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In this paper we describe the thermodynamic and kinetic basis for mineral storage of carbon dioxide in
basaltic rock, and how this storage can be optimized. Mineral storage is facilitated by the dissolution of CO,
into the aqueous phase. The amount of water required for this dissolution decreases with decreased
temperature, decreased salinity, and increased pressure. Experimental and field evidence suggest that the
factor limiting the rate of mineral fixation of carbon in silicate rocks is the release rate of divalent cations
from silicate minerals and glasses. Ultramafic rocks and basalts, in glassy state, are the most promising rock
types for the mineral sequestration of CO, because of their relatively fast dissolution rate, high
concentration of divalent cations, and abundance at the Earth’s surface. Admixture of flue gases, such as SO,
and HF, will enhance the dissolution rates of silicate minerals and glasses. Elevated temperature increases
dissolution rates but porosity of reactive rock formations decreases rapidly with increasing temperature.
Reduced conditions enhance mineral carbonation as reduced iron can precipitate in carbonate minerals.
Elevated CO, partial pressure increases the relative amount of carbonate minerals over other secondary
minerals formed. The feasibility to fix CO, by carbonation in basaltic rocks will be tested in the CarbFix
projectby: (1) injection of CO, charged waters into basaltic rocks in SWceland, (2) laboratory experiments,
(3) studies of natural analogues, and (4) geochemical modelling.

© 2009 Elsevier Ltd. All rights reserved.
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1. Introduction storage and sequestration method depends strongly on the

retention time, reservoir stability, and the risk of leakage (e.g.,

The reduction of industrial CO, emissions is one of the main
challenges of this century (e.g., Broecker, 2002, 2005, 2007, 2008;
Hoffert et al., 2002; Lackner, 2003; Pacala and Socolow, 2004;
Oelkers and Schott, 2005; Broecker and Kunzig, 2008; Oelkers and
Cole, 2008). Among commonly proposed CO, storage techniques,
the injection of anthropogenic CO, into deep geologic formations is
quite promising due to their large potential storage capacity and
geographic ubiquity (e.g., Bachu et al., 1994; Holloway, 2001; Metz
et al.,, 2005; Oelkers and Cole, 2008; Benson and Cole, 2008).
Carbon dioxide could be injected into deep geologic formations on
land as a separate supercritical fluid. The effectiveness of this CO,
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Hawkins, 2004; Rochelle et al., 2004; Benson and Cole, 2008). One
way to enhance the long-term stability of injected CO, is through
the formation of carbonate minerals. Carbonate minerals provide a
long-lasting, thermodynamically stable, and environmentally
benign carbon storage host. Mineral storage is in some cases the
end product of geological storage of CO, (Metz et al., 2005; Benson
and Cole, 2008). The degree to which mineral storage is significant
and the rate at which mineralization occurs depend on the rock
type and injection methods. Mineral carbonation of CO, could be
enhanced by injecting it fully dissolved in water and/or by
injection into silicate rocks rich in divalent metal cations such as
basalts and ultramafic rocks.

2. In situ mineral sequestration

Mineral carbonation is the fixation of CO, as stable carbonate
minerals, such as calcite (CaCO3), dolomite (CaMg(COs3),), magnesite
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(MgCO03), siderite (FeCO3) and Mg-Fe carbonate solid solutions
(Metz et al., 2005; Roger et al., 2006; Oelkers et al., 2008). In situ
carbonation involves CO, injection into geologic formations while
ex situ carbonation involves formation of CO, bearing minerals as
part of an industrial process on the Earth’s surface (Metz et al.,
2005; Oelkers et al., 2008). Mineral carbonation requires
combining CO, with metals to form carbonate minerals. With
few exceptions, the required metals are divalent cations,
including Ca?*, Mg2*, and Fe?*. The most abundant cation sources
for this process are silicate minerals and glasses. Field and
experimental evidence suggests that the slowest and thus rate
limiting step in mineral fixation of carbon in silicate rocks, such as
basaltic rock, is the dissolution of the silicate minerals and glasses
releasing the divalent cations. Natural waters in basaltic terrains
and experimental solution in contact with basalt are typically
saturated with respect to calcite at intermediate to high
temperatures (Gislason and Arnérsson, 1990; Gislason et al.,
1993).

After its injection into aquifers, CO, can dissolve in water, in
accord with
COz(g> +H,0 = H,CO;3 (1&)

The product of this reaction, H,COs3 is aqueous carbonic acid, which

can dissociate according to
H,CO3 = HCO3~ +HT (1b)

This reaction liberates protons causing the pH of the water to
decrease. The pH of this solution will depend on the partial
pressure of CO,, temperature, alkalinity, and the salinity of the

Table 1
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water. The pH of CO, saturated pure water, seawater, and the HN-
1 groundwater to be used in the CarbFix project is shown in Table
1. The HN-1 groundwater is at 19 °C, but the same water is also
modelled at 2 °C to underscore the effect of temperature on CO,
solubility and pH. As shown in Table 1, CO; solubility increases,
and thus the amount of water required for its dissolution
decreases, with increasing CO, partial pressure, lower tempera-
ture, and lower salinity. At 25 bar CO, pressure, the water demand
to fully dissolve the CO, is 27 tons of pure water for each ton of
CO,, but 31 tons of seawater are required at the same temperature
and CO, pressure. At 19 °C, 22 tons of HN-1 water are required to
fully dissolve CO, at 25 bar of pressure, but only 13 tons are
required at 2 °C.

Basaltic rocks are rich in divalent cations such as Fe, Ca, and
Mg. At low temperature and at neutral to high pH under
oxidizing conditions, groundwaters in basaltic rocks are rich in
divalent metal cations such as Ca®* and Mg?* (e.g., Gislason and
Eugster, 1987a; Arndrsson et al., 2002; Flaathen et al., 2009).
Under oxidizing conditions, Fe concentration is low, but its
concentration can be elevated in reducing conditions. Dissolved
metals could react with CO, to precipitate carbonate minerals
according to

(Fe,Ca,Mg)** + CO, + H,0 = (Fe, Ca, Mg)CO3 +2H"

carbonate minerals

(2)

Reaction (2) suggests that 2 moles of protons are produced for each
mole of carbonate mineral produced. This reaction will only
proceed to the right if the H" ions are consumed by a different
reaction. These protons can be consumed by a variety of
dissolution reactions in a basalt (Gislason and Eugster, 1987a,b;

The solubility of dissolved inorganic carbon in water (DIC), pH and water demand to fully dissolve the CO, at variable partial pressure of CO,, salinity and temperature. H,O is
pure water, average seawater composition is from Bruland (1983) and HN-1 is the groundwater to be used in the CarbFix project.

pCO, H,0 (25°C) SEAWATER (25 °C) HN-1 (19°C) HN-1 (2°C)
{lewts) In situ pH DIC Water? In situ pH DIC Water? In situ DIC Water? In situ DIC (mol/kg) Water?
(mol/kg) demand (mol/kg) demand pH (mol/kg) demand pH demand
ob 5.60 0.00002 8.22 0.002 8.90 0.002 9.13 0.002
1 3.90 0.034 665 493 0.032 720 5.04 0.042 538 4.96 0.074 308
2 3.76 0.068 333 4.64 0.061 374 4.74 0.083 275 4.66 0.146 156
3 3.67 0.102 222 4.46 0.090 253 4.57 0.123 185 4.48 0.218 104
4 3.61 0.136 167 434 0.119 191 445 0.163 139 436 0.290 78
5 3.56 0.171 133 4.25 0.148 153 4.45 0.204 111 4.27 0.362 63
6 3.52 0.205 111 417 0.177 128 4.27 0.245 93 4.19 0.434 52
7 3.49 0.239 95 4.11 0.207 110 421 0.288 79 413 0.506 45
8 3.46 0.273 83 4.05 0.236 96 4.16 0.325 70 4.07 0.578 39
9 343 0.307 74 4.01 0.265 86 4.11 0.362 63 4.03 0.650 35
10 341 0.341 67 3.96 0.294 77 4.06 0.405 56 3.98 0.722 31
11 3.39 0.375 61 3.93 0.323 70 4.02 0.444 51 3.94 0.794 29
12 3.37 0.409 56 3.89 0.352 64 3.99 0.487 47 3.91 0.866 26
13 3.35 0.443 51 3.86 0.382 60 3.96 0.522 44 3.88 0.937 24
14 3.34 0.477 48 3.83 0.411 55 3.92 0.572 40 3.85 1.009 23
15 3.32 0.511 44 3.80 0.440 52 3.90 0.613 37 3.82 1.081 21
16 3.31 0.545 42 3.78 0.469 48 3.88 0.641 35 3.79 1.153 20
17 3.30 0.579 39 3.75 0.498 46 3.85 0.687 33 3.77 1.225 19
18 3.28 0.613 37 3.73 0.527 43 3.82 0.736 31 3.75 1.297 18
19 3.27 0.647 35 3.71 0.556 41 3.80 0.771 29 3.73 1.369 17
20 3.26 0.681 33 3.69 0.586 39 3.80 0.807 28 3.71 1.441 16
21 3.25 0.715 32 3.67 0.615 37 3.77 0.845 27 3.69 1.513 15
22 3.24 0.750 30 3.66 0.644 35 3.75 0.884 26 3.67 1.585 14
23 3.23 0.784 29 3.64 0.673 34 3.73 0.926 25 3.65 1.657 14
24 3.22 0.818 28 3.62 0.702 32 3.71 0.970 23 3.64 1.729 13
25 3.21 0.852 27 3.61 0.731 31 3.70 1.015 22 3.62 1.801 13
36 3.14 1.226 19 3.47 1.052 22 3.56 1.454 16 3.49 2.592 9
50 3.07 1.703 13 3.36 1.460 16 3.44 2.019 11
55 3.05 1.873 12 333 1.606 14 3.40 2.220 10
64 3.01 2.179 10 3.28 1.868 12

2 Minimum water demand, tons of water required to fully dissolve a ton of CO, at equilibrium.
b Initial partial pressure of the waters varies. In pure water it is atmospheric, 0.000385 bars, but less than atmospheric in the HN-1 groundwater. The modelling was done
with the PHREEQC model using the PHREEQC.dat database (Parkhurst and Appelo, 1999).
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Gislason and Arndrsson, 1990; Oelkers and Gislason, 2001; Gysi
and Stefansson, 2008; Matter et al., 2009) including

Mg, Si04 +4H" — 2Mg?* + 2H,0 + SiOyaq) 3)

Forsterite

CaAl,Sir0g +8H" — Ca?* + 2AP" + 2Si055q) + 4H,0 (4)

Ca-plagioclase

and

SiA10_36Ti0_02 Fe(lI[)OOZ Cag_stgo_nge(Il)O_l7Na0_og 1(0_008 03_35 —0-672HJr

Basaltic glass
= Si*" + 0.36A1P" + 0.02Ti*" + 0.02Fe3+ + 0.17Fe2*
+0.26Ca%* + 0.28Mg?* + 0.08Na* + 0.008K"
+3.36H,0
(5)

The basaltic glass composition is that of Stapafell glass; this
composition is very close to that of Mid Ocean Ridge Basalts
(MORB) (Oelkers and Gislason, 2001; Gislason and Oelkers, 2003).
In addition to advancing carbonate precipitation by proton
consumption, reactions (3)-(5) also provide divalent metal cations
to further promote this precipitation. The dissolution reactions
(3)-(5) are fast compared with other silicate minerals with higher
Si/O ratios such as Na-, and K-rich-feldspars and quartz (e.g.,
Oelkers and Schott, 1995; Oelkers, 2001b; Pokrovsky and Schott,
2000; Wolff-Boenisch et al., 2004a). As such, mafic and ultramafic
rocks release divalent metals such as Ca at relatively rapid rates
(Wolff-Boenisch et al., 2006). Consequently, in situ mineralization
is believed to be effective in basalt or ultramafic rocks (e.g., McGrail
et al., 2006; Matter et al., 2007; Kelemen and Matter, 2008).
There is diverse evidence demonstrating the potential of CO,
sequestration in mafic and ultramafic rocks. First, despite the fact
that less than 10% of the Earth’s continental surface is covered by
basalt (see Fig. 1), it takes up ~33% of all the CO, consumed in the
form of alkalinity production during natural weathering of silicates
at the Earth’s surface (Dessert et al., 2003). Second, several well-
documented examples of carbonation of basaltic rocks are known,
such as through CO, metasomatism in a basalt-hosted petroleum
reservoir (Roger et al., 2006), hydrothermal alteration (Arndrsson,
1989; Gudmundsson and Arnoérsson, 2002; Neuhoff et al., 1999),
and surface weathering of basalt (Gislason and Eugster, 1987a;
Stefansson and Gislason, 2001; Gislason et al, 1996, 2009;
Flaathen et al., 2009). Third, enormous volumes of mafic and
ultramafic rocks are present on the Earth’s surface as shown for
terrestrial basalt in Fig. 1. For example, the Columbia River basalts
in the USA have a volume in excess of 200,000 km> and the Siberian
basalts have a volume greater than 1,000,000 km>. These large
volumes have correspondingly large CO, sequestration capacities:
McGrail et al. (2006) estimated that the Columbia River basalts

Fig. 1. Locations of terrestrial basalts that could serve as in situ mineral carbonation
sites (from Oelkers et  al., 2008).

alone have the capacity to sequester over 100 Gt of CO,. In
addition, low-permeability interbedded sediments and the imper-
meable massive basalt between the interflow zones provide a
barrier for vertical CO, migration. Furthermore, Goldberg et al.
(2008) demonstrated the large storage capacity of sub-oceanic
basalt formations. Thus, storage in basalts is now considered to be
among the most promising of the options for CO, storage
(O’Connor et al., 2003; Oelkers et al., 2008).

The rock demand for mineral sequestration of carbon is large. It
takes at least 5.9 tons of forsterite or 8.8 tons of basaltic glass to fix
one ton of carbon, assuming that the mineral and glass dissolve
completely and that all divalent cations end up in carbonates
(Oelkers et al., 2008). As such one of the major challenges in
mineral sequestration of CO, is to maximize the fraction of divalent
cations that precipitate within carbonates versus other secondary
minerals such as oxides, clays, and zeolites. Towards this goal
injection systems need to be fine-tuned with respect to reactive
surface areas, rate of injection and the partial pressure of CO-.

2.1. Optimizing silicate rock dissolution rates

The availability of divalent metal cations for carbonate
precipitation is enhanced by rapid dissolution rates of silicate
rocks. These dissolution rates can be enhanced in several ways
including choice of silicate rock, increasing the mineral-fluid
interfacial surface area, and choice of temperature/injection fluid
composition. These enhancement methods are described in detail
below:

e Crystallinity and rock composition affect dissolution rates as
demonstrated in Fig. 2 for the release rate of Ca* from silicates
at 25 °C and pH of 4. Ultramafic and basaltic rocks such as gabbro
and basaltic glass are rich in divalent cations and poor in silica;
their dissolution rates are relatively fast, resulting in cation
release rates that are about 2 orders of magnitude faster than
that of granite and rhyolite. In addition, glassy rocks release Ca?*
about 2 times faster than their fully crystalline counterparts as
shown in the figure (Wolff-Boenisch et al., 2006).

The mineral-fluid interfacial surface area can be maximized by
selecting porous rock formations and or causing hydro fracturing
during CO; injection. In the vicinity of the injection wells, the CO,
charged waters will be corrosive and dissolution will most likely
create reactive surface area. However, as the reaction progresses
downstream, secondary mineral formation could block the
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Fig. 2. Calculated Ca-release rates from the dissolution of granite, granodiorite,
diorite, gabbro, and natural glasses in highly undersaturated solutions, normalized
to geometric surface area at 25 °C and pH 4 (modified after Wolff-Boenisch et al.,
2006).
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reactive surface area, slowing dissolution of the primary rock
(Cubillas et al., 2005; Stockmann et al., 2008).

e Temperature/injection fluid composition can be varied to optimize
divalent cation release rates. The variation of basaltic glass
dissolution rates as a function of temperature, solution
composition, and saturation state can be described by (Daux
et al., 1997; Oelkers, 2001a; Gislason and Oelkers, 2003):

e (@) AG,
r=Asexp (R—Yf‘> (a H > (1 —exp <O‘RT)> (6)
A13+

where r denotes the geometric surface area normalized steady-
state dissolution rate, a; represents the activity of the subscripted
aqueous species, A, designates a pre-exponential factor equal to
2.5 x 10~® mol of Sijcm?/s, E4 refers to an activation energy equal
to 25.5 kJ/mol, R stands for the gas constant, and T signifies the
absolute temperature. According to Daux et al. (1997), the Temkin
parameter, o is equal to 1 when the hydrated basaltic glass layer is
normalized to one Si atom, and AG, refers to the Gibbs free energy
of the reaction for the dissolution of the hydrated basaltic glass
surface layer. The Temkin parameter represents the number of
moles of precursor or activated complexes formed from one mole
of the reacting mineral or glass as represented by its conventional
stoichiometry. For example, the precursor complex for alkali-
feldspar dissolution contains one Si atom, but the conventional
formula for the alkali feldspars contains 3 Si (e.g., KAlSi3Og). Three
moles of precursor or activated complexes are formed during the
dissolution of an alkali feldspar and thus o =3 (Gautier et al.,
1994).

Increasing temperature from 0 to 100 °C at pH 3.5, at fixed total
concentration of dissolved aluminium (10~ mol/kg), increases
dissolution rates by a factor of 60. But the same temperature
increase at pH 9 results in a 4.5 order of magnitude increase in
rates. Temperature can be increased by increasing the depth of
injection wells and or drilling into areas of high geothermal
gradients. The disadvantage is that at high temperature the
porosity of reactive rocks and therefore reactive surface area tend
to decrease, and the solubility of carbon dioxide in water decreases
with increasing temperature (e.g., Neuhoff et al., 1999; Table 1).

Fluid composition also affects rates. The higher the activity of
protons (i.e., the lower the pH), the higher the dissolution rate. The
pH also affects aqueous Al speciation. Its activity decreases faster
than the 3rd power of the proton activity when the AI(OH),~
becomes the dominating Al-species. This occurs at pH greater than
about 7 depending on the temperature. As a result, basaltic glass
dissolution rates increase with increasing pH at alkaline conditions
(Eq. (6)). The far-from-equilibrium dissolution rates of basaltic
glass and forsterite are compared as a function of pH at 25 and
30°C in Fig. 3. The dissolution rate of forsterite decreases
monotonically with increasing pH while the dissolution rate of
basaltic glass shows a distinct minimum in the circum-neutral pH
range before rising again at higher pH. The same applies also for
crystalline basalt and feldspars (Gudbrandsson et al., 2008; Chou
and Wollast, 1985). The pH of groundwaters in contact with
basaltic glass and ultramafic rocks, sealed off from atmospheric
CO, or other external CO, sources is high, ranging from 9 to 11
(Gislason and Eugster, 1987a,b; Gislason et al., 1996; Barnes and
O’Neil, 1969; Kelemen and Matter, 2008; Alfredsson and Gislason,
2009). In contrast, water saturated at 25 bar pressure of CO, and
25°C has 3.2 <pH < 4.0 (Table 1). As can be seen in Fig. 3,
decreasing pH from ~10 to 3.5 will increase forsterite dissolution
rates by about 2 orders of magnitude, but will negligibly change
basaltic glass dissolution rates.

Another method to enhance basaltic glass and feldspar
dissolution rates is to add ligands that complex aqueous Al
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Fig. 3. Measured far-from-equilibrium dissolution rates of forsterite at 25 °C and of
Stapafell basaltic glass at 30 °C, normalized to geometric surface area, as a function
of pH. Data from Pokrovsky and Schott (2000) and Gislason and Oelkers (2003).

(Oelkers and Gislason, 2001; Harouiya and Oelkers, 2004; Wolff-
Boenisch et al., 2004b; Flaathen et al., 2008). Flue gases from
power plants and aluminium smelters commonly contain SO, and
HF gases. These gas mixtures can be injected with the CO, to
enhance the dissolution rates of Al-silicates. Sulphate (S042~) and
fluoride (F~) can complex AI** according to

AP +504% = AI(SO,4)* (7)
APt +F = AIF** (8)
AIF?* 4+ F~ = AlF,* (9)

The formation of these complexes lowers aqueous Al** activity
and enhances Al-silicate dissolution rates (Wolff-Boenisch et al.,
2004b; Harouiya and Oelkers, 2004; Flaathen et al., 2008). The effect
of fluoride (F~) on basaltic glass dissolution rates is illustrated in
Fig. 4. Rates increase by one order of magnitude in the presence of
100 pmol/kg total dissolved F in the pH range of 3-5.

CO, injection conditions can be fine-tuned such that most of the
Al released by dissolution of Al silicates forms insoluble Al-Si
phases and Fe?* does not oxidize. This prevents the slowdown of
the primary Al-silicate dissolution rates due to increasing aqueous
AIP" activity and prevents the formation of secondary mineral
formation containing the divalent cations, or their oxidized ions,
aimed for carbonate precipitation. Minerals that could consume
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Fig. 4. Modelled far-from-equilibrium basaltic glass (48 wt% SiO,) dissolution rates,
normalized to geometric surface area, as a function of pH at 25 °C, 107 M Alcotan,
with (hatched curve) and without 1074 M Fyo concentrations (modified after
Wolff-Boenisch et al., 2004b).



S.R. Gislason et al./International Journal of Greenhouse Gas Control 4 (2010) 537-545 541

10
5 2 bar
=z
g 98] Si02
=
T 06 1
a .
£ Zeolites
L 04 - Mixed clays
vy
©
E 0.2 - Carbonates
= Si-Al minerals \
0.0 T T T
0 1 2 3 4
Time (years)
1.0
'g 10 bar
g o 5i02
I
£ .
- 061 Zeolites
Q
£ -
S 041 Mixed clays
L]
g 0.2- Carbonates
_E ~—
= Si-Al minerals
0.0 T T T
0 10 20 30
Time (years)
1.0
= 30 bar
2 08
= .8 4
8 Si02
=
B 0.6 Mixed clays
£
S
L 04
n
© Carbonates
£ oz
= Si-Al minerals
0.0 . T T
0 10 20 30

Time (years)

Fig. 5. Mole fractions of secondary minerals formed as a function of reaction
progress for groundwater in contact with basaltic glass saturated at 25 °C with 2, 10,
and 30bars CO,. Mixed clays include celadonite, Ca-Fe-Mg smectites, and
chlorites. Carbonates include calcite, dolomite, siderite, magnesite, and Mg-Fe
carbonate. Si-Al minerals include allophanes, imogolite, and kaolinite (from Gysi
and Stefansson, 2008).

these divalent and trivalent cations include iron and manganese
oxy-hydroxides, smectites, and zeolites. Model calculations
suggest that elevated partial pressure of CO, will enhance the
efficiency of the system as shown in Fig. 5 (Gysi and Stefansson,
2008). The higher the partial pressure of CO, the higher the fraction
of released divalent cations precipitating in carbonates.

3. The CarbFix project

The CarbFix project has been created to develop and optimize
practical and cost-effective technology for in situ carbon minerali-
zation in basalts. CarbFix includes field scale injection of CO,
charged waters into basaltic rocks, laboratory experiments, studies
of natural analogues, and state of the art geochemical modelling.
The project was established by Icelandic, French, and American
scientists and was officially launched in 2007. The main partners in
the project are Reykjavik Energy, University of Iceland, The Earth

CO, from condensers

- o
— '-\“7-‘&-,-_\‘

Steam, gases and water from

deep and hot geothermal wells Hellishei6i geathermal power plant

=)

Fig. 6. Aerial photograph of the Hellisheidi geothermal power plant and the CarbFix
injection site which includes an injection and several monitoring wells. The
geothermal power plant as a source of the CO, is approximately 3 km to the north of
the injection site. The moss covered post-glacial basaltic lava flows cover the
ground in the upper right part of the figure. The hill to the left of the power plantis a
hyaloclastite (broken glass) ridge. This formation is mostly basaltic glass, formed
under glacier during the last glaciations.

Institute at Columbia University in New York, and the Centre
National de la Recherche Scientifique/Université Paul Sabatier in
France.

The CarbFix injection site is located about 3 km south of the
Hellisheidi geothermal power plant in SW Iceland (see Figs. 6 and 7).
The geothermal power plant currently produces up to 60,000 tons of
CO, per year; this production will increase as the plant expands. This
CO, gasisaby-product of the geothermal energy production. The gas
originates from magma situated at few km depth. The geothermal
steam originates from the geothermal system and contains less than
1 wt% of geothermal gases as shown at the bottom of Table 2
(Stefansson and Fridriksson, 2007). The composition of the gas varies
with time, depending on which wells are in use. CO, concentrations
in the steam range from 60 to over 100 mmol/kg, with average gas
mole fractions of close to 0.6. This steam also contains important
quantities of other gases including H,S, H, and Ns.

Plans call for the complete dissolution of CO, in water during
injection, resulting in a single fluid phase entering the rock. Water
for thisinjection will be obtained from well HN-1 (Fig. 7). CO, will be
dissolved into this water as it is injected into well HN-2 at 25 bar
pressure at about 350 m depth. The water level in HN-2 is at about
100 m depth. The dissolution of carbon dioxide in water at
Hellisheidi is limited by the poor solubility of H, and N, in water.
These gases will contribute 83-92% of the total gas pressure at 25—
75 °C, whereas CO, will contribute only 6-15% of the total gas
pressure (Stefansson and Fridriksson, 2007). The dissolution of this
mixture of gases would require an unpractical amount of water as
shown in Table 1. Therefore, the various geothermal gases will be
separated in a pilot gas processing plant. The gases from the power
plant will be compressed and cooled. H,S will be separated from the
CO, and re-injected with the spent geothermal water into deep
geothermal reservoirs. Once separated from other gases, the amount
of water required to dissolve CO, depends on the temperature and
CO, partial pressure as described above (see also Table 1).

4. Geology and pre-injection characterization of the Hellisheidi
injection site

The rocks at the Hellisheidi site are of ultrabasic to basaltic
composition (~45 to 49% Si0,) and are both glassy and crystalline
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Fig. 7. A map of the Hellisheidi injection site in SW-Iceland. Wells used by the CarbFix project are marked with gray dots (modified from Alfredsson et al., 2008).

Table 2
Gas concentrations and mole fractions in steam at Turbines 1 and 2 at the Hellisheidi Power Plant®.
Turbine 1 Turbine 1 Turbine 1 average Turbine Turbine Turbine 2
06-5101 05-5102 mole fraction 2 06-5107 2 05-5112 average
(mmol/kg) (mmol/kg) (mmol/kg) (mmol/kg) mole fraction
CO, 103.044 102.693 0.625 59.808 60.122 0.559
H,S 32.629 32.178 0.197 27.047 26.976 0.252
H, 25.826 26.47 0.159 17.813 18.057 0.167
N, 2.834 2.62 0.017 1.803 2.153 0.018
CH, 0.22 0.246 0.0014 0.209 0.196 0.0019
0,+Ar 0.231 0.188 0.0013 0.104 0.218 0.0015
Total non-H,O gas in steam wt% 0.579 0.575 0.364 0.367

2 Analyses provided by Reykjavik Energy.

b 06-5101 was collected on 28/10/06 at 11.10a.m.-11.47 a.m.; 06-5102 was collected on 28/10/06 at 13.28 a.m.-14.02a.m.; 06-5107 was collected on 02/11/06 at

10.56a.m.-11.38 a.m.; 06-5112 was collected on 02/11/06 at 13.30a.m.-14.05a.m.

(Alfredsson et al., 2008). The majority of the rocks are of olivine
tholeiite composition. The crystalline lava flows on the surface
were formed after the last glaciations and are covered with moss
(post-glacial lava flows; right part of Fig. 6) but glassy ridges,
referred to as hyaloclastites (broken glass; upper left in Fig. 6),
were formed under ice during the last glaciation 11,500-110,000 y

ago (Saemundsson, 1980; Alfredsson et al., 2008). The magma that
formed the hyaloclastite ridges was quenched in the meltwater at
the eruption site, forming glass, crystalline rock fragments and
pillow lavas (e.g., Jones, 1969; Schopka et al, 2006). The
mountains seen in Figs. 6 and 7 are hyaloclastite ridges but the
flat lowland is covered with lava flows. A cross-section of the
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Fig. 8. NE-SW cross-section of the lithology at the CarbFix injection site. Boreholes are marked as columns. The first appearance of alteration minerals with depth is depicted
as black curves labelled with the mineral name. Estimated ages of the rock formations for the first 800 m are shown in the upper left of the section (modified from Alfredsson

et al., 2008).

injection site, from north east to south west together with the
location of injection and monitoring wells are shown in Fig. 8.

The youngest rock formations are the lavas enclosing the
Lambafell hyaloclastite ridge (Figs. 7 and 8) and are 2000-5000
year old. Temperature, age and alteration of the rocks increase with
depth. The target injection formation is at 400-800 m depth
consisting of basaltic lavas and hyaloclastite, with calcite and Ca-
zeolites as common alteration minerals (Alfredsson et al., 2008).
The temperature at the injection depth interval is between 30 and
50 °C. Some of the observation wells cut into the target injection
reservoir, whereas others are shallow wells in the near-surface
aquifer (Fig. 8).

Prior to CO, injection, which is scheduled to start early 2010, a
pre-injection field study was completed. Various methods have
been applied since 2007; including systematic monitoring of
groundwater chemistry, soil CO, flux measurements, and borehole
geophysical measurements. In addition, two tracer tests have been
conducted within the injection reservoir.

The waters in the shallow aquifer above 400 m depth are at 8-
12 °Cand are oxygen-rich. These waters have a pH between 7.7 and
8.4, have an in situ partial pressure of CO, that is close to
atmospheric CO, pressure and are undersaturated with respect to
calcite. The deeper wells are cased down to 400 m and extend
down to 800-2000 m as shown in Fig. 8. The most productive
aquifers are within the first 150 m below the casing. The waters
from the deeper wells are at 18-33 °C and are oxygen poor. The pH
of these waters ranges from 8.4 to 9.4, the partial pressure of CO, is
below that of the atmosphere and the waters are at saturation with
calcite, a common secondary mineral in the rocks (Alfredsson and
Gislason, 2009).

Diffuse CO, degassing has been measured on fresh snow by a
closed chamber method at selected sites within the injection area.
The results are shown in Fig. 9. The measurements were
performed on a 25 m by 25 m grid concentrated around the HN-
2 injection well, the HN-4 and HK-34 monitoring wells (see
Figs. 6-9), and on four traverses across the Threngsli valley,
downstream from the injection site. The total number of
measurements was 284. The average and uniform flux was around
3 gC0,/m?/day, corresponding to about 1000 tons of CO, per year

from each square kilometer. The maximum flux was about
20 gC0O,/m?/day but values higher than 10 gCO,/m?/day were
observed in only 5 locations. The average diffuse CO, flux in the
Threngsli valley was similar, albeit slightly lower than what has
been observed from vegetated soil that is not affected by

Fig. 9. Arial photo of the CarbFix injection site at Hellisheidi. The soil degassing
sample spots are superimposed on the figure. The colour of the spots indicates the
flux from O to 1830 gCO2/m?/day. The sample spots are concentrated around the
injection well (HN-2) and the first two monitoring wells (HN-4 and HK-34). The flux
is uniform with few excursions. The average flux is 3 gCO,/m?/day.
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Fig. 10. Observed (filled squares) and simulated Na-fluorescein concentration in
observation well HN-4. The simulated recovery curves assume three distinct flow
paths. The sum of the three channels fits the measured concentrations well; the
coefficient of determination is 96.8% (modified from Khalilabad et al., 2008).

geothermal degassing at Reykjanes (4.1 gCO,/m?/day; Fridriksson
et al., 2006) and Krafla (6 gCO,/m?/day; Armannsson et al., 2007).

A tracer test, using Na-fluorescein as a conservative tracer, was
carried out from November 2007. In addition, a large scale tracer
test with sulphur hexafluoride (SFs) and Na-fluorescein is ongoing
since June 2008. The preliminary tracer test was conducted as a
forced gradient test between two adjacent wells, HN-2 and HN-4
(note that well HN-4 is tilted; see Figs. 7 and 8). A flow field
between the two wells was induced by continuous injection of
water at a rate of 5 kg/s in well HN-2 and pumping of water at a
rate of 10kg/s from well HN-4. Operation of this doublet
commenced 3 days prior to tracer injection to develop a steady-
state flow field. A half a kilo of Na-fluorescein dye was then
released as a slug into well HN-02 (Axelsson, 2007; Khalilabad et
al., 2008). The distance between the two wells is 60 m at 400 m
depth and 360 m at 600 m depth. A one-dimensional dispersion
transport process was assumed to interpret the data as shown in
Fig. 10. This model neglects diffusion, adsorption, and retardation
(Axelsson et al., 2005). The preliminary tracer test revealed
preferential flow paths within the target reservoir, as reflected by
the first peak in Fig. 10, but that most of the basaltic bedrock
consists of a relatively homogeneous porous media (Axelsson,
2007; Khalilabad et al., 2008). This interconnected porous media
may provide high tortuosity and large reactive surface area
promoting CO,-water-rock interaction.

5. The CO, injection pilot study

Plans call for an initial test injection of 0.07 kg/s of CO,
dissolved in 2 kg/s of water at 19 °C. This translates to 2.2 thousand
tons of CO, per year. If successful, the experiment will be up-
scaled. Conservative tracers, such as trifluormethyl sulphur
pentafluoride (SFsCF3), and amidorhodamine G fluoresceint dye
will be mixed into the injected gas and water stream to monitor the
subsurface transport. As an additional constraint on the carbonate
mass balance, 14C labelled CO,, will be added to the injection water.
The CO, gas will be pumped into injection well HN-2, at about
25 bar total pressure and 350 m depth. The water stream will carry
CO, bubbles down-well to more than 500 m depth where the
hydrostatic pressure is over 40 bars, ensuring complete dissolution
of the CO, before entering the aquifer. The pH of the water after
dissolution at 25 bar in situ partial pressure of CO, is estimated to
be 3.7 and the dissolved inorganic carbon concentration (DIC) is
estimated to be ~1 mol/kg as shown in Table 1. Prior to water rock
interactions, most DIC will be in the form of dissolved carbonic acid

(H,CO3) whereas only a trivial amount of bicarbonate (HCO5 ™) will
form. As the CO, charged waters percolate through the rock the
dissolution of mafic minerals and glass will consume the protons
provided by the carbonic acid. As a result of these dissolution
reactions, combined with dilution and dispersion the pH of the
injected water will rise and alkalinity will increase. Concomitantly,
the concentration of dissolved elements will increase and
alteration minerals will form, resulting in mineral fixation of
carbon as suggested by Eq. (2) and Fig. 5.

Mineral precipitation may eventually clog pores in the host
basalt. The target zone is more than 2 km long, 1000 m wide, and
500 m thick as shown in Figs. 7 and 8. This is at least one cubic km
of basalt. Assuming 10% porosity of the rocks, of which only 10%
will eventually be filled with calcite, yields a 0.01 km? volume for
calcite precipitation. This volume can accommodate 12 million
tons of CO,. At the present CO, emission rate of magmatic CO,
from the geothermal power plant at Hellisheidi Iceland
(60,000 tons/year), it would take about 200 years to fill this
available pore space.

6. Conclusions

The thermodynamic and kinetic basis for mineral storage of
carbon dioxide in basaltic rock is described in this paper, and
how this storage can be optimized. Mineral storage is facilitated
by the dissolution of CO, gas into the aqueous phase. The water
density increases, once the gas is fully dissolved, minimizing its
tendency to flow towards the Earth’s surface. The feasibility to
fix CO, by carbonation in basaltic rocks will be tested by its
injection into basaltic rock at the Hellisheidi site south-west
Iceland in the year 2010.
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