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Implications of permeability uncertainty within engineered geologic
fluid systems

Richard Scott Jayne Jr.

(ABSTRACT)

Carbon-capture and sequestration (CCS) in geologic reservoirs is one strategy for reducing

anthropogenic CO2 emissions from large-scale point source emitters. Recent developments

have shown that basalt reservoirs are highly effective for permanent mineral trapping on the

basis of CO2-water-rock interactions, which result in the formation of carbonate minerals.

However, the injection of super-critical CO2 into the subsurface causes a disturbance in the

pressure, temperature, and chemical systems within the target reservoir. How the ambient

conditions change in response to a CO2 injection ultimately affects the transport and fate

of the injected CO2. Understanding the behavior and transport of CO2 within a geologic

reservoir is a difficult problem that is only exacerbated by heterogeneities within the reservoir;

for example, permeability can be highly heterogeneous and exhibits significant control on

the movement of CO2. This work is focused on constraining the permeability uncertainty

within a flood basalt reservoir, specifically the Columbia River Basalt Group (CRBG). In

order to do so, this dissertation is a culmination of four projects: (1) a geostatistical analysis

resulting in a spatial correlation model of regional scale permeability within the CRBG, (2) a

Monte Carlo-type modeling studying investigating the effects that permeability uncertainty

has on the injectivity and storativity of the CRBG as a storage reservoir, (3) a modeling

study utilizing 1-, 2-, and 3-D numerical models to investigate how the thermal signature of

the CO2-water system evolves during a CO2 injection, and (4) a Monte Carlo-type modeling

study focused on the integrity of the CRBG as a CO2 storage reservoir through a probabilistic

assessment of static threshold criteria.
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Richard Scott Jayne Jr.

(GENERAL AUDIENCE ABSTRACT)

The process of capturing CO2 from point-source emitters, such as power plants and injecting

that CO2 into a geologic formation is one way to reduce anthropogenic CO2 emissions. Recent

field studies have shown that basalt reservoirs may be very effective at permanently storing

the injected CO2 making them a secure geologic formation to store the CO2. However,

basalt reservoirs can be highly fractured, which causes the properties of the reservoir (e.g.

permeability, porosity, etc.) to be nonuniform. Having nonuniform reservoir properties

creates uncertainty when planning a large-scale CO2 injection. This research is focused on

understanding and constraining the uncertainty of nonuniform reservoir properties associated

with a large-scale CO2 injection. The work presented utilizes a geostatistical analysis of

permeability to inform a variety of numerical models to study how nonuniform reservoir

properties affect CO2 injection rate, how much CO2 can be stored, how the pressure and

temperature of the reservoir changes, and how secure the storage reservoir is during a CO2

injection.
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Chapter 1

Introduction

One of the main challenges of this century is the stabilization of the climate by making a dra-

matic reduction in anthropogenic CO2 emissions [Wigley et al., 1996, Lackner, 2003, Pacala

and Socolow, 2004, McGrail et al., 2006, Hegerl et al., 2007, Matter and Kelemen, 2009].

The reduction of CO2 emissions may be achieved through two different approaches, each

with challenges. CO2 emissions can be cut by reducing our reliance on fossil fuels and hy-

drocarbon products or through new energy-efficient technologies. One of the most promising

technological solutions is carbon capture and sequestration (CCS), which involves the stor-

age of anthropogenic CO2 in deep geological (>800m) formations [Pacala and Socolow, 2004,

Bachu, 2008, Matter and Kelemen, 2009]. The efficacy of this method is dependent on the

target reservoir, which in the context of CCS, is measured by (1) the capacity (mass of CO2),

(2) injectivity (ability to take in CO2 at the rate that it is supplied), and (3) confinement

(storage duration and the risk for leakage within the reservoir) [Hawkins, 2004, Rochelle

et al., 2004, Bachu, 2008]. The primary targets for CCS are deep geologic reservoirs because

they have the potential to store tens of millions of metric tons of CO2 [Orr, 2009]. Deep

geologic reservoirs (>800 m) are also favorable for CCS because at these depths CO2 exists

as a supercritical phase fluid, which maximizes CO2 density and increases storage efficiency

[Bachu, 2000, Orr, 2009]. Sedimentary formations have been extensively studied due to their

ubiquity, large storage capacity, and relatively high permeability, which are all required for

large-scale CO2 injections [Bachu, 2003, Metz et al., 2005, McGrail et al., 2006]. Other op-

1



2 Chapter 1. Introduction

tions for CCS include depleted oil/gas reservoirs and deep, un-mineable coal seams [Brennan

and Burruss, 2003]. However, continental large igneous provinces are gaining recognition as

suitable reservoirs for commercial-scale CCS [McGrail et al., 2006, Matter et al., 2016]. Un-

like sedimentary aquifers that keep the CO2 trapped via capillary and solubility trapping

mechanisms, igneous rocks have a higher potential for permanent mineral trapping of CO2

[McGrail et al., 2006, Matter et al., 2007, Matter and Kelemen, 2009, Zakharova et al.,

2012]. In basalt reservoirs, CO2 trapping occurs primarily through two mechanisms: (1)

physical trapping, which involves injection the CO2 below an impermeable caprock, and (2)

geochemical trapping, which involves a series of chemical reactions between the CO2, aquifer

water, and reservoir rock resulting in the precipitation of a thermodynamically stable car-

bonate minerals. However, the injection of super-critical CO2 into the subsurface causes a

disturbance in the pressure, temperature, and chemical systems within the target reservoir.

How the ambient conditions change in response to a CO2 injection ultimately affects the

transport and fate of the injected CO2. Understanding the behavior and transport of CO2

within a geologic reservoir is a difficult problem that is only exacerbated by heterogeneities

within the reservoir; for example, permeability can be highly heterogeneous and exhibits sig-

nificant control on the movement of CO2. Additionally, 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

CCS reservoirs in terms of monitoring, management, and verification. T

This dissertation focuses on constraining and understanding how permeability uncertainty af-

fects industrial-scale CO2 injections within a flood basalt reservoir, specifically the Columbia

River Basalt Group (CRBG). The methods utilized here to understand the effects of per-

meability uncertainty within the CRBG consist of a geostatistical analysis coupled with

numerical modeling studies to answer the following questions: (1) Can the permeability
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distribution within the CRBG be described by a mathematical model? (2) How do equally-

probable permeability distributions within the CRBG affect injectivity and storativty of

CO2 injected into the CRBG? (3) How does the thermal signature of a CO2 plume vary

between homogeneous and heterogeneous formations, and can temperature be used as a way

to monitor CO2? (4) How do industrial-scale CO2 injections affect reservoir integrity (stor-

age security) in heterogeneous flood basalt formations? Answering these questions is critical

for determining the efficacy of basalt reservoirs as a suitable storage site for industrial-scale

CO2 sequestration operations.

The first question is addressed in Chapter 2, does permeability within the CRBG exhibit any

spatial correlation? This work has resulted in several notable findings, including a geostatis-

tical analysis of CRBG permeability which suggests that the rapid loading and subsequent

subsidence caused by the emplacement of the CRBGs results in bending moment stresses that

cause a reversal in the depth-decaying permeability trend. This study further implies that

increasing permeability at depth may be a characteristic feature of continental large igneous

provinces (LIPs). Additionally, the geostatistical analysis reveals that CRBG permeability

is spatially correlated with a 5:1 anisotropy ratio, and the direction of maximum horizontal

correlation is at N40◦E. This direction of maximum spatial correlation has implications for

both natural and engineered geologic fluid systems within the CRBG.

These geostatistical correlation models developed in Chapter 2 are used in Chapter 3 to create

an ensemble of stochastically generated and equally-probable reservoir domains. The ensem-

ble of equally-probable reservoir domains are then used to create an ensemble of equally-

probable CO2 injection models, the results of which bound the uncertainty associated with

spatially variable reservoir properties. This Monte Carlo simulation strategy is used to in-

vestigate the feasibility of industrial-scale CO2 injections in the CRBG. Results from this

study provide (1) a link between permeability heterogeneity and CO2 storage efficiency; (2)
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a first-order approximation of the level of sensitivity associated with CO2 storage and hetero-

geneous petrophysical properties; and (3) ensemble results that show average CO2 saturation

over the ensemble results in circular-shaped plume, however the ensemble variance shows an

ellipse of uncertainty around the injection well trending in the direction of maximum spatial

correlation. The results of this study show the thermal effects accompanying CO2 injections

into a highly heterogeneous formation may be a precursor to leakage.

As a result, Chapter 4 focuses on the thermodynamic effects of a CO2 injection, which leads

to significant changes in temperature in both the reservoir water and rock, which can af-

fect the injectivity, movement, and reactivity of CO2 within a basalt reservoir. During a

CO2 injection there are two competing thermal processes, the heat of dissolution and Joule-

Thomson cooling. To investigate these thermal effects, 1-, 2-, and 3-D numerical modeling

studies are utilized to analyze the temperature variability associated with a CO2 injection

over a range of porosities and permeabilities. Understanding these non-isothermal effects

has implications for engineered CCS reservoirs in terms of monitoring, management, and

verification. Results from this study show that within a homogeneous reservoir tempera-

ture migrates contemporaneously with the CO2 plume, but within heterogeneous formations

temperature migrates ahead of the CO2 plume suggesting that temperature monitoring is

an effective predictor of CO2 break-through over a range of reservoir parameters.

Finally, Chapter 5 describes a second Monte Carlo modeling study that utilizes ensemble

statistics to investigate geomechanical reservoir integrity of the CRBG on the basis of Mohr-

Coulomb failure, borehole breakdown pressure, joint-initiation pressure, and fracture dilation

criteria associated with carbon capture and storage (CCS) operations. Results show that for

a constant mass CO2 injection scenario into 35 equally-probable model domains within the

CRBG can cause the injection pressures to vary over a range of 25 MPa, which results in

borehole breakout in 50% of the simulations. Additionally, mean ensemble pressure shows
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that (1) after 1 year of injecting CO2 results in a region that has a >1% probability of the

CRBG undergoing shear failure, which extends 7 times greater distances from the injection

well than the CO2 migrates and (2) joint initiaion pressures are localized within the volume

comprising the CO2 plume.

Flood basalts have been gaining recognition as potential reservoirs for carbon capture and

sequestration. The success of recent field experiments in Washington State, USA, and Ice-

land show that injected CO2 will interact with the basalt to form carbonate minerals at

the field-scale and very short timescales. However, upscaling these field-scale experiments

to industrial-scale CO2 injections is required if CCS is going to be an effective strategy to

aid in mitigating climate change. Transitioning basalt CCS from the pilot-scale to indus-

trial scales introduces a number of uncertainties, including feedbacks between multi-phase

flow processes and fracture-controlled reservoir properties, incomplete knowledge of reservoir

characteristics, and coupled dynamics between hydraulic, thermal, mechanical, and geochem-

ical processes. 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. 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 impacts at the

surface. Quantifying, understanding, and minimizing these risks effectively is necessary if

industrial-scale CO2 injections are to become a viable option to mitigate climate change.

The studies presented here are an important first step towards understanding the relation-

ships between multi-phase fluid flow processes, spatial reservoir uncertainty, and reservoir

geomechanics.



Chapter 2

Permeability Correlation Structure of

the Columbia River Plateau

The well-known observation that permeability tends to decrease with depth has been invoked

to explain and/or model the effects of fluid and heat flow within numerous societally rele-

vant geological processes. However, this study finds that continental large igneous provinces

may deviate from the classical permeability decay trend. We compile a new permeability

database for the Columbia River Basalt Group (CRBG), USA, and show that average CRBG

permeability (1) exhibits little depth dependence between 0 and 500 m; (2) systematically

decays between ∼500 and 950 m depth; and (3) increases by 1.5 orders of magnitude between

950 and 1,450 m depth. Further analysis indicates that CRBG permeability is spatially cor-

related with a 5:1 horizontal anisotropy ratio, and the direction of maximum horizontal

spatial correlation is parallel to the longitudinal axis of the bedrock depression underlying

the CRBG. To explain these observations, we hypothesize that rapid CRBG emplacement

and subsequent lithospheric subsidence induces bending moment stresses within the CRBG

that result in spatially correlated permeability at regional scales and increasing permeability

at depth. Because continental large igneous provinces (LIPs) are characterized by rapid em-

placement and subsequent subsidence, this study implies that that bending moment stresses

may be a characteristic feature affecting the permeability structure of continental LIPs.

6
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2.1 Introduction

Permeability within the Earth’s brittle crust governs heat and mass transport from micro-

scopic to continental scales. At the macro-scale, crustal permeability is known to regulate

Earth’s natural CO2 emissions, thermal output, and pore-fluid pressure within the litho-

sphere [Ingebritsen and Manning, 1999]. Consequently, permeability plays a fundamental

role in earthquake occurrence and crustal strength [Townend and Zoback, 2000], metamor-

phic CO2 degassing [Kerrick and Caldeira, 1998], global geothermal resource distributions

[Saar, 2011], and ore deposits [Weis, 2015]. While the importance of crustal permeabil-

ity is well known, mapping the spatial variability of permeability remains a fundamental

challenge in the geosciences, particularly at depths greater than several hundred meters

[Gleeson et al., 2011]. To overcome this barrier, the geoscience community has a rich his-

tory developing permeability scaling relationships. In one classic example, Neuman [1990]

found that while hydraulic conductivity (a proxy for permeability) is scale-dependent, the

superposition of homogeneous hydraulic conductivity fields into successively larger scales ex-

hibits self-similar scaling dynamics that can be adequately characterized by a random fractal

model. Perhaps the most well-known and widely implemented permeability scaling law is

the permeability-depth (k − z, where k is permeability (m2) and z is depth (m)) relation

discovered by Manning and Ingebritsen [1999], which shows that crustal-scale permeability

in metamorphic terrain decreases with depth as a power law, k ≈ 10−14 m2 ×(z/1000m)−3.2.

The Manning and Ingebritsen [1999] k-z scaling relation has been invoked to explain nu-

merous geologic phenomena. For example, Townend and Zoback [2000] invoke k-z scaling

to support the observations that permeability is ∼10−17 to 10−16 m2 at 1 – 10 km depth,

which permits hydraulic communication between the atmosphere and seismogenic zone and

prevents long term overpressure on critically stressed faults. To extend this k-z model to

shallow depths, Saar and Manga [2004] combined heat flow and hydroseismicity observations
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from the Oregon Cascades with numerical modeling to propose a piecewise k-z scaling rela-

tion in which vertical permeability undergoes exponential decay until ∼800 m depth, beyond

which the power law k-z relation holds. The combined k-z relation is often implemented in

numerical modeling studies of deep geological processes where permeability data are either

sparse or not available. The k-z scaling relation has been used to refine our understanding

of classical basin-scale fluid flow [Jiang et al., 2009], and to constrain numerical modeling

studies of ore formation [Weis, 2015], hydrothermal fluid circulation within mid-ocean ridges

[Barreyre et al., 2018], heat flow estimates within continental large igneous provinces [Burns

et al., 2015], meteoric water infiltration within orogenic belts [Pollyea et al., 2015], and

permeability on Mars [Clifford and Parker, 2001].

This study considers the applicability of k-z scaling in large igneous provinces by developing

a new permeability database (874 records) for the Columbia River Basalt Group (CRBG),

USA, (Figure 2.1) and calculating the permeability-depth profile. Our analysis indicates

that bulk permeability within the CRBG does not follow the expected depth-dependent

trend between 950 and 1,450 m, and we hypothesize that this deviation from classical k-z

scaling laws results from rapid emplacement, subsequent lithospheric subsidence, and the

development of bending moment stresses.

2.2 Methods

A database of spatially referenced permeability values is compiled from previously published

aquifer test data within the CRBG. This database shows that CRBG permeability spans 13

orders of magnitude (10−21 m2 to 10−8 m2). After filtering the data to exclude measurements

from the low permeability flow interiors, the resulting database used for analysis comprises

800 bulk permeability measurements from 577 wells. The complete description of database
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Figure 2.1: Map of the Columbia River Basalt Group. Study area map of the Columbia
River Plateau, USA, with Columbia River Basalt Group in gray shading. Dark gray circles
denote well locations with hydrologic data used in this study, and red circles denote wells
greater than 950 m depth (Table DR1). Blue contour lines show the bedrock elevation in
meters above mean sea level (m amsl) [Burns et al., 2011]. Basemap from ESRI.

sources, quality control measures, and verification of internal consistency is described in the

Supplemental Information in GSA Data Repository1.

The permeability-depth (k-z) profile is calculated on the basis of a 200 m moving average

using the methods proposed by Burns et al. (2015), and 1σ dispersion about the mean is

calculated to quantify uncertainty in the k-z profile (Figure 2.2). The spatial correlation of

CRBG bulk permeability is quantified by first applying a log10 transform to the data and

then calculating the experimental semivariogram as:
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γ(h) =
1

2N(h)

N(h)∑
i=1

(zi − z1+h)
2 (2.1)

where, N(h) is the total number of data pairs separated by a spatial lag distance (h), and

zi and zi+h are the head and tail values of each data pair, respectively (Deutsch and Jour-

nel, 1998). The 2-D semivariogram map reveals the presence of spatial anisotropy oriented

N40◦E and N130◦E (Fig. DR1 in the Data Repository), and directional experimental semi-

variograms are modeled to quantify correlation range in the direction of maximum (N40◦E)

and minimum (N130◦E) spatial continuity.

Figure 2.2: Permeability vs. depth profile. Permeability-depth profile calculated as a 200
m running average (red line) with 1σ dispersion (gray shading) and individual permeability
values (blue dots).
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2.3 Results

The permeability-depth calculations (Figure 2.2) show that average bulk CRBG permeability

(1) exhibits no apparent depth dependence between 0 and 500 m; (2) systematically decays

by four orders of magnitude between ∼500 and 950 m depth; and (3) increases by 1.5 orders

of magnitude between 950 and 1,450 m depth. The k-z results between 0 and 950 m are

generally consistent with Burns et al. [2015]; however, their study suggests that the CRBG

k-z profile likely exhibits power law decay at depths beyond 950 m. In contrast, our results

indicate that permeability increases by 1.5 orders of magnitude between 950 and 1,450 m

depth. To support the results presented in Figure 2.2, we observe that 1σ dispersion about

the moving average systematically decreases with increasing depth beyond 950 m despite

fewer data within the 950 - 1,450 m depth interval. Moreover, there are 21 permeability

data above the 1� threshold, while only 9 data points are below. The increasing k-z trend

beyond 950 m is further supported by a single CRBG permeability measurement of 5.7 ×

10−15 m2 at 1,828 m depth, which is not included in the moving average calculations because

the depth is more than 200 m beyond the deepest datum shown in Figure 2.2. These results

suggest that the trend of increasing permeability within the 950 - 1,450 m depth interval

may be robust on the basis of currently available data.

Semivariogram analysis reveals that: (1) CRBG permeability is spatially correlated with a

5:1 anisotropy ratio in the horizontal direction (Table 1); (2) the directions of maximum

and minimum spatial correlation are oriented N40◦E and N130◦E, respectively; and (3) the

vertical semivariogram is characterized by a power law model comprising a sill of 0.55 and

exponent (ω) of 0.35 (Figure 2.3). In comparing the direction of maximum horizontal spatial

correlation with the depth to bedrock below the CRBG [Burns et al., 2011], we find that the

direction of maximum horizontal spatial correlation (N40◦E) for CRBG permeability aligns

remarkably well with the longitudinal axis of the bedrock underlying the Columbia River
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Plateau, which is oriented N42◦E (Figure 2.1).

Table 2.1: Directional variogram models. Three different variogram models are used with fol-
lowing parameters which describe the spatial variability of permeability within the Columbia
River Plateau (A. Horizontal semivariogram at 40o B. Horizontal semivariogram at 130o).

Horizontal Variograms
Model Type Nugget Sill Range(km)

AExponential 0.45 0.55 35
BExponential 0.45 0.55 7.5

Vertical Variogram
Model Type Nugget Slope (ω)

Power 0.4 1.55 0.35

2.4 Discussion

Our results indicate that CRBG bulk permeability exhibits (1) an unexpected increasing

trend within the 950 - 1,450 m depth interval (Figure 2.2) and (2) the direction of maximum

spatial correlation is in alignment with the longitudinal axis of the underlying bedrock de-

pression (Figure 2.1). We interpret these results in the context of CRBG emplacement. The

CRBG is a continental large igneous province in the northwest United States (Figure 2.1).

The CRBG 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 estimated volume of 224,000

km3 [Reidel et al., 2002]. Long and Wood [1986] show that during emplacement, CRBG flows

initially followed an east-to-west paleoslope, and then ponded within a north-south trend-

ing paleobasin that subsequently experienced local clockwise rotation [Hooper and Conrey,

1989]. This is evident in bedrock contours underlying the CRBG, which show that: (1) the

CRBG occupies a bedrock depression trending N42◦E (Figure 2.1), and (2) the thickness

of individual CRBG members generally increases near the center of the bedrock depression

[Burns et al., 2011]. At the time of initial CRBG eruptions (∼17 Mya), the Columbia River
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Figure 2.3: Spatial correlation model for the Columbia River Basalt Group. Spatial correla-
tion model for Columbia River Basalt Group (CRBG) permeability. Horizontal experimental
semivariograms for maximum (N40◦E) and minimum (N130◦E) spatial correlation directions
are shown in A and B, respectively . Each semivariogram is normalized over the variance.
Circles denote experimental semivariogram (Equation 2.1), and red line denotes model semi-
variogram with parameters shown in Table 2.1.



14 Chapter 2. Permeability Correlation Structure of the Columbia River Plateau

Plateau was undergoing uplift, and the Grande Ronde and Imnaha eruptions (17 - 15.5

Mya) produced 94% of the total CRBG volume over a period of 1.5 million years [Reidel

et al., 1989]. This volume and emplacement rate rapidly loaded the underlying crust as

high-density mafic rocks accumulated over comparatively lower density felsic rocks, which

caused a down warp in the continental crust underlying the Columbia River Plateau [Hales

et al., 2005]. Since this time, the Columbia River Plateau has been undergoing subsidence

at a decreasing rate from 0.7 - 1 cm yr−1 (15.6 Mya) to the current rate of 0.003 cm yr−1

[Reidel et al., 1989].

The lithospheric response to loading is well documented in the case of continental ice sheet

advance/retreat (e.g., Walcott [1970a]) and volcanism [Clague and Dalrymple, 1987, Jackson

and Wright, 1970, Moore, 1970]. In the context of glacial advance and volcano construction,

rapid lithostatic loading in both oceanic and continental crust induces rapid evolution in

the principal stresses (e.g., Walcott [1970a], Bianco et al. [2005], Hieronymus and Bercovici

[1999]). During continental glaciation, the lithostatic response to rapid loading has been

linked to bending moment stresses at the base of an ice sheet that induce tensile fractures

and increase the permeability of basal ice [Boulton and Caban, 1995]. Although there are

fewer studies of the lithostatic response to continental large igneous provinces (LIPs), Wal-

cott [1970b] showed that flexural rigidity of continental lithosphere decreases by two-orders

of magnitude for long-term loading conditions (>∼104 yr), and that this flexural response

is controlled by both elastic and viscous processes. In the presence of loading-induced sub-

sidence, work by Johnston et al. [1998] suggests that a bending moment will increase lat-

eral compressive stresses at shallow depths, while decreasing compressive stresses at greater

depths.

Within the CRBG, Reidel et al. [1989] indicates that the Columbia River Plateau has been

undergoing subsidence at a decreasing rate (0.1–0.003 cm yr−1) since the Grande Ronde
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eruptions. The occurrence of regional subsidence after CRBG emplacement suggests that

the entire CRBG assemblage has been undergoing flexure, which would result in a bending

moment about the longitudinal axis of the underlying bedrock depression (∼N42◦E). The

presence of a bending moment about this longitudinal axis is similar to the tangential longi-

tudinal strain model of Ramsay [1967]. Within the CRBG, bending moment stresses acting

orthogonal to the longitudinal axis of the underlying bedrock depression would preferentially

dilate fracture apertures (and thus permeability) oriented parallel to longitudinal axis of the

underlying depression (Figure 2.4). In the context of the CRBG k-z profile, most perme-

ability data are from portions of the CRBG with thicknesses ranging from ∼1,000–4,000 m,

which suggests a neutral surface between 500 and 2,000 m depth. Although this variability

in CRBG thickness will dilute the signal of reversal in the k-z trend, the distinct perme-

ability decay between 500 and 950 m combined with the modestly increasing permeability

beyond 950 m depth suggests that the bending moment stress model reasonably explains

the observed k-z trend even when taking into account the variable thickness of the CRBG.

Coffin and Eldholm [1994] compiled and analyzed all in-situ LIPs younger than 250 Ma and

show that LIP emplacement is generally characterized by lithospheric uplift, rapid emplace-

ment, and post-emplacement subsidence, which implies that bending moment stresses may

be characteristic features of continental LIPs. Based on the present analysis of CRBG per-

meability architecture, the broader implication is that the k-z characteristics of continental

LIPs may not follow classical decay trends. Because fracture permeability governs the rate

of mass and heat flow through the mafic rocks (e.g., Garven [1995]), the bending moment

hypothesis for the permeability architecture of continental LIPs may have important impli-

cations for groundwater resource management, geothermal heat flow, and the development

of geo-engineered reservoirs. For example, Saar [2011] suggests that minimum permeability

for thermal advection is 5 × 10−17 to 10−15 m2, and, as a result, the thermal signature of
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Figure 2.4: Schematic illustrating bending moment effects. Schematic illustrating the effects
of a bending moment on Columbia River Basalt Group (CRBG) permeability: (A) Prior to
Imnaha eruptions, the paleobasin is oriented north [Long and Wood, 1986]. (B) Columbia
River Plateau experiences 40◦ rotation contemporaneously with initial CRBG emplacement
17 Mya. (C) ∼94% of total CRBG volume is emplaced between 17 and 15.5 Mya, which
results in rapid loading and post-emplacement subsidence, and induces a bending moment
about longitudinal axis of basin oriented N40°E; arrows denote compression and tension
above and below the neutral axis (dashed line), respectively, and orthogonal to the longitu-
dinal axis.

continental LIPs may exhibit unusual characteristics alternating between advection and con-

duction at depths below the neutral surface of the bending moment. Moreover, continental

LIPs continue to be considered for a wide range of geological engineering applications, in-

cluding long-term nuclear waste storage, natural gas storage, and geologic CO2 sequestration

,the feasibility of which depend to a large extent on the hydraulic architecture of the host

reservoir.
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2.5 Conclusions

Permeability-depth (k-z) scaling is frequently invoked to explain and/or model the effects of

fluid and heat flow on numerous societally relevant geological processes. In this study, we find

that continental large igneous provinces may deviate from the classical permeability decay

trend. Results show that CRBG permeability (1) exhibits little depth dependence between

0 and 500 m; (2) systematically decays between ∼500 and 950 m depth; and (3) increases

by 1.5 orders of magnitude between 950 and 1,450 m depth. Further analysis indicates that

CRBG permeability is spatially correlated with a 5:1 horizontal anisotropy ratio, and the

direction of maximum horizontal spatial correlation is parallel to the longitudinal axis of the

bedrock depression underlying the CRBG. To explain these observations, we hypothesize

that rapid CRBG emplacement and subsequent lithospheric subsidence has induced bending

moment stresses within the CRBG that affect the depth-dependence and spatial correlation

of fracture-controlled permeability. Because uplift, rapid loading, and post-emplacement

subsidence generally characterize continental LIP emplacement, we infer that the effects of

bending moment stresses may be a characteristic feature of the LIP permeability structure.

1GSA Data Repository item 2018259, the Columbia River Basalt Group (CRBG) permeabil-

ity database compiled for this study, is available online at http://www.geosociety.org/data

repository/2018/ or on request from editing@geosociety.org.



Chapter 3

Geologic CO2 Sequestration in a

Highly Heterogeneous Reservoir

To understand the implications of permeability uncertainty in basalt-hosted CCS reservoirs,

this study investigates 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 unknowable 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 per-

meability uncertainty at the reservoir-scale significantly impacts both the accumulation and

distribution of CO2. After 20 years of injection the total volume of CO2 injected in each sim-

ulation 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 in the direction

of maximum spatial 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 verification strategies in highly heterogeneous CCS reservoirs.

18
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3.1 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 homogeneous rock properties.

Doughty [2010] simulates an injection of 1.1 million metric tons of CO2 into a dipping

sedimentary basin to investigate 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]

investigate 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 sur-

rounding 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
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any wells within the target formation. Previous works have investigated issues of CO2 leak-

age 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 characteriza-

tion 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 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, 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 minerals.

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
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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 effectiveness of trapping CO2 via mineralization, the volumes

injected in both pilot projects (270 tons CO2 at CarbFix, 1,000 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 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].

Chadwick et al. [2008] outlines the importance of reservoir characterization and how it is

a necessary step to characterize both the hydrologic and structural properties of the tar-

get reservoir for a CCS project. For flood basalt reservoirs this can be challenging be-

cause it is generally accepted that plausible constraints on in situ permeability distributions

are unknowable at reservoir scale. Previous studies have investigated this issue, for exam-

ple, Pollyea et al. [2014] quantifies the effects of fracture-controlled heterogeneity by using

stochastically generated model domains along with Monte Carlo CO2 injection modeling to

show the highly variable sealing behavior within the low-volume 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 investi-

gated 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 in-

tersection, which may yield self-sealing reservoir characteristics as mineralization focuses at

the union of branching fractures. Bosshart et al. [2018] demonstrates how heterogeneities and
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a range of petrophysical properties can significantly affect the CO2 injection rate and storage

capacity by modeling CO2 injections into different depositional environments. Moreover, un-

certainty 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, 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 cor-

relation models (e.g., semivariogram). Byutilizing spatial correlation models and stochastic

methods, this study is designed to assess the uncertainty of fracture-controlled permeabil-

ity 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 associated with CO2 storage

and heterogeneous petrophysical properties.

3.1.1 Geologic Setting

Columbia River Basalt Group

The Columbia River Basalt Group (CRBG) is a continental large igneous province in the

northwest United States (Figure 3.1), 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 estimated 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



3.1. Introduction 23

(1) groundwater production [Burns et al., 2011, Kahle et al., 2011], (2) nuclear waste stor-

age (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 reservoir prop-

erties 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 (Figure 3.2)

[Mangan et al., 1986]. Within CRBG flows, in situ pumping tests reveal that permeabil-

ity 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] (Figure 3.3A). To further complicate CRBG

reservoir characterization, individual basalt flows exhibit km-scale lateral dimensions and

vertical dimensions from cm-scale to greater than 70m [Mangan et al., 1986].

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 targetforma-

tion for CCS development in the Pacific Northwest. The CRBG was chosen on the basis

of its’ relatively 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,

Rodosta et al., 2011, McGrail et al., 2017]. In order to locate a suitable site for a pilot in-

jection, 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].
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Figure 3.1: Map of the Columbia River Basalt Group. 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.
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Figure 3.2: Individual CRBG flow morphology. A.Individual CRBG flow morphology (mod-
ified from Reidel et al. [2002]). B. Generalized geology within the Wallula Pilot Borehole.
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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 candidate (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 relatively 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 1,000 metric tons (MT) of supercritical CO2 was injected at

the Wallula Pilot Borehole over the course of three weeks. Since the injection, results have

been published validating the reactivity 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 uncertainty, and before

an industrial-scale injection can be implemented a better understanding of these uncertain-

ties is required. This study is designed to bound the uncertainty associated with incomplete

knowledge of CRBG permeability during industrial-scale CO2 injections. Specifically, we im-

plement stochastic simulation strategy in combination 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.

3.2 Methods

This study combines geostatistical reservoir simulation with multiphase, multicomponent

numerical modeling to investigate the influence that the spatial distribution of permeability
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Figure 3.3: Histogram of permeability compiled from well data. A. Histogram of log perme-
ability 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 permeabil-
ity 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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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 represent a large-scale

constant pressure injection of supercritical CO2 into the composite injection zone (775 m - 875

m) at the Wallula Pilot Borehole. While the hydrologic characterization within the Wallula

Pilot Borehole has been extensive, the permeability distribution at intermediate- to long-

range spatial scales is poorly constrained. As a result, this study uses a geostatistical analysis

to constrain permeability at the reservoir-scale and provide a first-order approximation of

the uncertainty associated with a large-scale CO2 injection into a fracture-dominated, highly

heterogeneous basalt reservoir.

3.2.1 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 (Figure 3.4). This domain is discretized into 530,000 grid blocks with dimensions of

50 m × 50 m × 25 m. For this model, the CRBG is conceptualized 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 permeability, (2) known data points, which are
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Figure 3.4: 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.

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 Columbia 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

(Figure 3.1) to calculate semivariograms. To do this, permeability values were filtered on

two standard deviations of the mean to ensure only the highly productive flow tops and

bottoms were included in the calculations (Figure 3.3B). 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 permeabilities

from -8.5 m2 to -14.5 m2 with a median permeability value of -11.5 m2. However, the present
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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 permeabilities 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 typically honors the

original probability distributions of the original 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 reservoirs, each reproduces an equally-probable permeability distribution for

the given dataset shown in Figure 3.3B. In order to model the effects of fracture-matrix

flow within the entablature zones bounding the composite 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 partitioning 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 multiple

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
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Table 3.1: Model parameters - 20 year injection scenario.

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

the bulk fluid and rock properties are listed in Table 3.1. 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 described by the van Genuchten model, the van Genuchten parameters

in Table 3.1 are based off of Pollyea [2016] where the influence of relative permeability on

injection pressure is investigated within a mafic reservoir. 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 interference (λ) and

residual liquid saturation (Slr) parameters corresponding to a maximum injection pressure

of 25 MPa are chosen to keep CO2 accumulation and distribution estimates modest for a

constant pressure CO2 injection.
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3.2.2 Numerical CO2 Flow Simulation

In order to investigate how the spatial distribution of permeability affects CCS reservoir

performance in a flood basalt reservoir, CO2 injection is simulated within each equally prob-

able synthetic reservoir at constant pressure for 20 years. Constant pressure injections are

simulated 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 borehole breakout

pressure as calculated by Pollyea [2016], borehole breakout pressure is used so that the max-

imum 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 con-

ditions: 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 transitions 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 measurements taken at the Wallula Pilot Borehole [McGrail et al., 2009].
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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 temperature 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 precipita-

tion, 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 perme-

ability hysteresis is not accounted for in the simulations, because only the injection phase of

a CCS project is simulated so there is no imbibition for the wetting phase. Similarly, chemi-

cal diffusion is not accounted for because CO2 is being continuously injected throughout the

entire simulation resulting in a high Péclet number, which means the transport of mass and

heat is dominated by advection.

3.2.3 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 uncertainty [Deutsch and Journel, 1998]. In this approach, the mean

(N=50) CO2 saturation (S̄(x,y,z)) within each grid cell is computed as:

S̄(x,y,z) =
1

50

50∑
i=1

Si(x,y,z) (3.1)
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where, Si(x,y,z) is the modeled CO2 saturation for simulation i at location (x, y, z). Similarly,

the variance (s2x,y,z) associated with Equation 3.1 for each grid cell is computed as:

s2(x,y,z) =
1

50

50∑
i=1

(Si(x,y,z) − S̄i(x,y,z))
2 (3.2)

In the present study, the mean and variance are calculated for free-phase CO2 saturation

over all 50 simulations to investigate the uncertainty associated with a CO2 injection into

the Columbia River Basalt group.

3.3 Results and Discussion

3.3.1 Single Realization

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 arereferred 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 isclose to the ensemble mean. Simulation 20 also illustrates

the effect of spatially correlated permeability within the CRBG, which is represented by

Figure 3.5 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 Figure 3.5, it is clear that top injection layer (Figure 3.5B) 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 heterogeneity. 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
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(Figure 3.5A). 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 (Figure 3.5D, E) where there are small amounts of CO2 that are completely

disconnected from the main portion 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 energetically favorable. In some instances, this effect forces vertical CO2 flow as

shown in Figure 3.5E. 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

exhibit on the accumulation and distribution of CO2 in a single simulation. In simulation

20 (Figure 3.5) the injected free-phase CO2 has migrated ∼2,400 m away from the injection

in the direction of maximum spatial correlation (N40◦E) (Figure 3.5B), where as, CO2 has

only migrated ∼1,100 m parallel to the direction of minimum spatial correlation (N130◦E)

(Figure 3.5C).

3.3.2 Ensemble Results

The complete ensemble simulation results (e-type estimates) for free-phase supercritical CO2

saturation after 20 years of injection are shown in Figure 3.6. The ensemble mean CO2 sat-

uration 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]. Interestingly, these lat-

ter studies implement radially symmetric model domains with layered heterogeneity and

internally homogeneous injection zones to simulate an injection of 1,000 MT of CO2 at the
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Figure 3.5: 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 represent 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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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 sediment 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], Figure 3.6 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 reservoirs, the variability in this study reveals

dramatically different results. The variance of CO2 saturation over all 50 simulations is shown

in Figure 3.6, 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 correlation. 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

heterogeneity in low-volume basalt formations typical of the east Snake River Plains, Idaho.

In this study, the ensemble variance exhibits a similar ‘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 vs. flood basalts)

and the correlation ranges use to create the permeability distributions. Pollyea and Fairley

[2012] uses a geostatistical analysis of an outcrop scale low-volume basalt with a maximum

correlation 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
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Figure 3.6: 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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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 (Figure 3.5) and the ensemble variance (Figure 3.6), 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 Figure 3.7. 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 (Figure 3.7B). 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 reservoirs would have the injectivity for a modest increase in the injection rate to 1.15

MMT year−1. While the average injection rate varies between 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

reservoir.
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Figure 3.7: Total volume of CO2 injected after 20 years. 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 deviation of the volume injected.
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3.3.3 Individual Realizations

In order to visualize the variability in CO2 injection volume for constant pressure injections,

Figure 3.8 illustrates the isosurface at 1% gas saturation for four individual realizations,

which represent the simulation closest to the mean CO2 volume (Figure 3.8, realization 20),

one standard deviation from the mean (Figure 3.8 realization 11), and the minimum and

maximum CO2 volumes (Figure 3.8, 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 emphasizes 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 program. In the case of

the Wallula Site, leakage from the composite injection 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 Figure 3.9. Owing to

buoyancy forces, free-phase CO2 migrates upward into the fractures within the flow interior

and Figure 3.5A, B illustrate how spatial heterogeneity in the injection layer impacts the CO2

plume shape within the flow interior. While the CO2 saturation in Figure 3.9 is minimal

compared to the injection zones, these results show that 0.1 - 1.05% of the total volume
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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.

3.3.4 Temperature Monitoring

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 (Figure 3.10). The areas that show the largest increase in

temperature 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, 2005a]. 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 Figures 3.8 and 3.10.

The isosurfaces in Figure 3.8 are contoured by temperature to illustrate the competing

temperature effects of a large-scale CO2 injection. As the CO2 migrates away from the
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Figure 3.8: 3-D CO2 plumes. 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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Figure 3.9: Injected CO2 leakage from target reservoir. 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.
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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 wellbore 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 (Figure 3.10A - 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 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 expect an

increase in temperature would reach a monitoring well before the CO2 plume. This effect

is illustrated in Figure 3.11, 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 Figure 3.11 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 continues 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 permeability

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.
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Figure 3.10: Reservoir temperature post-injection. Change in temperature between pre-
CO2 injection temperatures to post-CO2 injection temperatures for a single realization (20).
Panels A-D. represent the 4 injection layers within the model domain. E. A vertical north-
south profile through the center (indicated by the black lines in A-D) of the model domain.
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Figure 3.11: Temperature and CO2 saturation versus time for two monitoring locations
within the confining layer (750 - 775 m depth) each 50 m away from the injection. The time
lag between the black and red lines illustrates the effects of permeability heterogeneity.

3.4 Conclusion

Flood basalts have been gaining recognition as potential reservoirs for carbon capture and se-

questration. The success of recent field experiments 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 re-

quired if CCS is to be an effective strategy for mitigating 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 ver-

ification 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
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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 structures.

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

up to 1,800m away from the injection, this ellipse trends parallel to the direction of

maximum spatial permeabilitycorrelation, 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 under-

stand 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-basalt interactions to effectively isolate large-scale CO2

injection volumes.

4. The volume of CO2 injected at 95% of the borehole breakout pressure 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.
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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 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. Significantly more research is required to develop a better understanding of the reactive

transport, geomechanical, and thermal processes associated with an industrial-scale CO2

injection into a flood basalt reservoir.



Chapter 4

Using Heat as a Predictor of CO2

Breakthrough

Injecting super-critical CO2 into the subsurface changes the temperature, pressure, and geo-

chemistry of the storage reservoir. Understanding these perturbations within the reservoir

may be used to monitor the CO2 plume during a carbon capture and sequestration (CCS)

project. Here we analyze results from 1-, 2-, and 3-D numerical modeling studies to investi-

gate how the thermal signature of the CO2-water system evolves during CCS. These models

show that the thermodynamic processes of the CO2-water system results in a characteristic

thermal profile within a homogeneous storage reservoir during a CO2 injection. This thermal

signature is characterized by warming front of up to 4◦C, which is caused by CO2 dissolution

and migrates contemporaneously with free-phase CO2 migration. When reservoir proper-

ties are highly heterogeneous, this thermal front travels well ahead of free-phase CO2, thus

implying that thermal monitoring may be an effective predictor of CO2 breakthrough.

50
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4.1 Introduction

Heat has been used as a groundwater tracer since Slichter [1905] utilized temperature to show

that a pond in Long Island, New York was infiltrating the local groundwater. Thereafter,

studies have utilized heat to study groundwater inflow to lakes [Lee, 1985], identify gaining

or losing streams [Conant Jr, 2004], quantify seasonal variations in the shallow subsurface

[Storey et al., 2003], characterize flow through fractures [Bodvarsson, 1969], quantify fracture

attributes in hydrothermal systems [Anderson and Fairley, 2008, Heffner and Fairley, 2006],

and identify flow patterns in groundwater basins [Bachu, 1988]. More recently, thermal trac-

ers have been utilized to characterize fractures and heat transfer within enhanced geothermal

systems. For example, Pruess and Doughty [2010] simulate a single-well injection-withdrawal

test to illustrate the effectiveness of using heat as a tracer within enhanced geothermal sys-

tems. This study also highlights the advantages of using heat over chemical tracers because

thermal parameters have much less variability than chemical parameters, and thermal diffu-

sivity is 4 – 5 orders of magnitude larger than the diffusivity of solutes in lower permeability

reservoirs. Shook and Suzuki [2017] present an analytical solution to show that temperature

is a robust tool to characterize EGS environments. Additionally, Manga [2001] points out

the advantages of using heat as a tracer, namely the ability to collect high resolution spatial

and temporal data.

Numerical models are frequently utilized to study the thermal processes associated with

CO2 storage in geologic reservoirs [André et al., 2010, Hurter et al., 2007, Han et al., 2010,

Jayne et al., 2019b, Oldenburg, 2007, Pruess, 2005a, Zhao and Cheng, 2017]. These studies

focus largely on Joule-Thomson cooling that occurs during a CO2 injection; this refers to the

cooling that occurs when a gas, e.g., CO2, expands. For example, Zhang et al. [2011] combines

this thermodynamic process with other observations to estimate residual CO2 saturation

based on the difference between water and CO2 diffusivity. Similarly, Pruess [2005a] models
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CO2 flow and phase change within a hypothetical leakage system using idealized faults to

investigate the risks associated with geologic storage of CO2, and Oldenburg [2007] examines

adiabatic cooling (Joule-Thomson effect) caused by the decompression of injected CO2 into

a natural gas reservoir. André et al. [2010] investigates the thermal impact a supercritical

CO2 injection has on the reactive nature of a carbonate saline reservoir and shows relatively

small cooling effects (1 – 2◦C), which is similar to the results of Oldenburg [2007].

While the thermodyamics of CO2 expansion are well known to the CCS community, there

have been few studies investigating the the thermal effects caused by CO2 dissolution, i.e.,

heat-of-dissolution. Thermal monitoring has also been proposed as a method for monitoring

CO2 leakage from a storage reservoir [Zeidouni et al., 2014, Zhang et al., 2018b]. Han

et al. [2010] and Han et al. [2012] present numerical modeling studies that evaluate the non-

isothermal processes associated with a supercritical CO2 injection into saline formations.

These studies suggest that temperature changes during a CO2 injection may be an essential

monitoring tool when temperature changes are greater than 1◦C. However, the temperature

changes within the reservoir may not only be caused by CO2. For example, a recent study

of an enhanced geothermal system (EGS) that found the thermodynamic effects associated

with H2O increase temperature at the production well prior to the arrival of the injected fluid

[Zhang et al., 2018a]. This thermal anomaly is the result of thermodynamic processes (Joule-

Thomson effects) that cause water to release heat when subject to sharp pressure gradients

[Stauffer et al., 2014], as is the case during fluid circulation in EGS systems [Zhang et al.,

2018a].

The thermal effects associated with interactions between CO2 and water have been well

studied individually; however, the relationship between reservoir properties (permeability

and porosity) and the thermodynamic processes governing fluid temperature remains an

open question. Moreover, the influence of spatially heterogeneous reservoir properties on
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thermal fluid processes has yet to be considered. To fill this gap in knowledge, this study is

designed to learn how the fluid temperature signal responds to (i) systematic variations of

bulk permeability and porosity and (ii) spatially heterogeneous permeability fields, e.g., in

a basalt reservoir.

4.2 Thermal Processes in the CO2-Water System

Injecting free-phase CO2 into the subsurface changes the thermal regime by altering the nat-

ural conduction and advection of heat, and imposing four thermodynamic processes related

to the CO2-water system: (i) Joule-Thomson cooling from CO2 expansion, (ii) heat released

by CO2 dissolution, (iii) cooling caused by water vaporization [Han et al., 2012], and (iv)

Joule-Thomson heating from water expansion. Each of these thermal processes occurs at

different locations within and/or around the CO2 plume and they are affected by pressure

gradients caused by the injection of CO2 into the storage reservoir. The combination of

these effects results in a dynamically changing thermal profile within the storage reservoir

over the course of a CCS project.

4.2.1 Joule-Thomson Effect

The Joule-Thomson effect is the temperature change associated with the expansion or com-

pression of a fluid (i.e., change in pressure), such as CO2 or H2O [Roebuck et al., 1942].

In the context of this study, Joule-Thomson cooling refers to the cooling associated with

the decompression of CO2 and Joule-Thomson heating refers to the heating caused by the

decompression of H2O. The resulting temperature change (∆T ) due to a pressure change
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(∆P ) has been derived experimentally under isenthalpic (constant enthalpy) conditions,

µJT = lim
x→0

[
∆T

∆P

]
H

=

[
δT

δP

]
H

(4.1)

where µJT is the Joule-Thomson coefficient, and can be determined by the limiting ratio of

∆T to ∆P under a constant enthalpy (H) [Engel and Reid, 2010]. When µJT is positive,

a fluid will heat upon compression and cool upon expansion and vice versa when µJT is

negative. For conditions of interest in CCS (T ≈ 30 – 80◦C and P ≈ 10 – 40 MPa), Han

et al. [2010] points out that µJT for CO2 is positive, generally increases as T and P decrease,

and ranges from 0.125 – 5◦C MPa−1. Conversely, at these same conditions µJT of H2O

can range from ∼0.17 – 0.22◦C MPa−1 [NIST, 2018], which results in H2O heating upon

expansion and cooling upon compression [Stauffer et al., 2014, Zhang et al., 2018a].

4.2.2 Heat of Dissolution and Vaporization

When supercritical CO2 is injected into a reservoir, the interface between the CO2 and

reservoir water allows for CO2 to dissolve in the water and for the water to dissolve into

the CO2. At temperature conditions relevant for CCS, the dissolution of CO2 into water

is an exothermic reaction referred to as heat of dissolution. Koschel et al. [2006] provides

experimental data on the enthalpy and solubility of CO2 in water, the enthalpy of solution

at 50◦C and pressures from 5-20 MPa is -15.2 kJ/mol and at 100◦C with pressures from 5

- 20 MPa is -7.9 kJ/mol. As thermal energy is released from this reaction, the surrounding

water, CO2, and reservoir rock experience an increase in temperature. Conversely, water

vaporization into the supercritical-phase CO2 requires the input of energy (positive enthalpy)

resulting in cooling of the surrounding water, CO2, and reservoir rock [Han et al., 2010].

While the heat of dissolution and water vaporization are competing processes at the water-
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CO2 interface, the solubility of CO2 in water is ∼8.4 ×10−3 mole fraction [King Jr and Coan,

1971] and the solubility of water in CO2 is ∼4.0 ×10−4 mole fraction [Carroll et al., 1991].

Since the solubility of CO2 in water is 20× greater than that of water in CO2, the effects of

water vaporization are negligible.

When free-phase CO2 is pumped into a disposal reservoir, the competing effects of Joule-

Thomson cooling (CO2), Joule-Thomson heating (H2O), and heat of dissolution results in

a dynamically changing thermal profile within the CO2-water-rock system. This study is

designed to (i) quantify the thermal contributions of the Joule-Thomson and heat of dissolu-

tion effects during a CO2 injection scenario, (ii) show how these processes vary with changes

in permeability and porosity, and (iii) evaluate the efficacy of thermal monitoring to pre-

dict CO2 breakthrough in reservoirs characterized by homogeneous and highly heterogeneous

hydraulic properties.

4.3 Methods

We implement a numerical modeling study to quantify the thermal structure that develops

during a typical CCS scenario. For this scenario, CO2 is injected at 40◦C for 20 years at a

constant rate of 1 kg s−1 into a reservoir with an initial temperature of 40◦C. The purpose of

injecting the CO2 at the same temperature as the initial reservoir temperature is to isolate the

thermophysical effects of a CO2 injection. We initially characterize the thermal structure

of the CO2-water system using a 1-D simulation ensemble comprising 459 homogeneous

reservoirs with unique combinations of permeability and porosity. To analyze how vertical

flow affects the thermal profile during a CO2 injection, we repeat the model scenario by

adding vertical discretization to the 1-D model, which results in a 2-D radially symmetric

grid. We then consider the effects of reservoir heterogeneity by interrogating the thermal
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structure of a 3-D CCS simulation that was originally developed by Jayne et al. [2019b]

to understand the implications of spatially uncertain permeability distributions during CO2

injections into flood basalt reservoirs.

The 1-D homogeneous model is conceptualized as a single, radially symmetric layer with 16 m

thickness (829 m – 845 m depth) and 100 km lateral extent, the latter of which approximates

a semi-infinite radial dimension (Figure 4.1). The injection well comprises a single grid cell

with a radius of 0.1 m and represents the inner boundary for the model domain. Beyond

the injection well, 949 grid cells are discretized with logarithmically increasing increments

(∆r) from 0.1 m to 10,000 m. In order to simulate a semi-infinite far-field dimension, an

additional 50 grid cells with logarithmically increasing ∆r are specified from 10,000 m to

100,000 m. The high resolution of the grid near the injection well is chosen to minimize

discretization effects that create a non-physical pressure spike in early time [Mathias et al.,

2013]. Owing to the success of recent CCS pilot projects in highly heterogeneous basalt

reservoirs [Matter et al., 2016, McGrail et al., 2017], the initial conditions and hydraulic

properties specified for this project are representative of basalt [Pollyea, 2016] (Figure 4.1).

Initial conditions are specified as 8.3 MPa fluid pressure, reservoir temperature is 40◦C, and

salt concentration is 10,000 ppm, which reproduce conditions encountered within the pilot

borehole at the Wallula Basalt Sequestration Pilot Project in southeast Washington State,

USA [McGrail et al., 2017].

To account for the interfering effects of CO2 and water occupying the same pore space, we

implement the Van Genuchten [1980] constitutive relationships for relative permeability and

capillary pressure. While the multi-phase properties of basalt are uncertain, Gran et al. [2017]

found that relative permeability is highly interfering. In addition, Pollyea [2016] interrogated

the relative permeability parameter space and found that a phase-interference parameter (λ)

of 0.55 and residual CO2 saturation (Sgr) of 0.25 result the in highly interfering behavior
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Figure 4.1: Schematic for 1-D radially symmetric model domain. Schematic illustration and
model properties for the 1-D radially symmetric model domain used for this study. The
injection well is idealized as a single grid cell with a radius of 0.1 m. The next 949 grid
cells increase logarithmically from 0.001 m to 10,000 m, another 50 grid cells that increase
logarithmically are added to represent semi-infinite lateral dimensions of 100,000 m.
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reported by Gran et al. [2017] while maintaining plausible reservoir injectivity. Figure 4.1

presents the complete parameter set for the relative permeability and capillary pressure

models used for this study.

The code selection for this study is TOUGH3 [Jung et al., 2017] compiled with the ECO2N

fluid property module [Pruess, 2005b], which updates the well-known TOUGH2 simulation

code [Pruess et al., 1999] to implement PetSc [Balay et al., 2018] parallel solvers and includes

gravitational potential in the energy balance. TOUGH3 solves energy and mass conservation

equations for nonisothermal, multiphase flows in a porous geologic media. The ECO2N

module simulates mixtures of H2O, NaCl, and CO2 for pressures up to 60 MPa, temperature

between 10◦C and 110◦C, and salinity up to full halite saturation. The ECO2N module

accounts for phase partitioning between water, CO2, and NaCl on the basis of equilibrium

solubility constraints [Pruess, 2005b].

4.4 Results and Discussion

4.4.1 Thermal Profile

The ensemble of 1-D homogeneous simulations reveal that the thermal fluid signature in a

CCS reservoir is characterized by three distinct features: (1) a warming front at the leading

edge of the CO2 plume, (2) a zone of thermal equilibrium in the central portion of the CO2

plume, and (3) a cooling zone near the injection well. Figure 4.2A presents a schematic

illustration of these characteristic thermal features for a single 1-D realization after 20 years

of injection. Figure 4.2B shows that permeability and porosity combinations vary the spatial

dimensions of each thermal zone, as well as the magnitude of temperature change, but the

overall pattern is independent of reservoir properties.
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Figure 4.2: Characteristic 1-D thermal profile. A. Schematic illustration of the characteristic
1-D thermal profile after 20 years of injection for a single realization within the complete
ensemble (k = 8.0×10−15m2, ϕ = 0.25). Shading below the temperature curve (solid black
line) denotes each thermal zone; dashed black line is CO2 saturation, dashed blue line is
dissolved CO2 concentration, and solid green line is fluid pressure. B. Temperature profiles
for the complete 1-D simulation ensemble (N = 459) after 20 years of a constant mass CO2

injection. Results are colored by permeability magnitude.
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At the leading edge of the CO2 plume, two different thermal fluid processes cause a distinct

warming front to develop (Fig. 4.2A, red shading). First, CO2 dissolution into the reservoir

water increases fluid temperature (heat of dissolution) as illustrated in Figure 4.2A by the

contemporaneous arrival of increasing temperature and aqueous phase CO2. Second, Joule-

Thomson heating due to the expansion of water causes a a small, but sharp temperature

spike, which is illustrated in Figure 4.2A at∼415 m. This sharp thermal spike is caused by the

reservoir water experiencing a rapid pressure drop between 405 - 415 m (Figure 4.2A, green

line), which produces ∼0.1◦C increase over a drop in pressure of 0.5 MPa and results in µJT of

∼0.2 ◦C MPa−1. While this increase in temperature is minimal, larger pressure drops caused

during a CO2 injection can result in a more significant temperature increase. The presence

of Joule-Thomson heating is in agreement with the laboratory and numerical experiments

of Zhang et al. [2018a] that show a pressure drop of 5 MPa causes a +1.1◦C temperature

change during fluid circulation in an EGS system. This thermal anomaly corresponds with

a µJT of ∼0.2 ◦C MPa−1, and closely matches the results presented here.

Closer to the injection well, a zone of cooling develops where the expansion of CO2 consumes

thermal energy and the water is fully saturated with respect to CO2, thus precluding the

competing effect of dissolution heating (Fig. 4.2A, blue shading). As a result, the ther-

mal fluid signature near the injection well is characterized by a pronounced temperature

depression. The central portion of the CO2 plume is characterized by a zone of thermal

equilibrium where (i) CO2 is no longer expanding, so Joule Thomson cooling does not occur,

(ii) dissolution heating is no longer occurring because the reservoir water is saturated with

respect to CO2, and (iii) the pressure gradient is too low for water expansion, which precludes

Joule Thomson warming (Fig. 4.2A, gray shading). Nevertheless, the effects of the warming

front are persistent and the fluid temperature remains above background conditions until

the near-well zone of cooling.
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The complete simulation ensemble shows that the zonal temperature pattern discussed above

occurs regardless of permeability and porosity; however, its lateral dimension and magnitude

appear to scale with variations in hydraulic properties (Fig. 4.2B). For the CCS scenario con-

sidered here, the maximum temperature increase at the warming front is 3.8◦C, while the

maximum temperature depression in the cooling zone is 8.9◦C. To the first order, perme-

ability governs the maximum lateral extent of CO2 migration, and thus controls the radial

extent of the thermal fluid signature. However, the magnitude of temperature change at

the warming front appears to increase with higher porosity because additional pore space

increases the fluid mass available for dissolution heating. In contrast, the thermal fluid

signature of low porosity cases is governed by the thermal contribution of the rock matrix,

which keeps the fluid temperature closer to equilibrium with the surrounding reservoir [Old-

enburg, 2007, Han et al., 2010]. Within the warming front, these results also show that

the temperature spike caused by water expansion increases as bulk permeability decreases

(Fig. 4.2B) because lower permeability increases the pressure gradient at the leading edge of

the CO2 plume. Moreover, CO2 solubility in water also increases with increasing pressure

[Carroll et al., 1991], so the maximum temperature increase occurs in the low permeability

scenarios (Fig. 4.2B, black), while low temperatures tend to occur in the high permeability

scenarios (Fig. 4.2B, red). Interestingly, phase interference between CO2 and water can also

drive pressure gradients at the leading edge of the CO2 plume [Pollyea, 2016]. Recent nu-

merical studies show that relative permeability effects may cause variability in CO2 injection

pressure[Pollyea, 2016, Yoshida et al., 2016]. For example, Pollyea [2016] utilizes numerical

simulations to study how the uncertainty associated with relative permeability can affect a

CO2 injection. This study shows that for a constant mass CO2 injection, maximum injection

pressure can vary from 5 – 60 MPa over a range of van Genuchten parameters. This wide

range of injection pressures caused by varying relative permeability parameters suggests that

relative permeability effects may be an important contributor to the thermal fluid signature
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of CCS operations.

Near the injection well, the ensemble results also show that Joule-Thomson cooling is most

pronounced for the cases with high reservoir permeability (Fig. 4.2B, red). This is the result

of salt precipitation near the injection well (salting-out), which fills pore space, decreases

permeability, and causes steep pressure gradients to develop in the near-well region [Zhao

and Cheng, 2017]. These sharp pressure gradients cause the CO2 to expand rapidly as it

migrates beyond the near-well region, which for this study results in a maximum temperature

drop of ∼9◦C due to Joule-Thomson cooling effects. In fact, Oldenburg [2007] found that

Joule-Thomson cooling can account for 20◦C temperature drop when CO2 is injected into

natural gas reservoirs.

4.4.2 2D Model - Characteristic Thermal Structure

The 1-D simulation ensemble reveals a characteristic pattern in the radial dimension of fluid

temperature during CCS operations. To investigate the vertical dimension, we discretized a

single simulation grid into 2 m vertical segments, resulting in a 2-D, radially symmetric, and

homogeneous reservoir model. Results from this 2-D simulation are presented as a time series

in Figure 4.3 and show that the CO2 plume and warming front migrate contemporaneously

throughout the thickness the reservoir. The vertical temperature distribution is governed by

shape the of the CO2 plume, which is controlled by a combination of capillary and buoyancy

forces [Wu et al., 2018b]; however, the characteristic thermal structure illustrated by the 1-D

models is still prevalent in Figure 4.3 irrespective of depth. As the CO2 migrates further into

the reservoir the heat produced by CO2 dissolution and Joule-Thomson warming migrates

with the CO2 plume and reservoir water, while the zone of cooling expands radially from

the injection well. These results are similar to those of Han et al. [2012], where they show
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that the dissolution of CO2 into the reservoir water results in a 1 – 5◦C temperature increase

and this maximum temperature increase corresponds to the interface between the CO2 and

reservoir water.

4.4.3 Highly Heterogeneous Reservoir

The 1- and 2-D model results discussed above reveal that an advancing CO2 plume is ac-

companied in space and time by a positive thermal anomaly at its leading edge. This result

is discordant with a recent study by Jayne et al. [2019b], which found that the positive ther-

mal anomaly advances ahead of the CO2 plume in a highly heterogeneous basalt reservoir.

While Jayne et al. [2019b] suggested that thermal monitoring may be an effective strategy

for heterogeneous reservoirs, they did not provide a mechanistic explanation. As a result, we

further analyzed a simulation from Jayne et al. [2019b] to make the mechanistic connection

between the temperature distribution in a heterogeneous reservoir and the thermodynamic

processes responsible for the thermal signature discussed above. Figure 4.4A shows the iso-

surface contour for 1% CO2 saturation in a synthetic Columbia River Basalt reservoir with

a spatially correlated [Jayne and Pollyea, 2018], but randomly generated, permeability field.

The CO2 plume is shaded by change in temperature from pre- to post-injection, and shows

a positive thermal signature of up to 3.5◦C at the edges of the CO2. This is clearly the same

phenomenon revealed by the 1-D simulations that show a warming front governed by heat

of dissolution and water expansion. Moreover, by interrogating stream tubes showing the

direction of heat flow, we find that heat is migrating laterally ahead of the CO2 plume and

vertically into the confining layer (Figure 4.4B, detail section).

To test temperature monitoring as predictor of CO2 breakthrough, we reproduced the 3-D

basalt CCS simulation developed by Jayne et al. [2019b] and recorded time series tempera-



64 Chapter 4. Using Heat as a Predictor of CO2 Breakthrough

Figure 4.3: 2-D temporal evolution of CO2 saturation and temperature for 2-D simulation
with the same hydraulic reservoir properties as Figure 4.2A. Each panel is colored by reservoir
temperature and 1% CO2 is contoured as a solid black line. Note that 1% CO2 saturation
and the maximum temperature within the reservoir move contemporaneously through time.
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Figure 4.4: Single realization of a 3-D highly heterogeneous. A single realization from Jayne
et al. [2019b], A. shows the isosurface for 1% CO2 saturation after 15 years of a CO2 injection
and is contoured by temperature. B. A subsection of the CO2 plume is shown along with
stream tubes indicating the direction of heat flow. The layer of gray shading corresponds to
the boundary between the storage reservoir and overlying caprock. C. and D. Two plots of
temperature (red line) and CO2 saturation (black line) versus time are shown for two grid
blocks 400 m away from the injection well; C. Represents a grid block in the entablature
zone, D. is a grid block within the injection zone.
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ture data for two adjacent grid cells located 400 m from the injection well: Cell C is within

the caprock overlying the reservoir and cell D is within the reservoir (Fig. 4.4, detail section).

These results show that within the injection zone temperature begins increasing 125 days

before the arrival of the CO2 plume (Fig. 4.4D). However, there is a 1,750 day time lag

between temperature change and free-phase CO2 arrival within the caprock overlying the

reservoir (Fig. 4.4C). Within each grid cell temperature increases steadily until the maxi-

mum temperature is reached with the arrival of free phase CO2. The difference in time lag

between the reservoir and caprock is explained by the permeability differences between them.

However, the presence of the time lag itself is markedly different than what is observed for

homogeneous reservoirs. The time lag can be reasonably explained by relative permeabil-

ity effects in the presence of heterogeneous permeability fields [Pollyea and Fairley, 2012].

Specifically, the positive thermal anomaly associated with heat of dissolution begins when

CO2 dissolves into the aqueous phase. At the leading edge of the CO2 plume this process

occurs at relatively low free-phase CO2 saturation. As a result, aqueous (wetting) phase mo-

bility is much higher than the non-wetting phase, so the aqueous phase can migrate further

into the reservoir under the same pressure gradient. This results in advective transport of

the thermal mass ahead of the trailing CO2 plume (Fig. 4.4, detail section), and the effects

become more pronounced as heterogeneous permeability fields facilitate the development of

preferential flow paths.

4.5 Conclusions

This study illustrates that thermal effects associated with CCS operations can result in

significant temperature changes within and beyond the reservoir. We find that these tem-

perature changes may be a cost-effective and readily implemented monitoring tool during
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CCS operations in highly heterogeneous reservoirs. This study implements a numerical mod-

eling experiment to compare the thermal fluid signature that develops during CO2 injection

within homogeneous and heterogeneous geologic reservoirs. The findings from this study

are:

1. The thermodynamic processes of Joule-Thomson heating and cooling combined with

heat of dissolution result in a characteristic thermal profile in homogeneous reservoirs.

2. At the leading edge of a CO2 plume, the combination of heat of dissolution and Joule-

Thomson heating (H2O expansion) causes reservoir temperatures to increase up to

4◦C.

3. Joule-Thomson cooling (CO2 expansion) causes reservoir temperatures to decrease as

much as 9◦C near a CO2 injection well.

4. In homogeneous reservoirs increased reservoir temperatures due to heat of dissolution

and Joule-Thomson heating migrate concurrently through the reservoir, suggesting

temperature could be a proxy for CO2 breakthrough.

5. In highly heterogeneous reservoirs CO2 injections result in a much more complex ther-

mal structure where increased reservoir temperatures can arrive within a monitoring

well weeks before the arrival a free phase CO2.

In conclusion, results from this study yield important insights into the thermal processes

taking place within a CO2 plume during a CO2 injection scenario. The heat of dissolution

and Joule-Thomson effects of both CO2 and water cause a temporally and spatially evolving

thermal profile within the storage reservoir. The combination of simplified 1-D homoge-

neous simulations with complex heterogeneous 3-D simulations yield important guidance
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in the application of temperature monitoring as a predictor of CO2 breakthrough in CCS

operations.



Chapter 5

Geomechanical Reservoir Integrity

During CCS in Flood Basalt

Formations

Recent field experiments in Iceland and Washington State, USA, show that basalt forma-

tions may be favorable targets for carbon capture and sequestration (CCS) because CO2

mineralization reactions proceed rapidly. These results imply that there is tremendous op-

portunity for implementing CCS in large igneous provinces. However, the magnitude of

this opportunity comprises commensurate levels of uncertainty because basalt reservoirs are

characterized by highly heterogeneous, fracture-controlled hydraulic properties. This geo-

logic uncertainty is propagated as parametric uncertainty in quantitative risk models, thus

limiting the efficacy of models to predict CCS performance attributes, such as reservoir in-

tegrity and storage potential. To overcome these limitations, this study presents a stochastic

approach for quantifying the geomechanical performance attributes of CCS operations in a

highly heterogeneous basalt reservoir. We utilize geostatistical reservoir characterization to

develop an ensemble of equally probable permeability distributions in a flood basalt reservoir

with characteristics of the Wallula Basalt Pilot Project. We then simulate industrial-scale

CO2 injections within the ensemble and calculate the mean and variance of fluid pressure

over a 1-year injection period. These calculations are combined with the state of stress in

69



70 Chapter 5. Geomechanical Reservoir Integrity During CCS in Flood Basalt Formations

southeast Washington State, to constrain the spatial extent at which shear failure, fracture

initiation, and borehole breakdown may occur. Results from this study show that (i) per-

meability uncertainty alone causes injection pressure to vary over 25 MPa, (ii) shear failure

is likely to occur at 7 times greater distances from the injection than the CO2 migrates, and

(iii) joint initiation pressures are localized within the volume comprising the CO2 plume.
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5.1 Introduction

A growing body of evidence suggests that deep basalt reservoirs (>800 m) may be attractive

targets for carbon capture and sequestration (CCS) on the basis of favorable CO2-water-rock

reaction kinetics, which result in permanent CO2 isolation through mineral trapping [Mc-

Grail et al., 2006, Matter and Kelemen, 2009]. Recent pilot-scale experiments have provided

evidence of in situ mineralization of the injected CO2 within basalt reservoirs. The CarbFix

CCS pilot in Iceland injected 230 tons of CO2 dissolved in water into a basalt reservoir,

and post-injection analysis showed 95% of the CO2 was permanently converted to mineral

phases just two years after injection [Matter et al., 2016]. The Wallula Basalt Sequestration

Pilot Project in eastern Washington injected 1,000 metric tons (MT) of supercritical CO2

into the Columbia River Basalt Group (CRBG) and post-injection analysis showed that car-

bonate nodules in sidewall cores were (i) widespread and (ii) comprised of the same isotope

signature as the injected CO2 [McGrail et al., 2017]. To complement these results, CCS in

deep basalt reservoirs is motivated to a large extent by the relatively high storage potential

within both onshore and offshore basalt formations. In particular, CO2 storage estimates

for the Columbia River Basalt Group in the northwestern United States are estimated to be

on the order of 100 Gt CO2 [McGrail et al., 2006], and offshore basalt formations within the

Juan de Fuca plate and Central Atlantic Magmatic Province hold potential for CO2 disposal

on comparable scales [Goldberg et al., 2008, 2010]. However, the injection of CO2 into the

subsurface causes a disturbance in the pressure, temperature, and chemical systems within

the target reservoir, and this response affects the injectivity, storativity, and confinement

potential of the site. While the Wallula Pilot Borehole and CarbFix projects show promis-

ing results, transitioning basalt CCS technology from pilot-scale to industrial applications

is complicated by the highly heterogeneous nature of fracture-controlled basalt reservoirs

[Price and Oldenburg, 2009].
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Among the principal challenges for industrial-scale CCS in any geologic environment is to

ensure >99% CO2 isolation per thousand years [USDOE, 2013], which, if not met, will likely

postpone rather than mitigate global warming trends [Shaffer, 2010]. In order to achieve

>99% CO2 isolation, the integrity of physical traps (i.e., cap-rock seals) under long-term in-

jection pressure is a paramount concern because excessive reservoir pressure may result in a

number of adverse consequences, including fracture propagation/reactivation [Lucier et al.,

2006, Goodarzi et al., 2011], shear or joint dilation [Min et al., 2004], induced seismicity

[Cappa and Rutqvist, 2011], and cm-scale displacements on small, difficult to characterize

faults and fractures [Zoback and Gorelick, 2012]. As a result, geomechanical reservoir in-

tegrity has become an important criterion for numerical model-based risk assessment in CCS

reservoir siting [NETL, 2011]. In order to address this problem, stochastic methods have

been increasingly deployed to understand how spatial, parametric, and geologic uncertainty

affects CCS reservoir performance [Srivastava, 1994a, Li et al., 2005, Pollyea and Fairley,

2012, Pollyea et al., 2014, Popova et al., 2014, Gierzynski and Pollyea, 2017, Jayne et al.,

2018]. For example, Pollyea et al. [2014] develop and implement ensemble simulation meth-

ods to quantify spatially variable sealing behavior within the low-volume Snake River Plains

basalts. Jayne et al. [2019a] extends these methods into flood basalt formations to show

how permeability uncertainty affects the injectivity and leakage during CCS in flood basalt

formations. And in sedimentary basins, Bosshart et al. [2018] shows that heterogeneous

properties in a sandstone reservoir impose significant controls on both CO2 injection rate

and storage capacity.

Stochastic simulation methods have been gaining traction as a way to bound the uncer-

tainties associated with heterogeneous reservoirs because spatially variable properties, such

as permeability, cannot be upscaled according to simple averaging rules [Tidwell and Wil-

son, 1997]. It is the uncertainty of permeability distribution at these larger scales that can
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have a substantial impact on the results of hydrogeologic models [Pollyea and Fairley, 2012,

Pollyea et al., 2014]. For example, constraining permeability at regional scales has implica-

tions for studying geological formations that contain multiple resources (e.g. groundwater,

geothermal, carbon storage, etc) [Saar and Manga, 2004]. Complete characterization of

the geomechanical response to deep CO2 injections requires a priori knowledge of regional

tectonic stresses, mechanical reservoir properties, and orientations of pre-existing disconti-

nuities (faults and fractures) within the reservoir. Within CRBG reservoirs, pressure build

up is a particular concern because both reservoir and seal rock are ubiquitously fractured.

Furthermore, pressure builds rapidly in early time during a CO2 injection. Mathias et al.

[2011] and Pollyea [2016] illustrate that the majority of fluid pressure accumulation occurs

within the first few days of a CO2 injection. This rapid pressure build up in early time is

critically important to account for when studying the geomechanical response of the storage

reservoir. In order to assess how reservoir integrity is affected by rapid pressure accumulation

and heterogeneous reservoir properties this study utilizes a Monte Carlo modeling approach

to simulate a CCS injection scenario into the Columbia River Basalt Group. Specifically, we

use ensemble simulation methods in combination with known geologic information from the

Wallula borehole to quantify how permeability variability affects reservoir integrity during

an industrial-scale CO2 injection. Ensemble analytics are utilized to develop a probabilis-

tic assessment of geomechanical reservoir integrity during CCS operations in a flood basalt

reservoir with characteristics of the Wallula Basalt Sequestration Pilot Project.
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5.1.1 Geologic Setting

Columbia River Basalt Group

The Columbia River Basalt Group (CRBG) is a continental large igneous province in the

northwest United States (Figure 5.1), 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 estimated 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 stor-

age (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 reservoir 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 (Figure 5.2) [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 ground-

water flow (Figure 5.3A), while densely fractured flow tops and flow bottoms are highly

productive [Kahle et al., 2011, Jayne and Pollyea, 2018]. To further complicate CRBG reser-

voir characterization, individual basalt flows exhibit km-scale lateral dimensions and vertical

dimensions from cm-scale to greater than 70m [Mangan et al., 1986].
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Figure 5.1: Map of Columbia River Basalt Group. 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. (Modified from Jayne and Pollyea [2018])
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Figure 5.2: Basalt flow morphology. A.Individual CRBG flow morphology (modified from
Reidel et al. [2002]). B. Generalized geology within the Wallula Pilot Borehole.
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Figure 5.3: Histogram of permeability from compiled well data. A. Histogram of log perme-
ability 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 permeabil-
ity 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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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 relatively 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,

Rodosta et al., 2011, McGrail et al., 2017]. 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]. Drilling for the Wallula Pilot Borehole began in January 2009 and 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 candidate (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 relatively high permeability

and are bounded by thick low permeability flow interiors, which act as a natural caprock

[McGrail et al., 2009]. In 2013, 1,000 MT of supercritical CO2 were injected at the Wallula

Pilot Borehole over the course of three weeks. Since the injection, McGrail et al. [2017] has

published results from this field study validating the reactivity of supercritical CO2 with

basalts at the Wallula Pilot Borehole.
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5.2 Methods

This study uses numerical modeling and simulation to test the feasibility of industrial-scale

CO2 injections at the Wallula Basalt Sequestration Pilot Site in southeast Washington State,

USA. The model scenario reproduces known hydraulic properties within the Wallula bore-

hole, but far-field permeability distributions are subject to substantial uncertainty. To bound

this uncertainty, an ensemble of equally probable synthetic reservoirs is developed on the

basis of geostatistical reservoir simulation [Deutsch, 2002]. The model scenario simulates

CO2 injections for 1 year within each synthetic reservoir, and the complete set is analyzed

using ensemble simulation methods. This results in a probabilistic model of CO2 transport

and injection-induced pressure transients. This probabilistic model is the basis for calcu-

lating geomechanical reservoir integrity using static threshold criteria calculated along with

utilizing the variance associated with the ensemble simulation methods to account for 3σ

variability.

5.2.1 Reservoir Characterization & Model Domain

The conceptual model is based on geologic characteristics of the Wallula Basalt Sequestra-

tion Pilot Site, which is a layered assemblage of individual basalt flows with alternating

high permeability flow tops/bottoms and low permeability flow interiors (Figure 5.4). The

Wallula injection zone occurs between 775 and 865 m depth, within which permeability is

well constrained on the basis of highly detailed site characterization [McGrail et al., 2009].

Nevertheless, permeability beyond the borehole is both highly heterogeneous and highly un-

certain due to the fracture-controlled nature of basalt formations [Jayne and Pollyea, 2018].

To account for this uncertainty in numerical simulation, this study implements stochastic

reservoir characterization to develop an ensemble of 35 equally probable reservoir domains
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that each reproduce known borehole geology, but model far-field permeability on the basis of

(i) the semivariogram correlation structure of CRBG permeability and (ii) its corresponding

probability distribution.

The spatial correlation of CRBG permeability was shown by Jayne and Pollyea [2018] to

exhibit spatial anisotropy with directions of maximum and minimum spatial correlation

oriented at N40◦E and N130◦E, respectively. This spatial correlation model is based on a

regional CRBG permeability database (Figure 5.1) for which permeability values were filtered

on two standard deviations of the mean to ensure that the low permeability entablature

(caprock) was not incorporated in the calculations and only the highly productive flow tops

and bottoms were included (Figure 5.3B). The present study adopts this convention to

constrain permeability distribution within the highly conductive composite injection zone.

This results in a range of log permeability (log k) from -8.5 m2 to -14.5 m2 with a median log

k of -11.5 m2. However, the present study is focused on permeability at depths greater than

750 m, where the log k in the Wallula Pilot Borehole is known to be∼-14.5 m2 [McGrail et al.,

2009]. This discrepancy arises because the vast majority of permeability measurements in

the Jayne and Pollyea [2018] database are taken at depths less than ∼200 m; however, CRBG

permeability decreases with depth until ∼1,000 m. To account for this difference, we adopt

the method proposed by Gierzynski and Pollyea [2017] that translates the distribution such

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

k from -11 m2 to -17 m2. This probability distribution is combined with the anisotropic

semivariogram model to develop 35 equally probable realizations of the composite injection

zone by sequential indicator simulation [Deutsch and Journel, 1998]. In this approach, each

grid cell is simulated in random order by solving the ordinary kriging equations on the basis

of (1) the cumulative distribution function for CRBG permeability, (2) known data points,
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Figure 5.4: Model domain for constant rate injection study. Model domain for CO2 in-
jection modeling study. The composite injection zone is between 775 – 865 m depth and
is populated with spatially-correlated, randomly generated permeability distributions. The
cut-away shows the alternating layers of flow interior and flow tops along with the location
of the Wallula Pilot Borehole. Three spatially-correlated and equally-probable permeability
distributions are shown in the other panels.
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which are the borehole permeability tests from the Wallula borehole, (3) previously simulated

grid cells, and (4) the chosen spatial correlation model, which for this study is the anisotropic

semivariogram model developed Jayne and Pollyea [2018]. For this study, the permeability

distribution is simulated for 35 equally probable composite injection zones, each of which

reproduces known borehole permeability, as well as the depth-scaled CRBG permeability

distribution and spatial correlation characteristics with minor ergotic fluctuation.

Each composite injection zone permeability distribution is inserted into the overall model

domain, which comprises an areal extent of 5,000 m × 5,000 m × 1,250 m representing the

ground surface to 1,250 m depth with the Wallula Pilot Borehole centrally located. Individual

grid blocks have a maximum dimension of 50 m × 50 m × 25 m in the far-field with higher

resolution grid refinement of 5 m × 5 m × 5 m near the injection well (Figure 5.4). The

complete domain is discretized into 1,467,568 grid blocks by Voronoi tesselation [Haukwa,

1998]. A total of 35 individual model domains are produced with spatially variable and

equally probable permeability distributions in the composite injection zone.

5.2.2 Numerical Simulation

In this study, CO2 injection is simulated within each equally probable synthetic reservoir for

1 year at 21.6 kg/s, which corresponds with the typical CO2 output from a 500 MW gas-

fired power plant. The code selection for this study is TOUGH3 [Jung et al., 2017] compiled

with the ECO2M fluid property 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 temperature range of

10 - 110◦C, pressure ≤60 MPa, and salinity from nil to full halite saturation. The ECO2M

module simulates all possible phase conditions for CO2 - brine mixtures, including transitions
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between super- and sub-critical CO2, as well as the transition 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 imposing the regional heat flux of ∼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. This results in a linear temperature gradient from 10◦C at the surface to 50◦C

at 1,250 m depth. The reservoir water within the CRBG is defined by a NaCl concentration

of 10,000 ppm. These initial conditions are consistent with the field measurements taken

at the Wallula Pilot Borehole [McGrail et al., 2009]. Within the composite injection zone

(775 – 865 m), 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 (i) the upper boundary of the model domain to hold pressure and temperature

constant at ground surface and (ii) the lateral boundaries of the model domain to maintain

temperature and pressure gradients in the far field.

For this modeling study, the relative permeability, capillary pressure models, and geologic

properties are listed in Table 5.1. The bulk reservoir properties for the CRBG are based on

petrophysical [Zakharova et al., 2012] and modeling [Gierzynski and Pollyea, 2017] studies

extant in the literature. The effects of multi-phase flow (CO2 and brine) are accounted

for using the Van Genuchten [1980] models for relative permeability and capillary pressure

(Table 5.1). It is important to note here that relative permeability of basalt flows remains

a subject of much uncertainty [Pollyea, 2016]; however, it is generally accepted that the

relative permeability characteristics of basalt fractures are highly interfering Bertels et al.

[2001].

As with all modeling studies, a brief mention of the model limitations is warranted. This
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Table 5.1: Model parameters - 1 year injection scenario.

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

modeling study does not account for basalt dissolution or secondary mineral precipitation,

so permeability alteration from secondary mineral precipitation is neglected. Thus, the sim-

ulation results presented here are a conservative estimate of both CO2 storage potential and

fluid pressure accumulation. In addition, relative permeability hysteresis is not accounted

for in the simulations because only the injection phase of a CCS project is simulated, thus

imbibition does not occur. Similarly, mass transport by molecular diffusion is not accounted

for because CO2 is under constant injection pressure, which results in a high Péclet number.

And finally, geomechanical reservoir integrity is evaluated on the basis of threshold criteria

that depend on changes in fluid pressure, thus geomechanical processes are not explicitly

simulated.

5.2.3 Data Analysis

The simulations that completed each discrete time step were analyzed using ensemble simu-

lation analytics (e-type estimates) [Deutsch and Journel, 1998]. In this approach, the mean
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and variance of fluid pressure and free-phase CO2 saturation are calculated for each grid cell.

The e-type calculation for mean fluid pressure (P̄f,(x,y,z)) within each grid cell is

P̄f(x,y,z) =
1

35

35∑
i=1

Pf,i(x,y,z) (5.1)

where, Pf,i(x,y,z) is the modeled fluid pressure for simulation i at location (x, y, z). Similarly,

the variance (s2(x,y,z)) associated with Equation 5.1 for each grid cell is computed as:

s2(x,y,z) =
1

35

35∑
i=1

(Pf,i(x,y,z) − P̄f,(x,y,z))
2 (5.2)

Because reservoir integrity during CCS is based to a large extent on injection-induced fluid

pressure transients, the ensemble analysis (Equations 5.1 & 5.2) forms the basis for cal-

culating geomechanical threshold criteria with corresponding uncertainty estimates. The

geomechanical parameters used to calculate these threshold criteria can be found in Ta-

ble 5.2. However, these calculations require knowledge about the regional stress state within

the CRBG in southeast Washington. Stress data are available from site characterization ef-

forts at the Hanford Nuclear Reservation, which is located ∼30 km northeast of the Wallula

site. Specifically, in situ stress measurements are reported from borehole tests between 924

and 1,195 m depth [Paillet and Kim, 1987], which is ∼40 m below the Wallula composite

injection zone (Figure 5.7). Extending a linear regression model of SH and SV to 800 m

depth suggests 38 MPa differential stress within the CO2 injection zone (Figure 5.7). These

are combined with a friction coefficient (µs) of 0.85 [Byerlee, 1978] to estimate the upper

and lower bounds of stable stress as,

σ1 = σ3[(µ
2
s + 1)1/2 + µs]

2 (5.3)
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σ3 = σ1[(µ
2
s + 1)1/2 + µs]

−2 (5.4)

where, σ1 and σ3 are the maximum and minimum compressive stresses, respectively [En-

gelder, 2014]. Equations 5.3 and 5.4 assume that internal cohesion is nil because fractures

are weaker than intact rock and mounting pore fluid pressure will significantly reduce fault

and/or fracture cohesion [Engelder, 2014].

Table 5.2: Geomechanical Parameters.

µs 0.85 Byerlee [1978]
To (MPa) 1.5 Schultz [1995]
βi (MPa−1) 1.9×10−11 Schultz [1995]
βb (MPa−1) 4.8×10−11 Schultz [1995]

KIC (MPa m 1
2 ) 2.203 Engelder [2014]

Y 2√
π

Engelder [2014]
c (mm) 0.01 Kowallis et al. [1982]

ν 0.3 Schultz [1995]

Since the disposal reservoir is fully saturated, effective stress theory is invoked to account

for the influence of pore fluid pressure acting in opposition to the compressive stresses, e.g.,

SV,eff = SV - Pf . In the context of Figure 5.7, pore fluid pressure translates SH , Sh, and

SV to the left, while the failure criteria exhibit a non-linear translation such that the upper

bounding failure line is reduced in greater proportion than the minimum bound [Engelder,

2014]. This means that the envelope of stable stress narrows while differential stress remains

unchanged, so that SV,eff becomes closer to the minimum bounding failure line. To quantify

which CO2 injection scenarios produce sufficient pore fluid pressure to move SV,eff out of the

stable stress envelope, the Mohr-Coulomb failure criteria is evaluated within each grid cell

of the simulation ensemble by calculating the mean minimum effective compressive stress

(S̄V,eff(x,y,z)(t)) within each grid cell of the model domain as,

S̄V,eff(x,y,z)(t) = SV − P̄f(x,y,z)(t). (5.5)
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Here, SV is the vertical stress (σ3) and P̄f(x,y,z)(t) is mean grid block injection pressure for

time step (t) computed per Equation 5.1. Once all S̄V,eff(x,y,z)(t) are computed for each CO2

injection scenario, the likelihood of failure less than 1% for each grid cell is computed as:

Failure > 1% if : S̄V,eff(x,y,z)(t)− 3s(x,y,z) > SH [(µ
2
s + 1)1/2 + µs]

2 (5.6)

where, SH [(µ
2
s + 1)1/2 + µs]

−2 is the lower bound of σ3 given in Equation 5.4, and s(x,y,z) is

the standard deviation of mean grid cell pore fluid pressure (square root of Equation 5.2).

Increasing fluid pressure during CO2 injections may result in fracture dilation and fracture

propagation, both of which can occur at scales ranging from local borehole effects to far-field

reservoir effects. Within CRBG reservoirs, fracture dilation is a particular concern because

densely fractured entablature zones represent the cap rock seal for CO2 isolation prior to

widespread mineralization. Although pumping tests show that the hydraulic conductivity of

CRBG entablatures is approximately seven orders of magnitude lower than the composite

injection zone, the permeability of these units is governed primarily by fracture networks.

This means that permeability in the flow interiors may be highly sensitive to fracture dila-

tion because permeability is known to scale non-linearly with aperture [Witherspoon et al.,

1980]. A typical estimate for the onset of fracture dilation is when fluid pressure exceeds

the normal stress acting on a fault plane [Engelder, 2014]; however, the concept of a “de-

formable fracture” has been shown relevant for quantifying aperture changes in response to

changing effective normal stress on a fracture plane [Pyrak-Nolte and Morris, 2000, Rutqvist

and Stephansson, 2003, Min et al., 2004, Jiang et al., 2009]. To quantify the deformable

nature of a fracture, the specific stiffness (κ) is invoked, such that κ is the ratio of change in

effective normal stress (∆σn,eff ) to change in fracture aperture (∆e). In crystalline rocks,

experimental results show that κ is ∼100 MPa mm−1 for effective normal stress conditions

expected at the Wallula site [Pyrak-Nolte and Morris, 2000]. Since stress-dependent per-
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meability is highly non-linear, particularly below 5 MPa effective stress, we implement a

conservative fracture dilation criterion of σ n,eff ≤ 5 MPa, which, in the entablature over-

lying the proposed injection zone correlates with ∆Pf of ∼5 MPa and > 0.1 mm fracture

dilation.

At the Wallula Site, the smallest effective normal stress that can act on fault plane is the

minimum compressive effective stress SV,eff , suggesting that column-normal (horizontal)

fractures in the SH - Sh plane may be the first to dilate in the presence of excessive fluid

pressure. To compute the potential for fracture dilation within the sealing formation (entab-

lature) overlying the injection zone (Figure 5.2), the dilation criterion of SV,eff ≤ 5MPa is

evaluated within each grid cell of the ensemble. To assess the potential for >1% dilation

within the Wallula sealing formations this criterion was augmented to account for uncertainty

in the fluid pressure component of SV,eff :

SV − [P̄f(x,y,z)(t) + 3s(x,y,z)] ≤ 5MPa (5.7)

where, s(x,y,z) is the standard deviation of P̄f(x,y,z)(t) at time t.

At the borehole scale, tensile failure (hydraulic fracture) is governed by the interactions

between radial stress concentrations along the borehole wall, well bore fluid pressure, and the

far-field horizontal stresses, SH and Sh. Horizontal compressive stresses acting normal to the

borehole circumference are deflected 90◦ as tensile stresses; where as, horizontal compressive

stresses acting tangential to the borehole will be magnified 3×. These local scale effects

become superimposed on the regional stress field, which results in a somewhat complex

criterion for hydraulic fracture (or breakdown) pressure (Pb):

Pb =
3Sh − SH + To − 2ηPf

1 + β − 2η
(5.8)
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η =
α(1− 2ν

2(1− ν)
(5.9)

α = 1− βi

βb

(5.10)

where, To is the tensile strength of rock, β is the effective stress coefficient for tensile fail-

ure, and η accounts for poroelastic effects in a permeable rock mass [Jaeger et al., 2009].

This poroelastic term includes the bulk and unfractured rock mass compressibility (βb and

βi, respectively), Poisson’s ratio (ν), and the Biot parameter (α), all of which have been

constrained for either CRBG basalts [Schultz, 1993, Degraff and Aydin, 1993, Goehring and

Morris, 2008] or analogous jointed basalt formations [Adams and Gibson, 1926, Simmons and

Brace, 1965]. To assess the potential for fluid pressure in excess of Pb during the CCS sce-

nario presented here at the Wallula Site, Equation 5.8 is solved for each grid cell representing

the CO2 injection zone.

At the reservoir scale, i.e., far-field from the CO2 injection well, the potential for tensile failure

is governed primarily by the regional stress field, microcrack geometry, intact rock properties,

and pore fluid pressure [Engelder, 2014]. The tensile failure criterion for a poroelastic rock

mass is the fluid pressure above which new joints can be formed, i.e., the joint initiation

pressure (Pi):

Pi =
KIC

Y
√
c
+

ν

1− ν
SV +

(1− 2ν)

(1− ν)
αPf (5.11)

where, KIC is the fracture toughness, Y is the crack-shape factor, and c is the crack half-

length [Engelder, 2014]. In this formulation for joint initiation pressure, KIC is used in place

of uniaxial tensile strength because KIC accounts for the shape and size of cracks, which,

in combination with the crack-shape factor (Y ), is more representative of the unfractured

rock mass [Engelder, 2014]. Constraints on KIC are provided in Degraff and Aydin [1993].

In applying the crack-shape factor Y , the two choices suggested by Sih [1973] are accounted

for: Y = 2√
π
for a penny-shaped initial crack, and Y =

√
π for a blade-shaped initial crack.
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Microcrack geometry in basalt rocks generally occurs along individual grain boundaries, so

that microcrack length is limited by grain size, e.g., the average observable crack lengths

in Icelandic basalt is ∼0.01 mm on the basis of SEM imaging [Kowallis et al., 1982]. To

assess the potential for fluid pressure in excess of Pi during the CCS scenario considered

here, Equation 5.11 is solved for each grid cell in the domain with a particular interest in

the composite injection zone between 775 and 865 m below ground surface. Here, the Pf

term in Equation 5.11 is replaced with mean simulated pore fluid pressure for selected time

steps (P̄f(inj)), and the likelihood of <1% tensile failure is assessed by increasing P̄f(inj) by

three standard deviations.

5.3 Results and Discussion

This study implements ensemble simulation methods to test the feasibility of industrial-

scale CCS in a flood basalt reservoir with characteristics of the Wallula Basalt Sequestration

Pilot Project in southeast Washington State, USA. To account for highly uncertain and

a priori unknowable permeability distributions beyond the well bore, the model scenario is

simulated within 35 synthetic reservoirs comprising equally probable and spatially correlated

permeability distributions. Ensemble analytics (e-type estimates) are used to bound the

uncertainty of both injection-induced pressure transients and CO2 saturation. These results

are combined with threshold criteria for geomechanical reservoir performance in composite

injection zone and overlying flow interiors (sealing units). The following section includes

results and discussion for shear failure (Equations 5 - 6), fracture dilation (Equations 7),

borehole breakout (Equations 8 - 10), and joint-initiation pressure (Equation 11).
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5.3.1 Spatial Variability

The Columbia River Basalt Group exhibits highly heterogeneous and spatially correlated per-

meability, which imposes considerable influence on both CO2 plume geometry and injection-

induced fluid pressure accumulation. These effects are most pronounced within the up-

permost portion of the composite injection zone, where the ensemble mean calculations

(Equation 5.1) show that (i) free-phase CO2 at 1% saturation extends radially ∼425 m from

the injection well after 1 year and (ii) maximum injection pressure reaches ∼24.5 MPa (Fig-

ure 5.5). The temporal evolution of both fluid overpressure (Figure 5.5, red contour line) and

1% CO2 saturation (Figure 5.5, black contour line) indicate that fluid pressure propagates

much faster than CO2 transport and in different spatial configurations. Within the first

month of injection, the CO2 has migrated 20 m, while the reservoir experiences increased

fluid pressures up to 1,000 m away. Across the complete ensemble, the bulk pressure front

radiates in an elliptical pattern (Figure 5.5). The long axis of this ellipse is oriented ∼N40◦E,

which is the direction of maximum spatial correlation for CRBG permeability [Jayne and

Pollyea, 2018]. This indicates that the spatial correlated permeability is a first-order control

over the ensemble mean pressure distribution within the model.

The different geometric configurations assumed by the injection-induced pressure front and

the CO2 plume are most likely explained by the different mechanisms governing saturated and

unsaturated flow. For example, Pollyea and Fairley [2012] showed that relative permeability

feedbacks exacerbate the influence of highly conductive flow paths because free-phase CO2

will initially enter a high permeability flow path, and in doing so the non-wetting phase

(CO2) permeability increases thus increasing conductivity of the initial flow path and further

increasing CO2 mobility. In addition, Pollyea [2016] showed that fluid pressure propagation is

largely controlled by wetting phase drainage, thus far-field pressure transients are governed

by fully saturated permeability. As a consequence, CO2 migration is concentrated in the
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Figure 5.5: Ensemble mean fluid pressure evolution. Ensemble mean fluid pressure (N=35)
(Equation 5.1) within the uppermost injection interval (775 - 780 m depth) at time steps
ranging from 1 to 12 months. Black contour line denotes 0.01 (1%) CO2 saturation. Area
within red contour line denotes fluid pressure ≥2.5 MPa above pre-injection levels.
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most conductive, near-field flow paths as non-wetting phase permeability increases, while

far-field pressure diffusion is governed by the larger-scale bulk permeability architecture.

The uncertainty implied by the ensemble calculations is further reinforced in the context of

individual realizations. For example, Figure 5.6 shows the change in pressure and free-phase

CO2 saturation for an individual simulation run after 1 year of injection. In this simulation

run, fluid pressure propagates asymmetrically to the southeast across the full thickness of the

disposal reservoir. In contrast, the CO2 plume trends north-south at the top of the reservoir,

while minimal CO2 has accumulated deeper within the reservoir. This result shows that the

combination of buoyancy forces [Wu et al., 2018b], relative permeability feedbacks [Pollyea

and Fairley, 2012, Jayne et al., 2018], and reservoir heterogeneity [Pollyea et al., 2014] work

in aggregate to control the CO2 plume geometry. The overall implication of these results

suggest that fluid pressure monitoring is unlikely to be an effective predictor of CO2 plume

geometry or breakthrough; however, recent research suggests that the thermal signature from

CO2 dissolution may be an effective tool for breakthrough monitoring [Jayne et al., 2019b].

5.3.2 Potential for Injection-Induced Shear Failure

Fluid pressure transients caused by industrial-scale CCS operations may drive effective stress

below the stable stress envelope (Figure 5.7) inducing slip on optimally aligned faults or

fractures. This consideration is particularly relevant for CCS in basalt formations because

they are characterized by fanning columnar joints (Figure 5.2), of which a subset is likely

to optimally align with the regional stress field. This is further complicated because the

orientation of basalt fracture networks at depths of interest for CCS are a priori unknowable

at spatial scales beyond the borehole(s). To arrive at a conservative (worst case) estimate

of the potential for injection-induced shear failure, the Mohr-Coulomb failure criterion is
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Figure 5.6: Single realization of fluid pressure after 1 year. Injection-induced fluid pressure
change (∆Pf ) for a single realization after 10 years of injection. Top four panels are horizontal
slices and the bottom panel is an xz-slice through the injection well. Black contour line
denotes 1% free-phase CO2 saturation.
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Figure 5.7: Regional stress state near the Wallula Basalt Sequestration Pilot Project. Re-
gional stress state near the Wallula Basalt Sequestration Pilot Project. Maximum compres-
sive horizontal stress (SH), minimum compressive horizontal stress (Sh), and lithostatic stress
(SV ) are in situ stress measurements at Hanford Nuclear Reservation, approximately 60 km
northwest of the Wallula site. Gray Shading denotes a stable stress field on the basis of
Mohr-Coloumb failure criteria. Green shading denotes the depth interval for CO2 injection
at the Wallula site. (Modified from Pollyea [2016])

evaluated at each grid cell in the model domain using Equation 5.4, but modified to account

for effective stress. Within the model scenario considered here, shear failure is probable for

any optimally oriented fractures within 2,000 m of the injection well after 1 year of injection

(Figure 5.8, black contour) and the bounding entablature layer (Figure 5.9, black contour).

The uncertainty about this result is calculated for three standard deviations variation about

the mean (Figure 5.8 and 5.9, orange contour), which illustrates reservoir volume within

which the probability of inducing shear failure in the target reservoir is greater than 1%.

These results suggest that a shear failure may occur on optimally-aligned fractures within a
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Figure 5.8: Potential for shear failure after 1 year of injection. Potential for shear failure
after 1 year of injection in four horizontal slices through the composite injection zone (top
four panels) and one vertical slice through the injection well (bottom panel). Each panel is
colored by ensemble mean fluid pressure change (∆P̄f ). Area within black contour exceeds
Mohr-Coulomb failure criterion when minimum effective stress is calculated on the basis of
ensemble mean fluid pressure. Area within orange contour comprises ≥1% probability of
shear failure calculated by Eq. 5.6. Area within red contour line is ≥ 1% free-phase CO2

saturation.
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Figure 5.9: Caprock shear failure after 1 year of injection. Potential for shear failure after
1 year of injection in three horizontal slices through the entablature layer bounding the
injection zone. Each panel is colored by ensemble mean fluid pressure change (∆P̄f ). Area
within black contour exceeds Mohr-Coulomb failure criterion when minimum effective stress
is calculated on the basis of ensemble mean fluid pressure. Area within orange contour
comprises ≥1% probability of shear failure calculated by Eq. 5.6.
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substantial volume of the target reservoir. Because the CRBG is relatively aseismic, these

results suggest that numerous cm-scale displacements are more likely to affect storage poten-

tial and seal efficacy than large-scale displacements that are known to trigger earthquakes

during oilfield wastewater disposal [Pollyea et al., 2018]. The implications of numerous cm-

scale displacements are that shear dilation may increase fracture permeability resulting in

hydraulic pathways for the CO2 to escape the disposal reservoir [Zoback and Gorelick, 2012].

The entablature layers shown in Figure 5.9 represents the caprock seal separating the current

injection zone from another high permeability zone above it (∼750 m depth - Figure 5.2).

This suggests that shear failure may occur optimally aligned fractures within a substantial

volume of the caprock, which may facilitate leakage out of the storage reservoir. However,

the CO2 sequestration in basalt reservoirs is predicated on rapid conversion of CO2 into

permanent mineral phases, the result of which decreases permeability as fractures are filled

with secondary alteration products [Wu et al., 2018a]. As a result, basalt fracture networks

may exhibit self-sealing characteristics, which would offset the adverse effects of permeability

enhancement caused by cm-scale displacements on optimally-oriented fractures. However,

further research is clearly warranted to gain a more complete understanding of the complex

feedbacks between hydraulic, chemical, and mechanical processes.

5.3.3 Fracture Dilation in Overlying Flow Interior

During industrial-scale CO2 injections, pressure transients may propagate beyond the dis-

posal reservoir into the overlying flow interior that serves as a caprock seal prior to widespread

mineralization. Although basalt flow interiors are characterized by substantially lower per-

meability (up to 7 orders of magnitude) than the injection interval, this pressure propagation

may dilate pre-existing fractures leading to reservoir leakage. To quantify the potential for

fracture dilation to affect the flow interior overlying the composite injection zone in this
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study, the probability of 1% fracture dilation is calculated for three standard deviations

above the ensemble mean fluid pressure (Equation 5.7). Figure 5.10 presents the results of

this calculation in comparison with the ensemble mean fluid pressure change (∆P̄f ) after 1,

3, 6, and 12 months of injection. These results show that the probability of fracture dilation

exceeds 1% within ∼1,000 m radial distance of the injection well after 1 year.

These results are congruent with a number of studies that show pressure transients induced by

CO2 injection operations affect a much larger reservoir volume than the fluid itself [Van der

Meer, 1992, Holloway, 1996, Gunter et al., 1996]. This is apparent in Figure 5.6, which shows

that the injected CO2 migrates a maximum of 400 m, while the target reservoir experiences

pressure changes up to 2,200 m away from the injection well. Similarly, Birkholzer et al. [2009]

shows that after a 30 year CO2 injection from a single well a pressure increase of 100 kPa

extends almost 85 km laterally, while the CO2 only migrates∼2 km. In the context of vertical

CO2 flow, the simulation results presented here show that no free-phase CO2 enters the

overlying flow interior; however, this may be an artifact of the static permeability approach,

i.e., permeability in the model does not vary with changes in effective stress. Nevertheless,

this result agrees with the outcrop-scale study by Gierzynski and Pollyea [2017], which shows

that free-phase CO2 only migrates upwards ∼3 m over 10 years when entering from below

at constant overpressure. These authors show that relative permeability causes free-phase

CO2 to accumulate at fracture intersections, thus slowing the leakage rate. Similarly, Jayne

et al. [2019a] simulates CO2 injections into a flood basalt reservoir at constant pressure

and shows that free-phase CO2 only migrates 25 m into the entablature after 20-years CO2

injection. Although these former results are generally encouraging, aditional advances in

stress-dependent permeability are needed to more fully understand this process.
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Figure 5.10: Potential for fracture dilation within the basalt flow interior. Potential for
fracture dilation the basalt flow interior that overlies the composite injection zone (770
- 775 m depth) after 1, 3, 6, and 12 months. Each panel is colored by ensemble mean
fluid pressure change (∆P̄f . Area inside black contour lines denotes ≥1% probability that
preexisting fractures will experience dilation.
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5.3.4 Borehole Breakdown

The time series of injection pressure is shown in Figure 5.11 for each of the 35 simula-

tions. Because the model scenario delivers CO2 at a constant mass flow rate, variations

of fluid pressure are due solely to the spatially variable and equally probable permeability

distributions. Results show that maximum injection pressure ranges from ∼14.5 – 34 MPa

(hydrostatic pressure = 8.5 MPa), which results in 50% of the simulations exceeding the

borehole breakdown threshold of 23.7 MPa (Equation 5.8) . For simulations exceeding the

breakdown criterion (Figure 5.11, red lines), fluid pressure rapidly increases and the thresh-

old is exceeded within one day of injection. However, injection pressure in several simulations

remains below the breakdown threshold for several months before exceeding the breakdown

threshold. Research by Pollyea [2016] shows the pressure accumulation during CO2 injec-

tions is controlled primarily by wetting-phase relative permeability. Because the relative

permeability characteristics of basalt reservoirs are highly interfering [Bertels et al., 2001], a

small increase in CO2 saturation results in a large drop in wetting-phase permeability. As

a result, injection pressure accumulation is strongly influenced by the interconnectedness of

high permeability flow paths away from the borehole [Pollyea and Fairley, 2012]. And while

it is unlikely that an industrial-scale CCS project will operate at constant mass flow rates

for 12 months, the broader implication is of these results is that permeability variability in

the near field strong influences overall reservoir injectivity.

5.3.5 Joint Initiation

In basalt reservoirs, the initiation and propagation of new fractures presents an operational

paradox that remains unresolved. Specifically, fracture initiation and propagation may fa-

cilitate reservoir leakage before widespread mineralization can isolate the CO2. However,
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Figure 5.11: Time series of injection pressure for each simulation. Time series of injection
pressure for each simulation in the ensemble. The black line indicates the pressure above
which borehole break will occur (Pb). Red lines denote simulation results that exceed break-
down pressure within the 1 year injection period. Blue lines denote simulation results that
remain below breakdown pressure for the injection period. Half (50%) of the simulations
exceed Pb.
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new fractures also provide fresh surface area, which increases the mineral storage potential

of the reservoir. Although this study does not purport to answer this underlying research

question, we begin to understand its scope by constraining the spatial extent for which the

probability of new joint initiation is ≥1%. Figure 5.12 presents the volume within which the

probability of joint initiation is ≥1% after 1, 3, 6, and 12 months (Equation 5.11). These

results show that the probability of joint initiation ≥1% occurs within ∼75 m from the well

after 3 months, and increases to 125 m after 1 year. This indicates that joint initiation

primarily occurs within areas of the reservoir occupied by free-phase CO2, and, as a result,

joint initiation will increase leakage potential. This result contrasts with the spatial extent

of shear failure ≥1% (Figure 5.8), which encompasses a much larger footprint than the CO2

plume. For example, probability of joint initiation ≥1% is likely to occur within 125 m of the

injection well after 1 year; whereas, the corresponding probability of shear failure extends

beyond 2,300 m away from the injection well.

Joint initiation is the process of generating tensile fractures, which open in the direction of

the least compressive principle stress, and then propagate in the plane of the intermediate

and greatest compressive principle stresses. Because the Columbia River Plateau is in a

compressive stress regime (σ3 is vertical), new fractures will open in the vertical direction

and propagate horizontally. Although this is a favorable scenario for CO2 storage, basalt

formations are characterized by columnar (vertical) joints, and, as a result, joint initiation is

likely to increase the connectivity of fracture networks. This may be a positive outcome in

the context of overall reservoir injectivity because this study finds that borehole breakdown

is largely controlled by the interconnected fracture networks within close proximity to the

borehole, where the probability of joint initiation is highest.
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Figure 5.12: Time-series for the potential for joint initiation. Potential for joint initiation
within the uppermost layer of the composite injection zone (775 - 780 m depth) after 1, 3,
6, and 12 months of injection. Each panel is a horizontal and vertical slice and note time.
Shading denotes ensemble mean fluid pressure (∆P̄f ). Area within black contours denotes
≥1% probability of joint initiation. Red contours represent 1% CO2 saturation.
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5.4 Conclusions

Flood basalts have been gaining recognition as potential reservoirs for carbon capture and

sequestration. The success of recent field experiments in Washington State, USA, and Ice-

land show that injected CO2 will interact with the basalt to form carbonate minerals at

the field-scale and very short timescales. However, upscaling these field-scale experiments

to industrial-scale CO2 injections is required if CCS is going to be an effective strategy to

mitigate climate change. Transitioning basalt CCS from the pilot-scale to industrial scales

introduces a number of uncertainties, including feedbacks between multi-phase flow processes

and fracture-controlled reservoir properties, incomplete knowledge of reservoir characteris-

tics, and coupled dynamics between hydraulic, thermal, mechanical, and geochemical pro-

cesses. This study is an important first step towards understanding the relationships between

multi-phase fluid flow processes, spatial reservoir uncertainty, and reservoir geomechanics.

We implement ensemble simulation and analytics to bound the uncertainty associated with

industrial-scale CO2 injection into a flood basalt reservoir. For a single CO2 injection well

operating at a constant mass injection of 21.6 kg/s, we find:

1. The aggregate behavior over the ensemble of simulations shows that fluid pressure

forms roughly an ellipse around the injection well trending N40◦E, which suggests that

the permeability correlation structure exhibits control on the pressure evolution within

the target reservoir.

2. Joint initiation mainly occurs around or within the CO2 plume during the injection

phase. Joint initiation within the injection may increase permeability leading to better

injectivity and storage, but if these joints coalesce into a larger fracture network it may

compromise the integrity of the reservoir.

3. Fluid pressure builds rapidly during a CO2 injection causing the storage reservoir to
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experience increased fluid pressures up to 1,000 m away within the first month and

2,200 m away during the first year.

4. Results from this study suggest that implementing multiple injection wells to accommo-

date the annual CO2 emission from a 500 MW power plant may be an effective strategy

to mitigate the potential for geomechanical reservoir failure. The effects of multiple

wells may effectively offset the uncertainty that is presented by highly heterogeneous

permeability fields in the mid- to far-field regions.

5. Combining ensemble simulation with geomechanical threshold criteria is an effective

method for risk analysis associated with a CCS project.

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 fluid

pressure within heterogeneous reservoirs. Additionally, these results illustrate the uncer-

tainty associated with highly-heterogeneous flood basalt reservoirs and a CCS project would

require extensive reservoir characterization for a geomechanical risk assessment. Signifi-

cantly more research is required to develop a better understanding of the reactive transport,

thermal processes, fracture behavior and response associated with an industrial-scale CO2

injection into a flood basalt reservoir.
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Appendix A

Data Sources

For this study, a database of spatially referenced permeability values are compiled from

previously published well data within the Columbia River Basalt Group [Reidel et al., 2002,

Spane, 2013, Burns et al., 2015]. The database consists of 598 individual wells with hydrologic

data comprising, hydraulic conductivity (K), transmissivity (T ), or permeability (k), as well

as geographic location, center interval depth, and estimated temperature, viscosity (µ), and

water density (ρ). In addition, numerous wells include multiple test intervals, and, as a

result, the complete database comprises 874 records. It should be noted that the center

interval depth represents the depth utilized by Burns et al. [2015] and represents the middle

of the testing interval reported from Reidel et al. [2002] and Spane [2013]. For this study,

K is converted to permeability using the relation k = (Kµ)/(ρg), and T is converted to

permeability as k = (Tµ)/(ρgb), where µ, ρ, g, and b are water viscosity, water density,

gravitational acceleration, and open well interval, respectively. InBurns et al. [2015], the

authors adopt a convention in which b is either the open well interval or 30 m (which ever

is greater). This convention is based on the idea that a typical CRBG basalt flow thickness

is ∼30 m. The present study adopts this convention in order to maintain consistency with

the substantial CRBG permeability database already reported by Burns et al. [2015]. Burns

et al. [2015] utilizes hydrologic data from both Kahle et al. [2011] and Spane [2013], to keep

consistency and remove any redundant entries two measures were taken. First, only the

data compiled by Burns et al. [2015] from Kahle et al. [2011] are used. The data from Spane
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[2013] is used as a test to ensure consistencies, by testing the conversion of hydrologic data

to bulk permeability in this study to the converted bulk permeabilities in Burns et al. [2015].

To test the consistency between the Burns et al. [2015] and this study, the percent error

was calculated using % error = ((experimental – theoretical)/theoretical)*100, where the

experimental value is log bulk permeability from this study and theoretical value is log bulk

permeability from Burns et al. [2015]. This comparison between 42 bulk permeability values

results in an average difference of 0.7% between this study and Burns et al. [2015], which gives

confidence to the consistency of the tabulated data. Second, to check for redundancy within

the database a shell script was used to filter the entire database on unique combinations of

Easting, Northing, and center interval depth, this results in 874 unique spatial locations (x, y,

and z) of permeability values. In order to account for thermal effects on water properties, the

temperature for each open well interval where temperature is not reported, it is estimated by

using the regional heat flux of ∼65 mW/m2 [Pollack et al., 1993]. In addition, all geospatial

locations are converted to Universal Transverse Mercator coordinates using the Geospatial

Data Abstraction Library.

The spatial variability of CRBG scalar permeability as a function of distance is calculated us-

ing the experimental semivariogram, which is a two-point measure of spatial autocorrelation.

The experimental semivariogram is defined mathematically as,

γ(h) =
1

2N(h)

N(h)∑
i=1

(zi − zi+h)
2 (A.1)

where, N(h) is the total number of data pairs separated by a spatial lag distance (h), and zi

and zi+h are the head and tail values of each data pair, respectively [Deutsch and Journel,

1998]. Owing to the large range of permeabilities within the database, a logarithmic (base

10) transform is applied to the permeability data, which results in a lognormal permeability
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distribution. In order to search for horizontal anisotropy in the spatial distribution of bulk

permeability values, a 2-D semivariogram map is developed using Geostatistical Software

LibraryTM (GSLIB; Deutsch and Journel, 1998). A semivariogram map is way to quantify

γ(h) in all horizontal directions and lag distances (Fig. 2.2A). This allows for the directions

of minimum and maximum spatial continuity to be determined in the horizontal plane. The

directions of minimum and maximum spatial continuity are then used to calculate directional

semivariograms. In order to calculate directional horizontal semivariograms Equation A.1 is

implemented by narrowing the search window for data pairs. In order to narrow the search

window the experimental semivariogram values are calculated between pairs of points along

an azimuth defined by the directions of maximum and minimum continuity, 40◦ and 130◦

respectively. To narrow the search window in these directions additional parameters must

be defined. The azimuth tolerance defines the maximum and minimum search azimuth.

For example, The direction of maximum continuity is 40◦ and the azimuth tolerance chosen

for this study is 45◦, this means the full search window for data pairs is from 355◦ to 85◦.

Additionally, an azimuth bandwidth must be defined, which restricts the amount of devia-

tion from the azimuth is allowed while searching for data pairs. For this study an azimuth

bandwidth of 25km is chosen. The azimuth tolerance and bandwidth control the swath of

data for which the calculations are done, by increasing or decreasing these values effects the

number of data points involved in each calculation for a given lag distance. Defining an az-

imuth, azimuth tolerance, and azimuth bandwidth changes the search pattern from a circular

(isotropic) pattern to an angular band. Using an angular band to calculate the two horizontal

semivariograms orthogonal to one another is a way to quantify both the spatial correlation

of permeability values in those directions and also the spatial anisotropy of permeability

values within the CRBG. For horizontal semivariogram calculations, multiple permeability

values within a single well present a unique challenge because collocated data are known to

increase the uncertainty at short lag distances. To address this challenge, the arithmetic
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Figure A.1: Semivariogram map of CRBG permeability. Note that the axis refer to North
and East directions in kilometers, these are still representative of lag distance γ(h), as shown
in Equation A.1

mean of permeability is taken within wells that have multiple testing intervals. This method

has shown to be a suitable method for aggregating collocated data [Desbarats and Bachu,

1994]. Once the experimental semivariograms are calculated, each semivariogram can be

fit with a linear combination of a priori permissible functions, e.g., spherical, exponential,

Gaussian, hole effect, or power law [Deutsch and Journel, 1998]. The models that are fit

to the semivariogram can be fully characterized by: (1) the nugget effect, which represents

spatial variability at a lower resolution than the defined lag distance; (2) the sill, represents

the variance of the dataset and once the semivariogram oscillates around the sill, the data is

considered to be spatially random; and (3) the range, which is the distance at which spatial

correlation can be inferred. In order to compare the semivariogram calculations for different

directions, each experimental semivariogram is normalized over its respective variance so

that the sill (variance) in each direction is one. By fitting each experimental semivariogram

with a linear combination of permissible functions, a 3-D model of spatial autocorrelation

for CRBG permeability is constructed as shown by Figure 2.2B-D.
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