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ABSTRACT
This study investigates the feasibility of industrial-scale CCS operations within the Columbia River
Basalt Group (CRBG) with an emphasis on understanding the implications of site-scale permeability
uncertainty. We develop a Monte Carlo-style numerical modeling experiment in which CO 2 sequestration
is simulated within 50 stochastically generated and spatially correlated permeability distributions. Results
from this research illustrate that reservoir-scale permeability uncertainty significantly impacts both the
accumulation and distribution of CO 2 . After 20 years of injection at constant pressure, the total volume of
CO 2 injected in each simulation ranges from 2.4 MMT to 40.0 MMT. Interestingly, e-type calculations
show that the mean CO 2 saturation over the ensemble of 50 simulations is concentric around the injection
well with the CO 2 migrating 900 m away from the injection well, suggesting that ensemble behavior does
not seem to be controlled by the anisotropic permeability correlation structure. These results indicate that
a priori knowledge of permeability correlation structure is an important operational parameter for the
design of monitoring, measuring, and verification strategies in highly heterogeneous CCS reservoirs.
INTRODUCTION
Among the principal challenges of this century is the stabilization of the climate, and it is widely accepted
that doing so requires a dramatic reduction in anthropogenic CO 2 emissions (e.g. Matter et al., 2009). One
promising technological solution is carbon capture and sequestration (CCS), which involves the storage
of anthropogenic CO 2 in deep geological (>800 m) formations because they have the potential to store
tens of millions of metric tons of CO 2 . Recent developments at the CarbFix CCS pilot in Iceland
(Aradóttir et al., 2012) 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 CO 2 -water-rock interactions. Specifically, pilot-scale basalt CCS at the CarbFix project showed 95%
permanent CO 2 mineralization within two years of injection (Matter et al., 2016). However, despite the
effectiveness of trapping CO 2 via mineralization, the volumes injected in both pilot projects (270 tons
CO 2 at CarbFix, 1000 tons CO 2 at Wallula) are far from the scales required to mitigate climate change.
Upscaling from a pilot project to an industrial-scale CO 2 injection requires a detailed characterization of
the subsurface, which introduces a significant amount of uncertainty associated with reservoir parameters,
which affect the injectivity, capacity, and confinement of the target reservoir (Chadwick et al., 2008). 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. Moreover, uncertainty in
permeability distributions at any scale, especially site-scale or larger can have a substantial impact on the
results of hydrogeologic models, as well as, numerical model-based risk assessment (NETL, 2011). In
order to understand the implications of permeability uncertainty in basalt-hosted CCS reservoirs, this
study interrogates the feasibility of industrial-scale CCS operations within the Columbia River Basalt
Group (CRBG).
METHODS
We use TOUGH3 (Jung et al., 2017) compiled with ECO2M (Pruess, 2011) to simulate a one-well,
constant-pressure CO 2 injection scenario operating within the Columbia River Basalt Group at depths of
775 – 875 m. The 3-D model domain is discretized within 5,000 m × 5,000 m × 1,250 m volume, which
represents ground surface to 1,250 m depth. Within this model domain, the Wallula Pilot Project
borehole is centrally located, and borehole geology is reproduced in 50 spatially correlated and equally
probable synthetic reservoirs. This domain is discretized into 530,000 grid blocks with dimensions of 50

m × 50 m × 25 m. Previous studies have shown the
permeability within the CRBG can range over 13 orders of
magnitude (Jayne and Pollyea, 2017), and, as a result, it is
generally accepted that plausible constraints on in situ
fracture-controlled
permeability
distributions
are
unknowable at reservoir scale. To account for the wide
range of fracture-controlled permeability within the
CRBG, injection-zone permeability is modeled by
sequential indicator simulation to generate 50 equally
probable
and
spatially
correlated
permeability
distributions (Deutsch and Journel, 1998). In this
approach, the permeability distributions reproduce the
permeability correlation model developed by developed
by Jayne and Pollyea (2017), which shows regional-scale,
5:1 spatial anisotropy with direction of maximum spatial
correlation oriented N40oE. The CO 2 injection scenario is
simulated within each synthetic reservoir for 20-years at
constant pressure.
RESULTS
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 CO 2 injected for this simulation
is close to the ensemble mean. The e-type estimates (grid Figure 1. E-type estimates for (N=50) 20cell mean and variance) for the ensemble of 50 year CO2 injections. Average free-phase CO2
simulations are presented in Figure 1. To compare the saturation over all 50 simulations for the
injection zones are shown on the left and the
range CO 2 volume injected throughout this modeling variance over all 50 simulations is shown on
study, 3D plots of CO 2 plumes from four different the right.
realizations are presented in Figure 2 to illustrate the
minimum volume (run 33), maximum volume (run 43), and average volume (runs 11 and 20) after 20
years. In order to evaluate the thermal effects of free-phase CO 2 flow within the target reservoir, Figure 3
illustrates the change in temperature from pre- to post-CO 2 injection within the model domain.
DISCUSSION
The complete ensemble simulation results (etype estimates) for free-phase supercritical CO 2
saturation after 20 years of injection are shown
in Figure 1. The ensemble mean results (Fig. 1,
left column) are similar to those of McGrail et
al. (2012), which uses a radially-symmetric,
homogeneous grid to simulate an annual
injection of 0.8 million metric tons (MMT)
supercritical CO 2 into the Grande Ronde
formation to show CO 2 migrates ~1,000 m from
the injection well after 30 years. While the
ensemble mean behavior of CO 2 from this
study is similar to the results from McGrail et
al. (2012), the variability in this study reveals
drastically different results. The variance of
Figure 2. Four different realizations after a 20-year CO2
CO 2 saturation over all 50 simulations is shown
injection, isosurface represents the edge of the CO2
in Figure 1, which illustrates an ‘ellipse’ of
plume, each plume is contoured by temperature.
variability extending up to ~1,800 m away from

the injection well. The longitudinal axis of the ellipse trends N40oE, which is the direction of maximum
spatial correlation. This result suggests that the uncertainty of CO 2 migration within CRBG basalt is
strongly governed by the permeability correlation structures. The variability over all 50 simulations is not
only obvious in the shape of the individual plumes (Figure 2) and the ensemble variance (Figure 1), but
also in the total volume injected in each simulation. The total volume of CO 2 injected into each of the 50
equally probable synthetic reservoirs ranges from a nominal 2.4 MMT (0.12 MMT yr-1) to 40 MMT (2
MMT yr-1). The plume shape and size are also highly variable over the ensemble; Figure 2 illustrates the
isosurface at 1% gas saturation for four individual realizations. This variability over the ensemble of
simulations has important implications for monitoring, measuring, and verification (MMV) practices. The
results presented here show that the average CO 2 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 program.
Results from this study also indicate that the thermal monitoring at CO 2 sequestration sites may
be an effective MMV strategy. For example, the areas that show the largest increase in temperature are
near the edges of the CO 2 plume, where CO 2 dissolution into formation water releases heat. This process
is called “heat of dissolution” because CO 2 dissolution is an exothermic reaction (Pruess, 2005). In the
results shown here, the change in reservoir temperature from pre- to
post-injection shows that temperature within the reservoir changes +/4◦C as a result of the CO 2 injection, and this effect is most pronounced
at the lateral extent of the plume (Figure 3). In contrast, areas that
show the largest decrease in temperature are near the injection well,
which is caused by Joule-Thomson expansion. In this process,
temperature change is associated with the expansion of a gas (Roebuck
et al., 1942). During CO 2 injections, the CO 2 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 Figures 2 and
3. The isosurfaces in Figure 2 are contoured by temperature to
illustrate characteristic thermal features of a large-scale CO 2 injection,
specifically heating at the plume edge and cooling within the plume
interior. As the CO 2 migrates away from the wellbore due to the
pressure gradient imposed by the injection, the CO 2 begins to expand
and cool, but at the edges of the plume the CO 2 is dissolving into the
reservoir water and giving off enough heat to overcome JouleThomson cooling resulting in a net increase in temperature.
Conversely, near the wellbore after some time the water becomes
saturated with CO 2 and no more CO 2 will dissolve. At this point,
Joule-Thomson cooling dominates resulting in a net decrease in
temperature near the well (Figure 3A - 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. In
particular, the heat of dissolution effect may be used to predict CO 2
Figure
3.
Change
in
breakthrough at monitoring wells within the reservoir. As the CO 2
temperature between pre-CO2
dissolves into the reservoir water and releases heat, both the CO 2 and injection temperatures to postreservoir water experience an increase in temperature. This results in a CO2 injection temperatures for
thermal anomaly that migrates throughout the reservoir slightly ahead a single realization (20). Panels
A-D represent the 4 injection
of the free phase CO 2 plume.
layers within the model domain.
CONCLUSION
E. A vertical north-south profile
Basalt formations have been gaining recognition as potential reservoirs through the center (indicated by
for carbon capture and sequestration. Upscaling field-scale the black lines in A-D) of the
experiments (i.e. Wallula Pilot Borehole) is required if CCS is to be model domain.

used as a way to mitigate climate change. However, there are a number of uncertainties associated with
upscaling to an industrial-scale CO 2 injection, particularly in the context of fracture-controlled reservoir
permeability. This study investigates the uncertainty of a large-scale CO 2 injection into a highly
heterogeneous basalt reservoir by focusing on the effects of spatially distributed permeability on CO 2
plume migration. The primary results from this study suggest that: (1) ensemble behavior is not governed
by the spatial correlation structures, (2) the ensemble variance is strongly controlled by the spatial
correlation structures, (3) for equally-probable permeability distributions, the volume of CO 2 that can be
injected over 20 years can range from 2.4 – 40 MMT, and (4) the thermal effects of a CO 2 injection may
be an effective MMV strategy. These results illustrate the uncertainty associated with highly
heterogeneous flood basalt reservoirs and a CCS project would require extensive reservoir
characterization and a unique monitoring, measuring, and verification plan.
ACKNOWLEDGMENTS
This study received financial support from the U.S. Department of Energy National Energy Technology
Laboratory through cooperative agreement DE-FE0023381 (PI Pollyea).
REFERENCES
Aradóttir, E., Sonnenthal, E., Björnsson, G., Jónsson, H., 2012. Multidimensional reactive transport
modeling of CO2 mineral sequestration in basalts at the Hellisheidi geothermal field, Iceland.
International Journal of Greenhouse Gas Control 9, 24–40.
Chadwick, A., Arts, R., Bernstone, C., May, F., Thibeau, S., Zweigel, P., 2008. Best Practice for the
Storage of CO2 in Saline Aquifers-Observations and Guidelines from the SACS and CO2STORE
projects. 14. British Geological Survey.
Deutsch, C. V., Journel, A. G., 1998. GSLIB: Geostatistical software library and user’s guide. Oxford
University Press New York.
Jayne, R.S., Pollyea, R.M., 2018. Permeability correlation structure of the Columbia River Plateau and
implications for fluid system architecture in continental large igneous provinces, Geology, 46(8),
715-718.
Jung, Y., Pau, G. S. H., Finsterle, S., Pollyea, R. M., 2017. TOUGH3: A new efficient version of the
TOUGH suite of multiphase flow and transport simulators. Computers & Geosciences 108, 2–7.
Matter, J. M., Stute, M., Snæbj¨ornsdottir, S. ´O., Oelkers, E. H., Gislason, S. R., Aradottir, E. S.,
Sigfusson, B., Gunnarsson, I., Sigurdardottir, H., Gunnlaugsson, E., et al., 2016. Rapid carbon
mineralization for permanent disposal of anthropogenic carbon dioxide emissions. Science 352
(6291), 1312–1314.
McGrail, B., Freeman, C., Brown, C., Sullivan, E., White, S., Reddy, S., Garber, R., Tobin, D., Gilmartin,
J., Steffensen, E., 2012. Overcoming business model uncertainty in a carbon dioxide capture and
sequestration project: Case study at the Boise White Paper Mill. International Journal of
Greenhouse Gas Control 9, 91–102.
McGrail, B. P., Schaef, H. T., Spane, F. A., Cliff, J. B., Qafoku, O., Horner, J. A., Thompson, C. J.,
Owen, A. T., Sullivan, C. E., 2017. Field validation of supercritical CO2 reactivity with basalts.
Environmental Science & Technology Letters 4 (1), 6–10.
NETL, 2011. Best Practices for: Risk Analysis and Simulation of Geologic Storage of CO2.
Oldenburg, C. M., 2007. Joule-Thomson cooling due to CO2 injection into natural gas reservoirs. Energy
Conversion and Management 48 (6), 1808–1815.
Pruess, K., 2005. Numerical simulations show potential for strong nonisothermal effects during fluid
leakage from a geologic disposal reservoir for co2. Dynamics of fluids and transport in fractured
rock, 81–89.
Pruess, K., 2011. ECO2M: a TOUGH2 fluid property module for mixtures of water, NaCl, and CO2,
including super-and sub-critical conditions, and phase change between liquid and gaseous CO2.
Tech. rep., Ernest Orlando Lawrence Berkeley National Laboratory, Berkeley, CA (US).
Roebuck, J., Murrell, T., Miller, E., 1942. The Joule-Thomson effect in carbon dioxide. Journal of the
American Chemical Society 64 (2), 400–411.

View publication stats

