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Can CO, sequestration in basalt efficiently reduce greenhouse gas emission?
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ABSTRACT

The research on the Columbia River Basalt is a unique combination of projects that minimise CO,
emissions to the atmosphere. Both are underground waste disposal projects: CO, waste versus
nuclear waste. The recent Wallula CO, project and the previous nuclear-waste project in the
Columbia River Basalt (CRB), USA, provide the database for a high-capacity CO, sequestration
model. Due to geomechanical constraints, the injection rate of CO, sequestration must be
limited in order not to jeopardise the integrity of the reservoir and cap rock. The interbed in the
continental flood basalt tested in the Wallula project only allows injection at a rate in the range
of 9-19 kg CO,/s, depending on permeability (4 x 107*-107"> m?) and porosity (0.1-0.15). At the
end of a 50-year injection period, the fraction of CO, converted to carbonate minerals is 37.1-
67.1%. Underground space for waste disposal is a rare asset. The Columbia River Basalt occupies
an area of 200,000 km?. Fifty years of CO, sequestration from a single well would require about
the same fraction of the area as that of a nuclear waste repository (0.025%). The repository
design is for a capacity of 70,000 MTHM (metric tons heavy metal). If all the waste is spent
nuclear fuel, it originates from 1.2 x 10*-8.4 x 10* TWh electric power production, depending on
reactor type. The CO, injection well operating at maximum capacity (19 kg CO,/s) represents
50 TWh generated in a gas power station minus the energy consumed for CO, separation, i.e.
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less than 0.4% of the nuclear option.
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1. Introduction

The separation of carbon dioxide (CO,) from gas produced
in a power station or other industrial source and its sub-
sequent underground storage is a candidate method for
the reduction of the emissions of greenhouse gases into
the atmosphere. The most frequently proposed procedure
is the injection of supercritical CO, into a sandstone
aquifer. However, this poses a considerable risk that the
CO, may leak to a near-surface aquifer and pollute the
groundwater ([1], and references therein). In a sandstone
aquifer, there are hardly any mineral components that
react with CO, to produce stable carbonate mineral
phases within a reasonably short time (<1000 years; [2]).
The situation is completely different in basalt aquifers
which have become an important research topic in
recent years. The overall chemical composition of basalt

and its partly non-crystalline (glassy) structure make it an
ideal CO, trap. This is particularly true for the chemical
composition of mid-ocean-ridge basalt (MORB) and, to a
lesser degree, for the chemical composition of continental
flood basalt (CFB). Much of the injected CO, can be fixed in
a basalt aquifer within a few years if the CO, injection rate
is low and the injection time is short. This has been shown
in the Hellisheidi pilot project (Iceland) that targeted a
MORB aquifer. The CO, injection rate in this pilot project
is particularly low because CO,-enriched water was
injected instead of the usual supercritical CO, [3-5].

The objective of the present work is (1) to investigate
the efficiency of industrial-scale supercritical CO, injection
into an unconventional reservoir and (2) to make CO,
injection comparable to the competing nuclear energy
strategy. Both strategies suffer from the scarcity of suitable
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Figure 1. Extent of the Columbia River Basalt (CRB) and location
of the Wallula pilot project.

target rock and low public acceptance. This paper presents
a completely novel approach to the climate change
problem. The test situation in the CFB-type Columbia
River Basalt (CRB), USA., (Figure 1) is almost ideal. In the
period from 1968 to 1987, the CRB hosted a high-level
nuclear waste project [6-9]. From 2011 to 2015, the CRB
hosted the Wallula pilot project during which supercritical
CO, was injected at a rate of 0.46 kg CO,/s for a period of
25 days [10]. The Wallula project was technically successful
but lagged behind the Hellisheidi project in terms of the
all-important monitoring of fluid evolution. The Hellisheidi
project had a monitoring well down-gradient from the
injection well while no monitoring well was included in
the Wallula project. To fill this information gap, it was
necessary to set up a novel geochemical modelling pro-
cedure and calibrate it using the monitoring results of
the Hellisheidi project (Figure 2).

2. Materials
2.1. Data base

The base-case model is designed to be a real-world
example with industrial dimensions of a so-called

Single-well
supercritical CO,
Wallula pilot project

unconventional reservoir [11]. The injection rates are in
the range of 9-19 kg CO,/s. The injection time of fifty
years corresponds to the maximum lifetime that can be
expected from a metallic installation used for injecting
corrosive CO,. The 50-year period approximately
coincides with the production of 70,000 MTHM (metric
tons of heavy metal, including uranium and other
heavy metal) in the USA. This statuary limit is specified
by the Nuclear Waste Policy Act of 1982 for the first
high-level repository in the USA.

The injection depth is set at 850 m and the in situ
temperature is 40°C (Table 1). The target horizon is a
20 m thick interbed in the Grande Ronde Basalt (GRB)
that has an age of 15.6-16.5 Ma and forms a part of
the Columbia River Basalt Group (6-17.5 Ma; [12]). The
target horizon has an effective porosity in the range of
0.1-0.15 [12, 13]. The minimum porosity value is taken
as the base-case value. The permeability is in a relatively
narrow range (from 4x 107" to 1 x 107> m?) according
to the data from the Wallula borehole [13], and an inter-
mediate value (7 x 107'* m?) is taken as the base-case
value. It is noted that the permeability of the CRB inter-
beds varies in a much wider range than the values
from the Wallula borehole [12, 14, 15] and there is a con-
siderable uncertainty with respect to the rock properties
beyond the Wallula borehole. The target horizon is over-
layed and underlayed by basalt. The permeability of
basalt is low (1072'-107"" m?% [12, 16]). The maximum
value is taken as the base-case value, and the effective
porosity is set to 0.005 in agreement with a previous
model [9].

The major element concentrations, pH and the Eh
value of the GRB groundwater are the average values
of Reidel et al. [12], excluding Si and Al (averages for
the CRB Group in Washington; [20]) (Table 2). The
major element concentrations of GRB pillow lava glass
(Table 3) are the averages of Mangan et al. [21].

The stress regime and rock properties of the GRB are
identical to those determined in the nuclear waste
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Figure 2. Model flowchart.



repository project. Rock density is 2800 kg/m?®, Young’s
modulus is 67.8 GPa, Poisson’s ratio is 0.26, thermal
expansion is 7.45x 107° K™, specific heat capacity is
950 ) m~ K™', and thermal conductivity is 2.3 W m™"
K~! [6]. The ratio between vertical stress, minimum hori-
zontal stress and maximum horizontal stress s
1:1.32:2.34 [18].

The Wallula pilot project that targeted CFB contains
only one injection well but no monitoring wells. There-
fore, it is not possible to directly compare the model
results with empirical results. However, the other basalt
project located in MORB at Hellisheidi, Iceland, contained
a monitoring well in addition to the injection well.
Although there are differences in the reservoir rock com-
position and injection method, the data from Hellisheidi
are suitable for adaption to enable indirect comparison
with the Wallula project.

Table 1. Flow and geomechanical model setup.
General properties

Model length/width/height (km) 10/10/1

Top elevation (km) 0.35
Bottom elevation (km) 1.35
Injection depth (km) 0.85
Top pressure (MPa) 35
Injection rate (kg/s) 9-19

Injection period (a) 50
Reservoir temperature (°C) 40
Injection temperature (°C) 40
Initial saturation (-) 1
Unsaturated hydraulic properties

Residual liquid saturation (-) 0
Residual gas saturation (-) 0
van Genuchten parameter a (MPa)® 0.01961
van Genuchten parameter m (-)? 0.457
Rock properties

Initial porosity (-)° 0.005-0.15
Initial permeability (m?)° 1077-107"
Thermal conductivity (W m~! K‘1)d 23
Rock grain density (kg/m?)? 2800
Specific heat capacity () m= K=" )@ 950
Coefficient of thermal expansion (K1) 7.45x107°
Young’s modulus (GPa) 67.8
Poisson’s ratio (—)d 0.26
Biot's coefficient (-) 0.5
Fracture properties

Maximum horizontal/vertical stress ratio® 234
Minimum horizontal/vertical stress ratio® 132
Fractures per control volume 100
ds (mm)? 1
dgs (mm)? 35
Maximum increase in permeability’ 50
Cohesion (MPa)f 27
Static friction coefficient (-)f 0.65
Dynamic friction coefficient (-)f 0.55
Shear fracture stiffness (MPa/m)" 500
71

®[9,12,13].

T12,13].

9.

[18l.

91,

9ds and dos are shear displacements at which 5 and 95 %, respectively, of total
permeability enhancement occurs [19].
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2.2. Computer codes

The flow and transport simulations are performed using
the TOUGHREACT code (version 3) while the uncoupled
hydraulic-fracturing simulations are carried out with the
FEHM code (https://github.com/lanl/FEHM). The FEHM
and TOUGHREACT codes are an appropriate match for
structured orthogonal grids such as those used in this
work.

2.2.1. FEHM

The FEHM code (https://github.com/lanl/FEHM; [22]) is
designed for geomechanical CO, sequestration pro-
blems [23, 24] and geothermal problems [19]. The code
calculates the stress-related permeability changes
according to the permeability model 25 [19]. Mohr-
Coulomb failure criteria are applied to an ensemble of
fractures with orientations distributed according to frac-
ture orientation data. The pre-failure increase in per-
meability occurs according to the model of Bai et al.
[25]. The post-failure increase in permeability occurs
according to an empirical model based on the work of
Lee and Cho [26].

Shear failure occurs due to pressure increases during
well-bore injection when shear stress exceeds a frictional
threshold. Permeability is allowed to increase wherever
the threshold is exceeded. The resulting permeability dis-
tribution is more complex than those obtained by the
industry-standard design models based on a planar geo-
metry [27-29]. The ovoid distribution patterns are com-
parable to those obtained by the wire-mesh method
[30-33] but are only an approximate equivalent to
those obtained using a discrete fracture network (DFN)
model [34,35]. The FEHM code uses an approximation
procedure by considering an ensemble of fracture
systems and allows computation of an upscaled conti-
nuum permeability of the fracture population without
resorting to an explicit DFN approach [19].

The FEHM program is a control volume finite element
(CVFE) code [36]. The structured orthogonal grid used in

Table 2. Chemical composition of continental flood basalt (CFB)
groundwater.

pH? 94
Eh (mV)? —300
Al (mg/L)° 0.031
C (mg/L)? 174
Ca (mg/L)? 2.0
Cl (mg/L)?® 2284
Fe (mg/L)* 0.2
K (mg/L)? 103
Mg (mg/L)? 0.1
Na (mg/L)? 246.2
Si (mg/L)° 239
2.

°120].
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Table 3. Chemical composition of basalt glass (weight %)

CFB? MORB®
Si0, 55.00 48.12
Al,03 1336 14.62
FeO (total Fe) 10.81 10.82
MgO 364 9.08
Ca0 7.64 11.84
Na,O 283 197
K,0 1.46 0.29

aContinental flood basalt (CFB) pillow lava glass, Grande Ronde Basalt, USA
[21].
PMid-ocean ridge basalt (MORB) glass, Stapafell, Iceland [52].

the applications of this paper makes the CVFE method
equivalent to the integral finite difference (IFD) method
of TOUGHREACT (see the following subsection).

2.2.2. TOUGHREACT

TOUGHREACT version 3 is a numerical simulation pro-
gramme for the study of chemically reactive non-isother-
mal flows of multi-phase fluids in porous and fractured
media [37]. The programme was developed by introdu-
cing reactive chemistry into the multi-phase flow code
TOUGH?2 [38]. TOUGHREACT handles unsaturated con-
ditions and phase partitioning within the fluids in the
same manner as the TOUGH2 code. Interactions
between mineral assemblages and fluids can occur
under local equilibrium or kinetic rates. The chemically
active phases are aqueous liquid, aqueous vapour, CO,
vapour, CO, liquid and supercritical CO,. Precipitation
and dissolution reactions can change the formation por-
osity and permeability. The governing equations are dis-
cretised using integral finite difference for space and fully
implicit first-order finite difference for time. All of the
simulations carried out in this study were performed
with the ECO2N module [39], which is a modified
version of the ECO2 module [40]. The reaction rate is a

o - ; ==
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Figure 3. Model mesh.

function of the mineral saturation ratio and is calculated
using the rate expression of Lasaga et al. [41].

3. Method
3.1. Geomechanical model set-up

The structured orthogonal model mesh contains 69,192
nodes and has the dimensions of 10x10x1km
(Figure 3). The top of the mesh is located at a depth of
0.35 km and the injection point is at the centre of the
mesh. The horizontal nodal distances at the centre of
the mesh are 5 m, and increase logarithmically in the x
and y directions with increasing distance from the
centre. Up to 10 m above the injections point, the
nodal distances in the z direction are 1.43 m, followed
by the distances of 20 and 470 m. Below the injection
point, the nodal distances are 143 m down to 10m
below the injection point, followed by a distance of
490 m.

The hydrological boundaries are defined by a con-
stant pressure corresponding to the hydrostatic fluid
pressure (3.5 MPa) at the top of the model and no-flow
conditions at the remaining boundaries. The stress
boundaries allow displacement at the top as well as on
the x and y sides of the model.

The unsaturated flow conditions are calculated using
a linear relative-permeability relationship:

o The relative liquid permeability increases from zero to
unity in the liquid saturation range of 0-1

e The relative gas permeability increases from zero to
unity in the gas saturation range of 0-1.

The non-linear relative permeability relationship of
Corey [42] that satisfactorily reproduces the experiments
with basalt of Bertels et al. [43] was also tested. These
scoping calculations show that the Corey [42] function
produces slightly different results. The differences are
negligible considering that the convergence behaviour
of the code is far inferior compared to the simulations
with a linear relationship.

The capillary pressure is calculated with the function
of van Genuchten [44] using parameters from a CO,
sequestration test case reported by Xu et al. [17]. It is
theoretically possible to calculate the parameters using
the experimental data for basalt [43] but the scatter of
such data is so wide that they are hardly suitable for a
regression analysis.

The fracture properties are taken from Dempsey et al.
[19] except for Young's modulus, Poisson'’s ratio and hori-
zontal stress that are taken from the nuclear waste
project (Table 1). The vertical stress is the lithostatic



stress, and the minimum and maximum horizontal stres-
ses are located parallel to the x and y-axes, respectively.
The model is initialised with a high-permeability
(107" m? pre-run, during which the pressure is
allowed to adjust to the hydrostatic pressure under
stress-free conditions. The model is isothermal (40°C).

3.2. Reactive transport model set-up

The uncoupled reactive transport model has the same
injection point and the same limits as those of the geo-
mechanical model, and the initialisation pre-run is con-
ducted in the same manner. However, the mesh with
160,000 elements lacks the spatial discretisation near
the centre of the mesh. The horizontal nodal distances
are 50 m. The central layer has a thickness of 20 m, and
is sandwiched by a 480 m-thick and a 10 m-thick layer
above and a 490 m-thick layer below. The top layer
serves to maintain constant pressure and consists exclu-
sively of infinite-volume boundary elements (10°2 m3).
These elements impose the Dirichlet conditions, i.e. the
thermodynamic properties do not change. After the initi-
alisation pre-run, the volume of the lateral boundaries is
increased to 10°2m3, i.e. Dirichlet conditions are
imposed. This is equivalent to modelling a laterally
infinite reservoir. The model is isothermal (40°C) and
the parameters for relative permeability and capillary
pressure are the same as those used for the geomecha-
nical model (Table 1).

A mesh with the nodal position of the geomechanical
model (5 m horizontal spacing increasing logarithmi-
cally) has also been tested. These scoping calculations
produce nearly identical results but the convergence
behaviour of the TOUGHREACT code is far inferior.

It is noted that a fractured porous media system
would be a better alternative than the single porosity
system used in this study. However, there is a complete
lack of data on fracture spacing in the interbeds of the
Columbia River Basalt. Even if such data would be avail-
able, the calibration of a suitable multi-continuum model
would be a highly complex task requiring several submo-
dels [45,46] and is beyond the scope of this paper.

3.2.1. CFB base case

CFB magma has a mantle source contaminated with con-
tinental lithosphere and shows features of magmatic
differentiation. Compared to MORB, CFB has relatively
high Na and K concentrations as well as low Ca and
Mg concentrations. The base case uses CFB.

The transport conditions are simulated in a batch
reactor with the Grande Ronde Basalt (GRB) pillow lava
glass similar to the one described by Pollyea and Rimstidt
[47]. The simulation predicts the behaviour of basalt
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glass and solution ina 1 mx 1 mx 1 m grid cell packed
with grains of 0.3 mm radius; this configuration results
in an initial reactive surface area of 10* m?/m?. The
initial water composition is that of the average values
of the GRB water, supplemented by the Si and Al
values for the CRB Group (Table 2). The concentration
of aqueous O, is calculated using the actual pH and Eh
values. However, the initial H" concentration is higher
(neutral pH). This is a common approach for initialising
a TOUGHREACT model because the calculations are
more likely to converge if the pH is set below the
expected final value.

Basalt glass is allowed to react with this initial water
for a period of 1000 years at 40°C and 8.5 MPa. The
basalt glass has the composition of GRB glass normalised
to one Si atom (Table 3). A simplified set of reaction pro-
ducts [47], namely calcite, siderite and magnesite, (i.e.
carbonates representative of ankerite-dolomite solid sol-
ution; [48], amorphous SiO,, Ca-montmorillonite, Na-
montmorillonite and illite, (i.e. Al-silicates representative
of mixed-layer minerals solid solution; [49] is used.
Kinetic data are not available for solid solutions; there-
fore, the available data for minerals with a fixed compo-
sition must be used. Calcite is set at equilibrium with the
fluid phase as a proxy for the extremely high reaction
rate. Basalt glass [47], siderite [50] and the remaining
components [51] react under kinetic constraints. lllite is
assumed to have the same rate constants as montmoril-
lonite. Basalt glass can only dissolve whereas the remain-
ing solid phases can both dissolve and precipitate. The
initial volume fraction of basalt glass is 0.1. The initial
volume fraction of the remaining crystalline components
(composite basalt) is set to zero. This is justified because
the dissolution fluxes of composite basalt are several
orders of magnitude lower than those of basalt glass
(Figure 2 in[47]). The reactive surface area is 10* m%/m3,
identical to that used in the batch reactor for all com-
ponents reacting under kinetic constraints (Table 4).
Both the volume fraction and reactive surface area in
this model setup is not critical because differences
cancel out in the calibration step described below.

The initial porosity is set at 0.1 for the base case (GRB
interbed in the Wallula borehole; [13]) and 0.15 for sensi-
tivity cases, in agreement with the modelling of the gas
storage capacity of the total CRB Group, comprising the
GRB and overlying formations [12].

The calculations are performed with the THERMO-
DDEM thermodynamic database [53] that is commonly
used for TOUGHREACT simulations supplemented by
the data for basalt glass, and using all aqueous species
of the elements shown in Table 2. The equilibrium con-
stant for basalt glass dissolution at 40°C (‘K’), which is
not known a priori, is a convenient fitting parameter.
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Table 4. TOUGHREACT flow-transport model setup: Initial volume fractions, reactive surface areas and kinetic properties.

Mineral/rock Chemical composition Initial Reactive volume
surface fraction area
(m?/m3)
Calcite CaCOs 0.0 -
(equilibrium)
Amorphous SiO,  SiO, 0.0 10,000
lllite Ko.855i3.15 Al.g5070(0H), 0.0 10,000
Siderite FeCO3 0.0 10,000
Magnesite MgCO; 0.0 10,000
Ca- montmorillonite
Cag.17Al 68MGo.335i3.99010(0H); 0.0 10,000
Na- montmorillonite
Nao_33A|1_67Mgg_335i4010(oH)2 0.0 10,000
CFB glass SiAlg2g6Fe 0.05-0.1 10,000
(IN0.164M70.094C0.1490Na0.100K0.03402.903
MORB glass SiAly 3s5Fe 0.05-0.1 10,000
(I0.189Mgo.281Cao 264Na0.079K0.00803.315
Rate parameters®
Acid mechanism Neutral Base mechanism
mechanism
Mineral/rock ks (mol/m%/s)° E, (KJ /mol)® n(H"? kos (mol/  E, (KI/  kos (mol /m?%/  E, (KI/
m?/s) mol)® )
mol) n(H")
Amorphous Si0, - - - 5.89 X 745 - -
10—13
Illite 1.95%x 107" 480 0.22 389% 480  3.89x107"” 480 0.3
10™
Siderite 977 x107* 209 0.90 1.26 ><9 62.8 - - -
10™
Magnesite 417%x1077 144 1.00 4,57 ><10 235 6.02%x107° 62.8 1.00
10™
Montmorillonite ~ 1.95x 107" 480 0.22 389% 480  3.89x107"” 480 0.3
10™
Glass 537x107° 39.7 1.01 - - 1.00x107" 384 -0.26

2 Parameters for mineral dissolution and precipitation.

b k25 is the kinetic rate constant at 25°C; E, is the Arrhenius activation energy; n(H*) is the reaction order with respect to H+.

The difference between the actual and predicted con-
centration is minimised by varying ‘K’ with small steps
(logAx=0.05). The fitting is performed by minimising
the difference |dpin|:

log(dmin) = Y _ log(cp;) — Y _ log(ca,), Q)

where ‘c,,’ is the predicted concentration of component
‘i"and ‘c,; is the actual concentration of component ‘/
that refers to the composition of GRB groundwater,
excluding pH and Eh. The fitting procedure yielded log
(K) =3.85 (Figure 4). The predicted pH of 9.519 is only
slightly different from the actual pH (9.4). Thus, log(K)
=3.85 is used for all simulations with CFB.

The simulation period is 50 years. The injections
rates are 280,000 and 600,000t CO,/a, representing
the lower threshold (9 kg CO,/s) and upper threshold
(19 kg CO,/s), respectively, in the geomechanical
model (Table 5). The porosity-permeability relationship
is defined by the cubic law. Diffusivity is zero for all
aqueous species.

3.2.2. MORSB sensitivity case
Instead of using CFB glass normalised to one Si atom,
normalised MORB glass [52] is used in the batch

reactor. The initial fluid composition and the fitting pro-
cedure are identical to those used for the CFB base case
(Table 2). The best-fit log(K) value of 8.95 produces a pH
of 9.765, which is significantly above the average pH (9.4)
of GRB groundwater. Note that for a theoretical reference
fluid with the composition of MORB groundwater (e.g.

Fitting parameter (d)

C concentration
T log(K)=3.90 pH=9.594

B log(K)=3.85 pH=9.519
B log(K)=3.80 pH=9.442

K concentration

Na concentration

Fe concentration
Mg concentration

Ca concentration

10—0.31070210701 1 1001 100.2 100.3 1004 1005 100.6 1007
Figure 4. Continental flood basalt (CFB) model. Ratios between
predicted and actual concentration of major elements in ground-
water of the Grande Ronde Basalt (GRB) for various equilibrium
constants for GRB glass dissolution. The fitting parameter ‘d’ is
also shown. See text for explanation.



Table 5. FEHM geomechanical model.

Permeability (m?) Porosity (-) Threshold CO, injection rate (kg/s)?
107" 0.15 19.0
107 0.1 175
7x107* 0.15 14.5
7x107" 0.1 13.0
4x107 0.15 10.0
4x107" 0.1 9.0

®Threshold at which shear stress-related permeability enhancement occurs.

Table 3 in [54]), the agreement between actual pH (9.26)
and predicted pH (9.613) will not be better and the com-
parability between MORB glass and CFB glass will be lost
in this case.

4, Results
4.1. Base case

4.1.1. Geomechanical model

The base-case permeability (7 x 10™% and base-case por-
osity (0.1) allow an injection rate of up to 13 kg CO,/s
before the reservoir rock starts to lose its mechanical
integrity. This is monitored by the onset of permeability
increase when the shear stress exceeds the frictional
threshold (‘Geomechanical model set-up’; Table 5).
Above the threshold, the permeability increases at the
injection point and the surrounding nodes occur in a
relatively short time (less than 10 days).

a b
Flow only Reactive transport
19 kg/s 19 kg/s

.

L)

5 km

;eactive transport CO, saturation
9 kg/s 0
i
o '—; 0.25
é 0.75
£

Figure 5. Continental flood basalt (CFB) model. CO, gas satur-
ation after 50 years of CO, injection into a 20-m thick interbed
in the Grande Ronde Basalt (GRB). A Map showing non-reactive
flow for an injection rate of 19 kg CO,/s. B Map showing reactive-
transport for an injection rate of 19 kg CO,/s. € Map showing
reactive-transport for an injection rate of 9 kg CO,/s.
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4.1.2. Reactive-transport model

At the end of the 50-year injection period, the diameter
of the CO, plume (one-phase supercritical CO, and two-
phase CO,/H,0) is 4.8 and 6.9 km for the reactive trans-
port model with the injection rates of 9 and 19 kg CO,/s,
respectively (Figure 5). The reaction products within 10
days of arrival of the CO, plume are calcite followed by
siderite and magnesite (i.e. carbonates representative
of ankerite-dolomite solid solution), amorphous silica,
montmorillonite and illite (i.e. Al-silicates representative
of mixed-layer minerals solid solution).

The pH of the fluid is in the range of 5-5.6 within the
CO; plume prior to the onset of large-scale secondary
mineral precipitation. The pH stabilises in a narrow
range (9.0- 9.8) after the onset of large-scale secondary
mineral precipitation (Figure 6); i.e. the pH is close to
the pre-injection pH (9.4). The pH rises to above 10

1.000

0.800 -

0.600 -

0.400 -

Supercritical CO,
saturation

0.200 -

0.000 T T .

0.008

0.006 -

0.004 -

0.002 -

(volume fraction)

Calcite abundance change

10.00

9.00 A

8.00 A

pH

7.00 A

6.00 T

5.00 T T T

0 10 20 30 40
Time (a)

Figure 6. Continental flood basalt (CFB) model. Liquid saturation,
calcite volume change and pH versus time at 400 m distance
from the CO, injection point. The injection rate is 19 kg CO,/s,
the permeability is 7x 107", the porosity is 0.1 and the
volume fractions of basalt glass is 0.1.
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Sequestration ratio

o +—r—r-rrr—rrrrr—rrrrrrrrrr
0 10 20 30 40 50
Time (a)

MORB, 0.07 kg/s, perm=7x10 4m2 , por=0.1, vol=0.1
MORB, 9 kg/s, perm=10-"m2 por=0.1, vol=0.1

CFB, 9 kg/s, perm=10-"m2  por=0.1, vol=0.1

CFB, 9 kg/s, perm=7x10""* m? |, por=0.1, vol=0.1
CFB, 19 kg/s, perm=10 B m2 por=0.1, vol=0.1
CFB, 19 ka/s, perm=7x10"* m 2 por=0.1, vol=0.1
CFB, 19 kg/s, perm=4x10"1% m?, por=0.1, vol=0.1
CFB, 19 kg/s, perm=4x10"" m 2, por=0.15, vol=0.05

Figure 7. Mid-ocean-ridge basalt (MORB) and continental flood basalt (CFB) model. CO, sequestration ratios versus time for various CO,
injection rates (0.07, 9 and 19 kg CO,/s). The permeabilities (perm) are 4x 107", 7 x 107"* and 107"* m The porosities (por) are 0.1

and 0.15. The volume fractions of basalt glass (vol) are 0.05 and 0.1.

only close to the outer limit of the CO, plume. When all
basalt glass has dissolved in the late injection stages, the
pH tends to approach a value of 5 within the CO, plume.

The fraction of CO, fixed in precipitated carbonated
phases decreases with increasing injection rate. The frac-
tion of sequestered CO, at the end of the injection
period is 62.0% and 58.6% for the injection rates of 9
and 19 kg CO,/s, respectively (Figure 7).

The maximum injection rate of 19 kg/s is a theoretical
value that is difficult to achieve in practice (Table 5).
Reducing the injection rate to 9kg CO,/s has the
additional advantage that the fraction of sequestered
CO, is increased.

In a flow-only model, i.e. in a model that does not
include chemical reactions, the diameter of the CO,
plume is much larger than that in a model that includes
chemical reactions. For example, the plume is simulated
to extend by approximately 60% with respect to the cor-
responding reactive-transport model, i.e. beyond the
boundaries of the 10 km-diameter model, at an injection
rate of 19 kg CO,/s (Table 6).

4.2. Sensitivity cases

4.2.1. Geomechanical model

The geomechanical risk increases with the decreasing
permeability and porosity of the reservoir rock, in
addition to the risks related to an injection rate increase
(Table 5). The pessimistic case with a permeability of 4 x
107" m? and porosity of 0.1 only allows an injection rate
of 9 kg CO,/s without producing permeability changes or
damaging the reservoir rock and jeopardising the integ-
rity of the cap rock. The optimistic case with a per-
meability of 10™"®> m? and porosity of 0.15 allows an

injection rate of up to 19 kg CO,/s without producing
permeability changes.

4.2.2. Reactive-transport model
The sensitivity tests address some important uncertain-
ties in the simulations results:

e agreement with experimental data

¢ influence of the composition of the aquifer

« influence of the permeability of the aquifer

 influence of the porosity of the aquifer

¢ influence of the volume fraction of basalt glass in the
aquifer.

The first sensitivity test evaluates the accuracy of the
base case simulations by comparison to the experimen-
tal data. The CFB project is not suitable for such a com-
parison because it contained only an injection well and
no monitoring wells. By contrast, the MORB project at
Hellisheidi, Iceland, monitored the fluid evolution in an
additional monitoring well (see ‘Introduction’). CO,-
enriched water was injected at Hellisheidi at a rate

Table 6. TOUGHREACT geochemical model. CO, sequestration

ratios (%) after 4 and 50 years (in parentheses) injection into

basalt with a porosity of 0.1 and a glass volume fraction of 0.1.
Permeability (m?)

4%107" 7x107" 107"
CFB injection rate =9 kg/s 37.1 (62.0)° 40.8 (67.1)
CFB injection rate =19 kg/s 274 (536) 310 (586)° 337 (62.2)

MORB injection rate = 0.07 kg/s 97.6
MORB injection rate =9 kg/s 704 (81.9)

“The diameter of the CO, plume (one-phase supercritical CO, and two-phase
CO,/H,0) is 4.8 km after 50 years CO, injection.
PThe diameter of the CO, plume is 6.9 km after 50 years CO, injection.




corresponding to 0.07 kg CO,/s, and the chemical evol-
ution of the groundwater was continuously monitored
for an additional 15 months until the submersible
pump broke down. The injected CO,-enriched water
was originally spiked with carbon isotopes. Based on
the final carbon isotope ratios of the groundwater, 95—
98% of the injected CO, was converted to carbonate
minerals.

Modelling the MORB experiment by using supercriti-
cal CO, instead of CO,-enriched water results in the
sequestration ratios of 95% and 98% after 1.5 and 4
years, respectively. The agreement between the model
and experiment results appears to be better than that
of an older model with crystalline basalt that calculates
that 80% of the injected CO, is mineralised in 5 years
[55]. Thus, the simulation procedure used in this paper
is at least as efficient as that used in the previous model-
ling study.

The second sensitivity test uses Grande Ronde basalt
glass with the composition of MORB glass, instead of the
actual CFB glass. This test shows the strong influence of
the aquifer composition. The 50-year CFB model with an
injection rate of 9kg CO,/s and a permeability of
107"* m? allows 67.1% of the injected CO, to be fixed
as solid carbonate phases, whereas the MORB model pre-
dicts 81.9%.

The third sensitivity test uses different permeabilities.
This test shows that the permeability of the aquifer
strongly influences the sequestration ratio. Injecting
CO, into CFB at a rate of 19 kg/s results in 62.2% seques-
tration if the permeability is as high as 107> m?. The
pessimistic case with a permeability of 4x 107" m?
allows only 53.6% sequestration.

The last sensitivity test shows the combined effect of
the variations of the CFB porosity and volume fraction of
the CFB glass. This effect is observed in the late seques-
tration stages when basalt glass completely dissolves
locally. The CO, sequestering capacity of the reservoir
depends on the concentration of the elements in the
aquifer that are capable of forming carbonates by fluid-
solid reactions (mainly Ca, Mg and Fe), and the kinetic
instability of the rock. Crystalline phases are much less
reactive than metastable amorphous phases such as
basalt glass. There is strong evidence that groundwater
chemistry is mainly controlled by the composition of
the glass phase whereas the role of crystalline phases
is minor or, at the very least is difficult to capture by geo-
chemical modelling [47]. Replacing the base-case poros-
ity of the reservoir rock (0.1) and glass volume fraction
(0.1) by the values of 0.15 and 0.05, respectively, strongly
reduces carbonate precipitation. The CFB model with an
injection rate of 19 kg CO,/s and permeability of 4 x
107" m? will have a sequestration ratio of 37.1%
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instead of 53.6%. For MORB, the corresponding seques-
tration ratios would be 49.7% and 71.8%.

5. Discussion and conclusion

The research on Columbia River Basalt is a unique com-
bination of projects for the minimisation of CO, emis-
sions into the atmosphere. Both are underground
waste disposal projects: CO, waste versus nuclear
waste. Each project targets the high-pH groundwater
regime, albeit for different reasons. For CO, sequestra-
tion, reactivity (between carbon species and calcium,
magnesium and iron species) is desirable. For nuclear
waste disposal, it is just the opposite, i.e. the non-reactiv-
ity between groundwater and the metallic waste con-
tainer is desirable.

Underground space for waste disposal is a rare
resource. The Columbia River Basalt occupies an area of
200,000 km?. Fifty years of CO, sequestration from a
single well will require approximately the same fraction
of the area as that of a nuclear waste repository
(0.025%). The repository design is for a capacity of
70,000 MTHM (metric tons of heavy metal, including
uranium and other radioactive metals). If all of the
waste is spent nuclear fuel, it originates from 1.2 x 10*
to 8.4 x 10* TWh electric power production, depending
on the reactor type [56]. The CO, injection well operating
at maximum capacity (19 kg CO,/s) represents 50 TWh
generated in a gas power station minus the energy con-
sumed for CO, separation, i.e. less than 0.4% of the
nuclear option.

Both for CO, sequestration and nuclear waste dispo-
sal, it is problematic to increase the storage volume ver-
tically, albeit for different reasons. Stacking CO,
sequestration levels increases the geomechanical risk.
Stacking nuclear waste repository levels is less efficient
than horizontal expansion. The dissipation of radioactive
heat is easier to control horizontally than vertically
because of the upward movement of heated ground-
water. In summary, the Columbia River Basalt projects
have the merit of juxtaposing the two most important
concepts of greenhouse gas control for non-renewable
energy generation. The selected localities are among
the best that geology can offer. The CO, option has
the advantage of minor technical risk but the disadvan-
tage of major space consumption. The nuclear option
has the disadvantage of major technical risk but the
advantage of minor space consumption.

Can CO, sequestration in basalt efficiently reduce
greenhouse gas emission? The answer is ‘Yes' for super-
critical CO, with a note of caution. As long as nuclear
energy is not replaced by renewable energy, there
remains an ethical problem. The only known geological
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environment where nuclear waste can be stored under
conditions of thermodynamic equilibrium is represented
by basaltic rocks [46]. It is unethical to squander valuable
underground space as long as we do not know how
much will be needed for the disposal of nuclear waste.
Another aspect is economics. Coal/hydrocarbon energy
linked to CO, sequestration must compete with renew-
able energy. New wind farms in the North Sea already
operate without state subsidies [57]. The typical tectonic
setting of basalt provinces is quite different from that of
coal/hydrocarbon basins. This implies particularly long
distances for CO, pipeline transport in the case of coal
power stations. Hydrocarbon energy offers greater logis-
tical flexibility but competition from renewable energy is
a steadily increasing handicap for its use [58].
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