed
in Table 1. The bulk reservoir properties for the CRBG are consistent
with those of Gierzynski and Pollyea (2017) and Zakharova et al.
(2012). Relative permeability and capillary pressure curves are used to
simulate the effects of multiphase flow in a CO2 and water system.
Parameters for relative permeability and capillary pressure are de-
scribed by the van Genuchten model, the van Genuchten parameters in
Table 1 are based off of Pollyea (2016) where the influence of relative
permeability on injection pressure is investigated within a mafic re-
servoir. Pollyea (2016) shows that for a constant mass CO2 injection,
maximum injection pressure can vary from 5–60 MPa over a range of
van Genuchten parameters. Based off of these results, the phase inter-
ference (λ) and residual liquid saturation (Slr) parameters corre-
sponding to a maximum injection pressure of 25 MPa are chosen to
keep CO2 accumulation and distribution estimates modest for a con-
stant pressure CO2 injection.

2.2. Numerical CO2 flow simulation

In order to investigate how the spatial distribution of permeability
affects CCS reservoir performance in a flood basalt reservoir, CO2 in-
jection is simulated within each equally probable synthetic reservoir at
constant pressure for 20 years. Constant pressure injections are simu-
lated for this study within the composite injection zone at the Wallula
Pilot Borehole to not only investigate the distribution of supercritical
CO2, but also compare the total mass of CO2 injected over all 50

simulations. A constant overpressure of 12.1 MPa is used to simulate
the CO2 injection. This injection pressure represents 95% of the bore-
hole breakout pressure as calculated by Pollyea (2016), borehole
breakout pressure is used so that the maximum amount of CO2 can be
injected in each simulation without borehole failure. The code selection
for this study is TOUGH3 (Jung et al., 2017) compiled with the ECO2M
module (Pruess, 2011). TOUGH3 solves energy and mass conservation
equations for nonisothermal, multiphase flows in a porous geologic
media. The ECO2M module simulates mixtures of H2O–NaCl–CO2,
within the following ranges for temperature, pressure, and salinity
conditions: 10 °C ≤ Temperature ≤ 110°C, pressures ≤60 MPa, and
salinity from zero up to full halite saturation. ECO2M can also simulate
all possible phase conditions for CO2 – brine mixtures, including tran-
sitions between super- and sub-critical CO2 as well as phase transitions
between liquid and vapor CO2 (Pruess, 2011).

Initial conditions are specified with a hydrostatic pressure gradient
ranging from 0.101 MPa (1 atm at ground surface) to 12.3 MPa at the
bottom of the Wallula Pilot Borehole. Initial temperature is calculated by
using the regional heat flux ∼65 mW/m2 (Pollack et al., 1993) as a
thermal boundary at the base of the model and a constant temperature of
10 °C at ground surface, resulting in a linear temperature gradient from
10 °C at the surface to 50 °C, and thermal effects are accounted for in the
simulations. These initial conditions are consistent with the field mea-
surements taken at the Wallula Pilot Borehole (McGrail et al., 2009).
Within the composite injection zone, initial temperature and pressure
conditions range from 35–38 °C and 7.7–8.4 MPa, which are within the
supercritical field for CO2. Dirichlet boundary conditions are specified at
the upper boundary of the model domain to hold pressure and tempera-
ture constant at ground surface and at the lateral boundaries of the model
domain to maintain temperature and pressure gradients in the far-field.

As with all modeling studies, a brief mention of the limitations of
this model is warranted. This modeling study does not account for
basalt dissolution or secondary mineral precipitation, and, as a result,
this modeling study represents a conservative estimate of CO2 storage
capacity and leakage potential. Consequently, permeability alteration
due to secondary mineral precipitation is neglected; however, we note
that empirical permeability–porosity relationships have not yet been
quantified in basalt reservoirs. Additionally, relative permeability hys-
teresis is not accounted for in the simulations, because only the injec-
tion phase of a CCS project is simulated so there is no imbibition for the
wetting phase. Similarly, chemical diffusion is not accounted for be-
cause CO2 is being continuously injected throughout the entire simu-
lation resulting in a high Péclet number, which means the transport of
mass and heat is dominated by advection.

2.3. Data analysis

The ensemble of 50 simulations are analyzed using e-type estimates
on a grid cell by grid cell basis to quantify the average overall behavior
of CO2 at the reservoir scale, as well as, the corresponding spatial un-
certainty (Deutsch and Journel, 1998). In this approach, the mean
(N= 50) CO2 saturation (S̄ x y z( , , )) within each grid cell is computed as:

=
=

S S¯ 1
50x y z

i
i x y z( , , )

1

50

( , , )
(1)

where Si(x,y,z) is the modeled CO2 saturation for simulation i at location
(x, y, z). Similarly, the variance (sx y z, ,

2 ) associated with Eq. (1) for each
grid cell is computed as:

=
=
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( ¯ )x y z
i
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2

1

50

( , , ) ( , , )
2
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In the present study, the mean and variance are calculated for free-
phase CO2 saturation over all 50 simulations to investigate the un-
certainty associated with a CO2 injection into the Columbia River Basalt
group.

Table 1
Model parameters.

Matrix Fracture Flow top Basal boundary

Density (kg·m−3) 2900.0 2300.0 2300.0 2900.0
Porosity 0.05 0.1 0.3 0.05
Permeability(m2) 10−20 10−16 varies 10−20

Thermal Conductivity (W·m°C−1) 2.11 2.11 2.11 2.11
Heat Capacity (J·kg−1°C−1) 840 840 840 840

van Genuchten parameters

Relative Permeability Capillary Pressure

λ 0.550 λ 0.457
Slr 0.30 Slr 0.0
Sls 1.0 α (Pa−1) 5.e−5
Sgr 0.25 Pmax (Pa) 1e.7

Sls 0.999
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3. Results and discussion

Each numerical model accounts for 20 years of simulation time, in
which supercritical CO2 is injected within the Wallula Pilot Borehole at
a constant pressure. For each analysis the simulations are referred to by
an integer index (1–50). In order to maintain consistency and facilitate
comparison each analysis includes simulation 20 because the total mass
of CO2 injected for this simulation is close to the ensemble mean.
Simulation 20 also illustrates the effect of spatially correlated perme-
ability within the CRBG, which is represented by Fig. 5 and shows free-
phase CO2 saturation within each layer of the injection zone after 20
years. When comparing the accumulation and distribution of CO2

within each layer in Fig. 5, it is clear that top injection layer (Fig. 5B)
has the largest volume of CO2 and this is due to buoyancy forces and the
high permeability pathways that have formed due to the spatial het-
erogeneity. The combination of buoyancy-driven upward CO2 flow and
permeability heterogeneity results in CO2 saturation patterns from the
injection zone superimposed on the overlying entablature zone, which
is the reservoir confining layer (Fig. 5A). As a result, permeability
heterogeneity in the injection zone controls not only the accumulation
and distribution of CO2 within the reservoir, but also possible leakage
pathways into the confining layers. High permeability pathways are
apparent within the injection zone (Fig. 5D, E) where there are small
amounts of CO2 that are completely disconnected from the main por-
tion of the plume. This is due to the spatial distribution of permeability
and the pressure gradient caused by the injection. As CO2 is injected
and migrates out into the formation, the CO2 reaches areas of low
permeability, which can inhibit flow. This causes injection pressure to
accumulate, which causes the CO2 to take the path that is most en-
ergetically favorable. In some instances, this effect forces vertical CO2

flow as shown in Fig. 5E. These results are congruent with those of
Doughty and Pruess (2004) and show that there are high permeability
pathways both horizontally and vertically. It is also important to note
the control that the anisotropic permeability correlation structures ex-
hibit on the accumulation and distribution of CO2 in a single simula-
tion. In simulation 20 (Fig. 5) the injected free-phase CO2 has migrated
∼2,400 m away from the injection in the direction of maximum spatial
correlation (N40°E) (Fig. 5B), where as, CO2 has only migrated
∼1,100 m parallel to the direction of minimum spatial correlation
(N130°E) (Fig. 5C).

The complete ensemble simulation results (e-type estimates) for
free-phase supercritical CO2 saturation after 20 years of injection are
shown in Fig. 6. The ensemble mean CO2 saturation in each injection
layer, is a circular-shaped plume, which is similar to the individual
model results from McGrail et al. (2009) and Bacon et al. (2014). In-
terestingly, these latter studies implement radially symmetric model
domains with layered heterogeneity and internally homogeneous in-
jection zones to simulate an injection of 1,000 MT of CO2 at the Wallula
Pilot Borehole. However, the large scale CO2 injection simulated by
McGrail et al. (2012) is more comparable to this study where they use a
radially-symmetric grid to simulate an annual injection of 0.8 MMT
supercritical CO2 into the Grande Ronde formation and sub-basalt se-
diment layers and show that after 10 years of injection the CO2 migrates
∼500 m from the injection well and ∼1,000 m after 30 years. In
comparison to the results from McGrail et al. (2012), Fig. 6 illustrates
after 20 years of a CO2 injection that the plume migrates ∼900 m from
the injection well. Which suggests that the permeability correlation
structure does not strongly influence the mean ensemble behavior of
CO2.

While the ensemble mean behavior of CO2 from this study is similar
to the results from studies with internally homogeneous injection re-
servoirs, the variability in this study reveals dramatically different

Fig. 5. Single realization (20) of a 20-year constant pressure CO2 injection.
A. Represents the layer above the injection zone and illustrates that free-
phase CO2 is present within the fractures. B–E. Each represents an individual
injection layer within the Wallula Pilot Borehole. F. A vertical north-south
profile through the center (indicated by the black lines in A–E) of the model
domain.
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results. The variance of CO2 saturation over all 50 simulations is shown
in Fig. 6, which illustrates an ‘ellipse’ of variability extending up to
∼1,800 m away from the injection well. The longitudinal axis of the
ellipse trends N40°E, which is the direction of maximum spatial cor-
relation. This result suggests that the uncertainty of CO2 migration

within CRBG basalt is strongly governed by the regional permeability
correlation structure. This variability associated with the CO2 plume is
similar to the results of Pollyea and Fairley (2012), which implements a
Monte Carlo simulation strategy to quantify the effects of spatial het-
erogeneity in low-volume basalt formations typical of the east Snake

Fig. 6. E-type estimates for (N= 50) 20-year CO2 injections. Average free-phase CO2 saturation over all 50 simulations for the injection zones are shown on the left
and the corresponding variance is shown on the right.
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River Plains, Idaho. In this study, the ensemble variance exhibits a si-
milar ‘ring of uncertainty’ with a very large range of variability within
the basalt reservoir. While these results are similar, these studies differ
with respect to geologic media being studied (low-volume basalts
versus flood basalts) and the correlation ranges use to create the per-
meability distributions. Pollyea and Fairley (2012) uses a geostatistical
analysis of an outcrop scale low-volume basalt with a maximum cor-
relation range of 38 m to simulate a reservoir-scale CO2 injection, while
this study uses a regional-scale geostatistical analysis with a correlation
structure of 35 km presented by Jayne and Pollyea (2018). Overall, the
ensemble analysis indicates that the mean CO2 plume geometry exhibits
a circular shape around the injector, while the variance corresponding
with this result is strongly affected by the direction of maximum spatial

permeability correlation.
The variability over all 50 simulations is not only obvious in the

shape of the individual plumes (Fig. 5) and the ensemble variance
(Fig. 6), but also in the total volume injected in each simulation. The
total volume of CO2 injected into each of the 50 equally probable
synthetic reservoirs ranges from a nominal 2.4 MMT
(0.12 MMT year−1) to 40 MMT (2 MMT year−1), as shown in Fig. 7. For
reference, a small-scale 37 MW bio-mass fueled electric generator
would emit ∼0.8 MMT year−1 (McGrail et al., 2012) and for a large-
scale 1,000 MW gas-fired power plant would produce
∼1.36 MMT year−1 of CO2. For equally-probable reservoirs, this is a
significant amount of variability (Fig. 7B). If the scenario presented by
McGrail et al. (2012) were implemented at the Wallula Borehole, the
results from this study show that a constant pressure injection at 95% of
the borehole breakout pressure would result in 60% of the equally
probable reservoirs successfully accepting enough CO2 to meet the
criteria for a 37 MW electric generator. Conversely, that would mean
that 40% of the synthetic reservoirs would fail with the given scenario
and if a larger volume of injected CO2 were required the chances of
success would quickly decrease. For example, only 20% of the re-
servoirs would have the injectivity for a modest increase in the injection
rate to 1.15 MMT year−1. While the average injection rate varies be-
tween each simulation, a similar trend in injection rate over time within
each simulation is observed. The injection rate over all 50 simulations is
highest at the beginning of the simulation and over the course of the
injection; the injection rate steadily decreases as the CO2 displaces
larger volumes of water. This decrease in injectivity over time is similar
to the results of Burton et al. (2009), which shows the effects of the
relative permeability curve on injection rate within a sandstone re-
servoir.

In order to visualize the variability in CO2 injection volume for
constant pressure injections, Fig. 8 illustrates the isosurface at 1% gas
saturation for four individual realizations, which represent the simu-
lation closest to the mean CO2 volume (Fig. 8, realization 20), one
standard deviation from the mean (Fig. 8 realization 11), and the
minimum and maximum CO2 volumes (Fig. 8, realizations 33 and 43,
respectively). This variability in CO2 plume shape and volume injected
over the ensemble of simulations has important implications for MMV
practices. There is a wide variety of methods available to monitor a CO2

injection, such as, geophysical methods (e.g., seismic, electrical,
gravity), pressure monitoring, well logging, fluid sampling, and soil gas
monitoring. Each of these methods have their benefits but they also
have drawbacks, e.g., detection occurs after potential impacts have
occurred, significant effort for null result (Benson et al., 2006).
Mathieson et al. (2010) discusses the monitoring and verification
methods carried out at a CO2 sequestration site in Algeria and em-
phasizes that CO2 plume development is far from homogeneous and
that each storage site is unique. This requires a specific monitoring
program tailored to the risks at each site. The results presented here
show that the average CO2 plume behavior may exhibit characteristics
of an isotropic permeability distribution, but the variability over all 50
simulations is significant, and warrants a site specific monitoring pro-
gram. In the case of the Wallula Site, leakage from the composite in-
jection zone into the bounding entablature layers is a concern due to the
highly-fractured nature of the CBRG. E-type estimates for the layers
bounding the composite injection zone are presented in Fig. 9. Owing to
buoyancy forces, free-phase CO2 migrates upward into the fractures
within the flow interior and Fig. 5A, B illustrate how spatial hetero-
geneity in the injection layer impacts the CO2 plume shape within the
flow interior. While the CO2 saturation in Fig. 9 is minimal compared to
the injection zones, these results show that 0.1–1.05% of the total

Fig. 7. A. Total volume of CO2 (in million metric tons, MMT) injected after 20
years of simulation for each of the 50 realizations. B. Histogram of the total
volume injected of all 50 simulations along with the mean and standard de-
viation of the volume injected.
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volume injected has migrated outside of the composite injection zone.
The USDOE (2013) requires that a successful CCS project keeps > 99%
of the injected CO2 isolated within the reservoir for one-thousand years.
However, in no simulation did the injected CO2 migrate farther than the
layers immediately bounding the composite injection zone, which is an
area for possible mineralization of the CO2. These results are also
congruent with the high-resolution fracture modeling of Gierzynski and
Pollyea (2017), which shows that CO2 flow tends to converge on a
single flow path within a fracture network and suggests that this flow
path convergence leads to a physical trapping mechanism followed by
possible mineralization.

Additionally, results from this study indicate that the thermal effects
of a CO2 injection may also be used for MMV practices. Specifically, the
change in reservoir temperature from pre- to post-injection shows that
temperature within the reservoir changes ± 4 °C as a result of the CO2

injection (Fig. 10). The areas that show the largest increase in tem-
perature are near the edges of the plume, while areas that show the
largest decrease in temperature are near the injection well. At the edges
of the CO2 plume, CO2 dissolves into the reservoir water and releases
heat, which is a process referred to as the heat of dissolution because
CO2 dissolution in water is an exothermic reaction (Pruess, 2005). In

contrast, the cooling shown in this study is caused by Joule-Thomson
expansion, which describes the temperature change associated with the
expansion of a gas (Roebuck et al., 1942). During injections, the CO2 is
injected at a high pressure and begins to expand and cool as it migrates
away from the injection well (Oldenburg, 2007). The competing effects
of the heat of dissolution and Joule-Thomson expansion are shown in
Figs. 8 and 10. The isosurfaces in Fig. 8 are contoured by temperature to
illustrate the competing temperature effects of a large-scale CO2 in-
jection. As the CO2 migrates away from the wellbore due to the pressure
gradient imposed by the injection, the CO2 begins to expand and cool,
but at the edges of the plume the CO2 is dissolving into the reservoir
water and giving off enough heat to overcome Joule-Thomson cooling
resulting in a net increase in temperature. Conversely, near the well-
bore after some time the water becomes saturated and no more CO2 will
dissolve. At this point, Joule-Thomson cooling dominates resulting in a
net decrease in temperature near the well (Fig. 10A–C and E). This
result suggests that the competing effects of dissolution heating and
Joule-Thomson cooling may be an effective strategy to monitor
breakthrough. Namely, the heat of dissolution effect may be used to
predict CO2 breakthrough at monitoring wells within the reservoir. As
the CO2 dissolves into the reservoir water and releases heat, both the

Fig. 8. Four different realizations that illustrate the variability in CO2 plume shape and size after a 20-year CO2 injection. Isosurface represents the edge of the CO2

plume, each plume is contoured by temperature. Each realization is an equally-probable outcome for the given permeability dataset, note the different size, shape,
and orientation of the CO2 plumes.
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CO2 and reservoir water experience an increase in temperature. This
results in a thermal anomaly that migrates throughout the reservoir
slightly ahead of the free phase CO2 plume. As a result, we would ex-
pect an increase in temperature would reach a monitoring well before
the CO2 plume. This effect is illustrated in Fig. 11, which shows how
temperature and CO2 saturation change over the course of the CO2

injection at two monitoring locations 50 m away from the wellbore. In
Fig. 11 the first change in temperature occurs after 6 days of simulation.
Over the next 15 days the black line (red line shows a similar trend)
steadily increases in temperature from 34.5 °C to 35.5 °C, then con-
tinues to increase in temperature up to 36.8 °C by day 26. At day 26, the
maximum temperature at this monitoring location is reached, which
occurs contemporaneously with the first appearance of CO2. For the
given simulation, two grid blocks located within the layer bounding the
composite injection zone exhibit a steady increase in temperature until
the arrival of CO2 which suggests that temperature may be a proxy for
CO2 breakthrough because water drainage follows the same high per-
meability pathways as CO2 imbibition. These results suggest that
thermal monitoring may be an effective predictor of CO2 breakthrough,
however more research is needed in this area of study.

4. Conclusion

Flood basalts have been gaining recognition as potential reservoirs
for carbon capture and sequestration. The success of recent field ex-
periments in Washington State, USA, and Iceland have validated that
injected CO2 will interact with the basalt to form carbonate minerals at
the field-scale and very short timescales. Upscaling these field-scale

experiments is required if CCS is to be an effective strategy for miti-
gating the adverse effect of industrial CO2 emissions. However, there
are a number of uncertainties associated with upscaling to an industrial-
scale CO2 injection. For example, incomplete knowledge of multiphase
flow in highly heterogeneous basalt reservoirs and detailed reservoir
characterizations are required for proper numerical modeling and to
effectively design a monitoring, measuring, and verification plan. This
study investigates the uncertainty of a large-scale CO2 injection into a
highly heterogeneous basalt reservoir by focusing on the effects of
spatially distributed permeability on CO2 plume migration. For a sole
CO2 injection well operating within the CRBG at 95% of borehole
breakout pressure, we find:

1. The aggregate behavior of the 50 simulations results in a concentric
CO2 plume shape around the injection well, which suggests that
ensemble behavior is not governed by the spatial correlation struc-
tures.

2. Ensemble variance shows an ellipse of uncertainty around the CO2

plume that extends up to 1,800 m away from the injection, this el-
lipse trends parallel to the direction of maximum spatial perme-
ability correlation, suggesting that the uncertainty associated with a
large-scale CO2 injection is strongly controlled by the permeability
correlation structures. This means that spatial variability must be
accounted for to fully understand how variability propagates into
operational and MMV decisions.

3. Injected CO2 migrates from the injection zone into the entablature
layer bounding the injection zone, but the CO2 does not migrate any
further suggesting that this region has the potential for CO2-water-

Fig. 9. A. E-type estimates for mean CO2 saturation (A) and variance (B) for the flow interior layer bounding the injection zone. C. Total volume of CO2 in million
metric tons (MMT) within the flow interior. D. Histogram showing the percentage of the total volume injected that has migrated to into the flow interior.

R.S. Jayne, et al. International Journal of Greenhouse Gas Control 83 (2019) 128–139

137



basalt interactions to effectively isolate large-scale CO2 injection
volumes.

4. The volume of CO2 injected at 95% of the borehole breakout pres-
sure for 20 years ranges from 2.4 MMT (0.12 MMT year−1) to
40.0 MMT (2.0 MMT year−1). While the minimum volume injected
only accommodates 15% of the volume required for the proposed

scenario of offsetting the carbon emissions from a 37 MW generator.
The maximum volume injected could support at 1,000 MW gas-fired
power plant with a single injection.

5. Non-isothermal effects, namely the heat of dissolution associated
with a large-scale CO2 injection may be an effective MMV strategy
for monitoring CO2 breakthrough.

In conclusion, these results suggest that the implementation of a
regional-data set and spatial correlation structures into a numerical
model can provide insights into the behavior of CO2 flow in highly
heterogeneous reservoirs. Additionally, these results illustrate the un-
certainty associated with highly-heterogeneous flood basalt reservoirs
and a CCS project would require extensive reservoir characterization
and a unique monitoring, measuring, and verification plan.
Significantly more research is required to develop a better under-
standing of the reactive transport, geomechanical, and thermal pro-
cesses associated with an industrial-scale CO2 injection into a flood
basalt reservoir.
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