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A B S T R A C T    
 
A thermodynamic dataset describing 36 mineral reactions of interest for CO2–water–basalt interaction asso-

ciated with CO2 mineral sequestration in basaltic formations is presented. Mineral selection for the dataset is 

based on extensive review of natural analogs of water–basalt interaction at low and elevated CO2 conditions. 
Widely used thermodynamic databases did not contain the mineral assemblage needed for successfully 
simulating the   alteration  processes observed in  nature as  important  primary and  secondary minerals 
were found  to  be  missing. 
The EQ3/6  V7.2b database is the  primary source for aqueous equilibrium constants in the  developed dataset 
but  reactions for  four  missing Al-hydroxy complexes were added. Recently published thermodynamic data 
were compiled for most of the minerals considered in this study. Mineral solubility constants obtained directly 
from measurements were compiled to the dataset without modification but SUPCRT was used for computing 
solubility constants when such data was not available. 
In order to verify that the presented dataset can capture alterations observed in nature, simulations of CO2– 
water–basalt interaction were carried out  at low  and elevated CO2  conditions and compared to observed ba- 
salt  alteration in Iceland and Greenland. Overall simulated and observed alteration are  in good  agreement, 
both at  low  and elevated CO2   conditions, suggesting the  dataset to  be  well  suited for  simulations of e.g. 
CO2–water–basalt interaction associated with CO2  mineral sequestration in basalts. 

 
 
 

1. Introduction 

 
Great advances have been made in geochemical computer simula- 

tions in recent decades. The creation and compilation of thermody- 
namic databases, along with improved computer  technology, laid 
the  basis  for this  development. The databases have  been used  with 
geochemical computer codes,  such  as  EQ3/6  (Wolery,  1983,  1992), 
WATCH  (Arnórsson  et   al.,   1982;   Bjarnason,  1994),  SUPCRT92 
(Johnson et  al., 1992), PHREEQC (Parkhurst et  al., 1980; Parkhurst 
and Appelo, 1999) and TOUGHREACT (Xu et al., 2006, 2011), allowing 
for rapid simulations of mineral solubility and  solute speciation in a 
variety of geochemical systems. The codes  differ  in complexity and 
ease  of use,  but  all accurately solve  for the  equilibrium assemblages 
of minerals and  aqueous species, and  mineral solubilities within the 
limits  of their thermodynamic databases. The quality of the results 
obtained is  directly related  to  the   quality of  the   databases used 
(Oelkers et al., 2009). 
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Among currently widely used databases are the SUPCRT databases, 
the EQ3/6 database, the LLNL thermochemical database (Delaney and 
Wolery, 1989) and THERMODDEM (Blanc et al., 2009), which specifical- 
ly focuses on nuclear waste systems. The SOLTHERM database devel- 
oped by Reed and Palandri (2006a) has also been substantially used  in 
numerical simulations of hydrothermal processes. LLNL and THERMO- 
DDEM are both based on the EQ3/6 database, which in turn is originally 
based on the SUPCRT database. SOLTHERM is to a large degree based on 
the database of Holland and Powell  (1998) and  SLOP.98 (Shock et al., 
1997; Plyasunova et al., 2004), the modified SUPCRT database (Reed 
and  Palandri,  2006b).  Many minerals and species thus have  similar 
properties in different databases while major differences can occur  for 
several minerals (e.g. Engi, 1992). 

Government and industry rely increasingly on the results of model 
calculations when addressing critical societal problems, such as nu- 
clear  waste storage and  remediation of toxic  waste plumes (Steefel 
et  al., 2005; Spycher et  al., 2007; Oelkers et  al., 2009). CO2  capture 
and  sequestration projects also  use  model calculations extensively 
in order to predict the  long-term fate of sequestered CO2  and  identify 
potential environmental effects, as emphasized in the  EU directive on 
geological CO2  storage (EU, 2009). As quality of modeling results is 
e.g., directly related to the quality of the thermodynamic database 
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used, compilation and evaluation of the databases is a necessary step
in all geochemical modeling work.

Even thoughwidely used databases often provide excellent predic-
tions when used in numerical modeling, they commonly lack impor-

the pseudomorphic replacement of zeolite and clay mineral assem-
blages with carbonates (siderite, magnesite, dolomite and calcite)
and quartz at temperature of ~80–125 °C. Carbonates associated
with the petroleum migration are rich in Mg and Fe, reflecting the

Basalt weathering, in Icelanda Low temperature
(b100 °C) geothermal
fields, Icelanda

Marraat at Nuussuaq,
W-Greenlandb

Amorphous or poorly
crystalline Mg, Fe and
Al hydroxides, allophane,
imogolite, kaolinite and clays

Quartz/chalcedony
celadonite, smectite,
chlorite, zeolitesc and
calcite

Magnesite, siderite,
dolomite, quartz
and calcite

a CO2 depleted water–basalt interaction.
b CO2 rich water–basalt interaction.
c E.g. analcime, chabazite, thomsonite, scolecite, phillipsite, mesolite, stilbite, steller-

ite and heulandite.

27E.S.P. Aradóttir et al. / Chemical Geology 304-305 (2012) 26–38

2

tant minerals for specific modeling tasks. Furthermore, they may not
contain new and/or improved data that is continuously being pub-
lished. Standard databases should, therefore, be thought of as being
a work in progress rather than a completed task.

This paper presents a thermodynamic dataset describing 36 min-
eral reactions of interest for CO2–water–basalt interaction. Mineral
selection for the dataset is based on extensive review of natural ana-
logs of water–basalt interaction at low and elevated CO2 conditions.
Compilation of the dataset is a part of modeling activities carried
out with the objective of developing multidimensional field scale re-
active transport models of CO2 mineral sequestration in Icelandic ba-
salts (see Aradóttir, 2011; Aradóttir et al., 2011), and references
therein for more detail). TOUGHREACT is used for the model develop-
ment and therefore thermodynamic data is published in
TOUGHREACT-style, i.e. log K values are provided at eight different
temperatures (0, 25, 60, 100, 150, 200, 250 and 300 °C). These tem-
perature values are commonly used by other computer codes as
well, e.g. the EQ3/6 code. Equilibrium constants can be incorporated
in the thermodynamic databases of these codes without further mod-
ification, provided that the databases used are set up with respect to
the basis set of aqueous species as used in this study.

2. Natural analogs of CO2–water–basalt interaction

Natural analogs of CO2–water–basalt interaction provide important
insight into the alteration mineralogy associated with CO2 mineral
sequestration. Natural analogs from Iceland and Greenland were
used to identify primary and secondary minerals that are likely to
be involved in CO2 geological storage in basaltic rocks. Basalt compo-
sitions can range from 100% glass to 100% crystalline (Gudbrandsson
et al., 2011). Crystalline glass consists predominantly of olivine, pla-
gioclase and pyroxene but to a lesser degree of Fe–Ti oxides and
sometimes also apatite.

Basalt weathering and alteration in low temperature (b100 °C) geo-
thermal fields in Iceland result from interaction of primary rocks with
low CO2 waters of meteoric origin (Rogers et al., 2006). Secondarymin-
erals commonly associated with basalt weathering by CO2 depleted
waters are amorphous or poorly crystalline hydroxides, allophane, imo-
golite, kaolinite and clay minerals such as Mg, Ca, and Fe rich smectites
(Arnalds, 1990; Crovisier et al., 1992; Wada et al., 1992; Arnalds et al.,
1995; Stefánsson and Gíslason, 2001). Alteration mineralogy in low
temperature geothermal fields in Iceland has e.g. been obtained by
studying alteration products of fossil systems, mainly in East Iceland
(Walker, 1960; Neuhoff et al., 1999), and from well drill cuttings
(Kristmannsdóttir and Tómasson, 1978). These studies indicate alter-
ation products to be dominated by clay minerals and zeolites, calcite
and amorphous silica, quartz and/or chalcedony. Similar studies have
been carried out for theHengill high-temperature system showingmin-
eral assemblages formed at higher temperature (Franzson et al., 2010;
Helgadóttir et al., 2010; Níelsson, 2011). Smectites, celadonite and
chlorites are the most commonly found clay minerals in association
with hydrothermal basalt alteration in Iceland. Commonly found
zeolites include analcime, chabazite, thomsonite, scolecite, phillipsite,
mesolite, stilbite, stellerite and heulandite.

Rogers et al. (2006) reported results of basalt alteration under
elevated CO2 conditions in Marraat at Nuussuaq, W-Greenland.
There, alteration of basalts formed regionally extensive, silica-
deficient zeolite-facies mineral assemblages that dominantly consist
of mixed-layer chlorite/smectite clays, thomsonite, natrolite, gonnar-
dite, analcime and chabazite. In the study area, faulting and fracturing
allowed for petroleum migration from sediments into the overlying
basalts. Migration of petroleum and the associated brine led to
interaction of a CO2 rich fluid with a picritic (i.e. Mg- and Fe-rich) ba-
salt. Only late stage carbonates in Marraat are calcium rich, the result
of depletion of aqueous magnesium and iron following precipitation
of magnesite–siderite solid solutions.

Table 1 gives a summary on secondary minerals commonly found
in association with basalt alteration.

3. Compatibility of widely used thermodynamic databases

Mineral assemblages compiled to the EQ3/6, LLNL, THERMODDEM
and SOLTHERM thermodynamic databases were reviewed with re-
spect to the minerals needed to simulate natural alteration processes
associated with CO2–water–basalt interaction at low and elevated
CO2 conditions.

All the databases lack basaltic glass as well as the primary crystal-
line minerals observed in Icelandic basalts, i.e. plagioclase, pyroxene
and olivine. The databases do, however, contain individual end-
member minerals for the crystalline minerals but these will not pro-
vide sufficiently good description of primary basaltic rock in Iceland
as the chemical compositions of plagioclase and pyroxene in particu-
lar are far from end-member compositions (see e.g. Gudbrandsson
et al., 2011).

Important secondary minerals are also missing from the databases.
EQ3/6 does not contain various Ca and Na zeolite end-members,
which are important for capturing observed zeolite formations in
numerical simulations. Different celadonite and chlorite end-
members are missing from the LLNL database along with some
important zeolites (e.g. chabazite and heulandite). THERMODDEM is
missing some zeolites, hydroxides as well as important clay minerals
and other silicates. The SOLTHERM database lacks many of the zeolites
and hydroxides observed in natural analogs of CO2–water–basalt
interaction.

As important minerals are missing from all the reviewed data-
bases, none of them was found to contain the mineral assemblage
necessary for successfully simulating CO2–water–basalt interaction
at low and elevated CO2 conditions. As a result, a database containing
the required mineral assemblage was developed.

4. Minerals and species in developed dataset

Table 2 summarizes the chemical composition of the minerals
considered in this study. The mineral selection is based on the natural
analogs of CO2 rich and depleted water–basalt interaction discussed
above.

Minerals are listed under the headings primary basaltic minerals
and glasses, silicates, hydroxides, carbonates and zeolites. Aqueous
species are listed separately. Dissolution reactions for the minerals

Table 1
Secondary minerals found in association with basalt alteration (see text for references).
Alteration is highly affected by CO2 concentration.



considered in the present study are shown in Table 3. All mineral dis-
solution reactions are written in terms of the same basis species
set (H2O, H+, HCO3

−, Al(OH)4−, Fe2+, Mg2+, Na+, K+, SiO2(aq), Cl−

and O ). Selection of basis species is primarily based on the find-

(titanomagnetite and ilmenite) and apatite are also common primary
minerals in Icelandic basalts. These were, however, not included in
the study due to their low abundance and significantly lower reactiv-
ity as discussed in more detail in Section 9.

Table 2
Chemical composition of the minerals and aqueous species considered in this study.

Group Mineral Chemical composition

Aqueous speciesa Al(OH)3 Al(OH)3
Al(OH)2+ Al(OH)2+

Al(OH)2+ Al(OH)2+

Al3+ Al3+

Primary minerals
and glasses

Basaltic glass SiAl0. 36Fe(II)0. 19Mg0. 28Ca0. 26Na0. 08O3. 31

Plagioclase Ca0.70Na0.30Al1.70SiO8

Pyroxene Ca0.35Mg0.42Fe0.23SiO3

Olivine (Mg0.80Fe0.20)2SiO4

Silicates Allophane Al2O3(SiO2)1.22(H2O)25

Amorphous silica SiO2

Antigorite Mg3Si2O5(OH)4
Ca-montmorillonite Ca0.167Al1.67Mg0.33Si4O10(OH)2
Celadonite KMgAlSi4O10(OH)2
Fe-celadonite KFeAlSi4O10(OH)2
Fe-chlorite Fe5Al2Si3O10(OH)8
Imogolite Al2SiO3(OH)4
Kaolinite Al2Si2O5(OH)4
K-montmorillonite K0.33Al1.67Mg0.33Si4O10(OH)2
Mg-Chlorite Mg5Al2Si3O10(OH)8
Mg-montmorillonite Al1.67Mg0.5Si4O10O10(OH)2
Moganite SiO2

Na-montmorillonite Na0.33Al1.67Mg0.33Si4O10(OH)2
Quartz SiO2

Hydroxides Amorphous Al
hydroxide

Al(OH)3

Fe(II) hydroxide Fe(OH)2
Fe(III) hydroxide Fe(OH)3

Carbonates Calcite CaCO3

Dolomite CaMg(CO3)2
Magnesite MgCO3

Siderite FeCO3

Zeolites Analcime Na0.96Al0.96Si2.04O6·H2O
Ca-chabazite CaAl2Si4O12·6H2O
Ca-heulandite CaAl2 Si7O18·6H2O
Laumontite CaAl2Si4O12·4.5H2O
Mesolite Ca0.666Na0.666Al2Si3O10·2.667H2O
Na-chabazite Na2Al2Si4O12·6H2O
Na-heulandite Na2Al2Si7O18·5H2O
Natrolite Na2Al2Si3O10·2H2O
Stellerite Ca2Al4Si14O36·14H2O
Stilbite Ca2NaAl5Si13O36·16H2O

a Four Al-hydroxy complexes were added to the EQ3/6 database, which is the
primary source of equilibrium constants for aqueous species in this study.
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2(aq)

ings of Stefánsson et al. (2001), who studied dominant aqueous spe-
cies in natural waters in the basaltic terrain of Iceland. All other
species and minerals in the dataset, are written in terms of the basis
species. The number of secondary species and minerals must be
equal to the number of independent reactions. Any of the secondary
species can be represented as a linear combination of the set of
basis species.

4.1. Aqueous species

The EQ3/6 V7.2b database (Wolery, 1992) is the primary source
for aqueous equilibrium constants used in this study. Four Al-
hydroxy complexes were, however, added to the dataset; AlOH2+,
Al(OH)2+, Al(OH)3 and Al(OH)4−. As discussed by Arnórsson (1999),
the dominant Al-hydroxy species in many natural waters is Al(OH)4−,
which is why it was selected as a primary species.

4.2. Primary minerals and glasses

Four primary minerals and glasses are considered in this study:
plagioclase, pyroxene, olivine and basaltic glass. Fe–Ti oxides
4.2.1. Basaltic glass
Basaltic glass from Stapafell, SW Iceland, was selected as a repre-

sentative for the glass phase. This was done, as the Stapafell glass
has been extensively studied especially with respect to dissolution
kinetics (e.g. Oelkers and Gíslason, 2001; Gíslason and Oelkers,
2003).

4.2.2. Crystalline basalt — olivine, plagioclase and pyroxene
Primary minerals of crystalline basalt, which in the current study

include olivine, plagioclase and pyroxene, all form solid solutions
between two or more end-members. Olivine and plagioclase
form binary solid solutions between forsterite (Fo, Mg2SiO4) and
fayalite (Fa, Fe2SiO4) and anorthite (An, CaAl2Si2O8) and albite (Ab,
NaAlSi3O8), respectively. The pyroxene considered here is augite, a
quaternary solid solution between enstatite (En, MgSiO3), ferrosilite
(Fe, FeSiO3), diopside (Di, Mg0.5Ca0.5SiO3) and hedenbergite (Hd,
Fe0.5Ca0.5SiO3). The specific composition of the solid solutions was
those given by Stefánsson (2001). The compositions are Fo80Fa20
for olivine, Di45Hd25En19Fs11 for pyroxene and An70Ab30 for
plagioclase.

4.3. Secondary minerals

32 secondary minerals are considered in this study. They are all
known to form in basalt weathering and alteration.

4.3.1. Silicates
Among clay minerals, smectites, celadonite and chlorite are all

commonly formed in basalt alteration in Iceland. Montmorillonite
was selected as a representative for smectites and allowed to precip-
itate as a solid solution between Ca, K, Mg and Na end-members.
Celadonite also forms solid solutions between Fe and Mg end-
members. Clinochlore and daphnite from Holland and Powell
(1998) were chosen as Mg- and Fe-rich chlorite end-members in a
precipitating solid solution.

Other common silicate weathering and alteration minerals in ba-
salts considered in this study include allophane, imogolite, kaolinite,
antigorite, amorphous silica, moganite and quartz. Moganite is a sili-
cate mineral with the chemical formula SiO2 that was initially
described by Flörke et al. (1976). Moganite is considered a polymorph
of quartz: it has the same chemical composition as quartz, but a
different crystal structure. A growing body of evidence reveals that
much of the silica that crystallizes at the Earth's surface is a finely
intergrownmixture of quartz and moganite. Chalcedony, for example
is made up of both moganite and quartz (Gíslason et al., 1997).

4.3.2. Hydroxides
The hydroxides considered in the study are amorphousAl hydroxide

and Fe(II) and Fe(III) hydroxide.

4.3.3. Carbonates
Carbonates considered in the current study include calcite, dolo-

mite, magnesite and siderite. The selection is based on carbonates
commonly associated with basalt weathering and low temperature
(b100 °C) thermal alteration, along with field observations from
Marraat, a basalt hosted petroleum reservoir in Nuussuaq,
West Greenland. Calcite is the only carbonate that is commonly
found associated with basalt weathering and low temperature alter-
ation in Iceland but three types of carbonates are found at Marraat:
magnesite–siderite solid solutions, dolomite with minor solid solu-
tions of ankerite and near stoichiometric calcite (Rogers et al.,
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2006). Siderite and magnesite are allowed to precipitate as a solid so-
lution, as observed in Marraat.

4.3.4. Zeolites

whereΔG0
f denotes the standard Gibbs free energy of formation of the

mineral in question from its elements in its stable phase at the refer-
ence pressure (Pr=1 bar) and temperature (Tr=298.15 K). STr, Pr

0 is
the standard molar entropy of minerals gases and aqueous species

Table 3
Dissociation reactions of the minerals and aqueous species considered in this study.

Group Mineral Dissolution reaction

Aqueous species Al(OH)3 Al(OH)3+H2O=Al(OH)4++H+

Al(OH)2+ Al(OH)2++2H2O=Al(OH)4++2H+

Al(OH)2+ Al(OH)2++3H2O=Al(OH)4++3H+

Al3+ Al3++4H2O=Al(OH)4++4H+

Primary minerals
and glasses

Basaltic glass SiAl0. 36Fe(II)0. 19Mg0. 28Ca0. 26Na0. 08K0. 008O3. 31+1.15 H++0.14H2O=SiO2(aq)+0.36 Al(OH)�4+
0.19Fe2++0.28Mg2+0.26Ca2++0.08Na++0.008K+

Plagioclase Ca0.70Na0.30Al1.70Si2.30O8+3.4H2O=0.70Ca2++0.30Na++2.3SiO2(aq)

Pyroxene Ca0.35Mg0.42Fe0.23SiO3+2H+=0.35Ca2++0.42Mg2++0.23Fe2++SiO2(aq)+H2O
Olivine (Mg0.80Fe0.20)2SiO4+4H+=1.60Mg2++0.40Fe2++SiO2(aq)+2H2O

Silicates Allophane Al2O3(SiO)2)1.22(H2O)2.5+2.5H2O=2Al(OH)�4+1.22SiO2(aq)+2H+

Amorphous silica SiO2(am)=SiO2(aq)

Antigorite Mg3Si2O5(OH)4+6H+=3Mg2++2SiO2(aq)+3H2O
Ca-montmorillonite Ca0.167Al1.67Mg0.33Si4O10(OH)2+2.68H2O=0.165Ca2++1.67Al(OH)�4+0.33Mg2++4SiO2(aq)+0.68H+

Celadonite KMgAlSi4O10(OH)2+2H+=K++Mg2++Al(OH)�4+4SiO2(aq)

Fe-celadonite KFeAlSi4O10(OH)2+2H+=K++Fe2++Al(OH)�4+4SiO2(aq)

Fe-chlorite Fe5Al2Si3O10(OH)8+8H+=5Fe2++2Al(OH)�4+3SiO2(aq)+4H2O
Imogolite Al2Si2O5(OH)4+3H2O=2Al(OH)�4+SiO2(aq)+2H+

Kaolinite Al2Si2O5(OH)4+3H2O=2Al(OH)�4+2SiO2(aq)+2H+

K-montmorillonite K0.33Al1.67Mg0.33Si4O10+2.68H2O=0.33K++1.67Al(OH)�4+0.33Mg2++4SiO2(aq)+0.68H+

Mg-chlorite Mg5Al2Si3O10(OH)8+8H+=5Mg2++2Al(OH)�4+3SiO2(aq)+4H2O
Mg-montmorillonite Al1.67Mg0.5Si4O10(OH)2+2.68H2O=0.50Mg2++1.67Al(OH)�4+4SiO2(aq)+0.68H+

Na-montmorillonite Na0.33Al1.67Mg0.33Si4O10(OH)2+2.68H2O=0.33Na++1.67Al(OH)�4+0.33Mg2++4SiO2(aq)+0.68H+

Quartz SiO2=SiO2(aq)

Hydroxides Amorphous Al hydroxide Al(OH)2+H2O=Al(OH)�4+H+

Fe(II) hydroxide Fe(OH)22H+=Fe2++2H2O
Fe(III) hydroxide Fe(OH)32H+=Fe2++0.25O2(aq)2.5H2O

Carbonates Calcite CaCO3+H+=Ca2++HCO3
−

Dolomite CaMg(CO3)2+2H+=Ca2++Mg2++2HCO3
−

Magnesite MgCO3+H+=Mg2++HCO�3
Siderite FeCO3+H+=Fe2++HCO3

−

Zeolites Analcime Na0.96Al0.96Si2.04O6 H2O+0.92H2O=0.96Na++0.96Al(OH)4−+2.04SiO2(aq)

Ca-chabazite CaAl2Si4O126H2O=Ca2++2Al(OH)4−+4SiO2(aq)+2H2O
Ca-heulandite CaAl2Si7O186H2O=Ca2++2Al(OH)4−+7SiO2(aq)+2H2O
Laumontite CaAl2Si4O124.5H2O+8H+=Ca2++2Al3++4SiO2(aq)+7.5H2O
Mesolite Ca0.67Na0.67Al2Si3O102.667H2O+8H+=0.67Ca2++0.67Na++2Al3++3SiO2(aq)+6.67H2O
Na-chabazite Na2Al2Si4O126H2O=2Na++2Al(OH)4−+4SiO2(aq)+2H2O
Na-heulandite Na2Al2Si7O185H2O=2Na++2Al(OH)4−+7SiO2(aq)+2H2O
Natrolite Na2Al2Si3O102H2O+2H2O=2Na++2Al(OH)4−+3SiO2(aq)

Stellerite Ca2Al4Si14O3614H2O=2Ca2++4Al(OH)4−+14SiO2(aq)+6H2O
Stilbite Ca2NaAl5Si13O3616H2O=2Ca2++Na++5Al(OH)4−+13SiO2(aq)+6H2O
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Zeolites are among the most common products of chemical inter-
action between groundwater and the Earth's crust during diagenesis
and low-grade metamorphism (Neuhoff et al., 2000). Zeolites consid-
ered here include analcime, chabazite, heulandite, laumontite, meso-
lite, natrolite, stellerite and stilbite. Chabazite and heulandite form
solid solutions between Ca- and Na-end-members. Stilbite and
stellerite can also precipitate as a solid solution.

5. Thermodynamic relations

The key to performing geochemical solubility and speciation cal-
culations stems from the laws of thermodynamics, stating that each
system attempts to attain the state of lowest free energy. In most sys-
tems of geologic interest, the property to be minimized is the Gibbs
free energy. The apparent standard molal Gibbs free energy (ΔG0

T;P)
of formation of minerals at temperature T and pressure P can be writ-
ten as (e.g. Helgeson et al., 1978):

ΔG0
T;P ¼ ΔG0

f −S0Tr ;Pr
T−Trð Þ þ ∫

T

Tr

C0
PdT

−T∫
T

Tr

C0
P

T
dTþ∫

P

Pr

V0dP

ð1Þ
at Tr and Pr, CP0 is the isobaric standard molar heat capacity at temper-
ature T and V0 is the standard molar isobaric volume.

The standard molar entropy (ST, P0 ) at a given temperature and
pressure is given by (Helgeson et al., 1978):

S0T;P ¼ S0Tr ;Pr
þ ∫

T

Tr

C0
Pd lnT−T ∫

P

Pr

∂V0

∂P

 !
P

 !
TdP: ð2Þ

Various relations describing the temperature variation of isobaric
heat capacities of minerals have been developed. The simplest, widely
used equation is most likely the Maier–Kelley power function (Kelley,
1960):

C0
P ¼ aþ bT þ cT−2 ð3Þ

where a, b and c are empirical fitting coefficients that are unique to
the specified mineral from Tr to T. Eq. (3) was e.g. widely used by
Helgeson et al. (1978) in the creation of their mineral thermodynamic
database. Other power functions describing isobaric heat capacities
for minerals have e.g. been developed by Haas and Fisher (1976)
and Berman and Brown (1985).
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According to Helgeson et al. (1978), the most reliable method
to obtain internally consistent thermodynamic data is through the
regression of experimentally measured equilibrium pressure and
temperature for a series of equilibria among minerals and/or a co-

6.1. Aqueous species

Arnórsson and Andrésdóttir (1999) described the temperature de-
pendence of the dissociation of Al-hydroxy complexes in aqueous so-

lati
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existing fluid phase. To perform these regressions, Helgeson et al.
(1978) assumed that entropy and heat capacity was known through
Eqs. (2) and (3), respectively. By assuming mineral volumes to be
independent of temperature and pressure, i.e.:

∫
P

Pr

V0dP ¼ V0 P−Prð Þ ð4Þ

integration of Eq. (1) yields:

G0
T ;P−G0

Tr ;Pr
¼ −S0Tr ;Pr

T−Trð Þ þ a T−Tr−T ln
T
Tr

� �� �

−
cþ bT2

r T
� �

T−Trð Þ2

2T2
r ⋅T

0
@

1
Aþ V0 P−Prð Þ:

ð5Þ

SUPCRT92 (Johnson et al., 1992) is a software package that applies
the method of Helgeson et al. (1978) for calculating the standard
molal thermodynamic properties of minerals, gases, aqueous species,
and reactions from 1 to 5000 bar and 0 to 1000 °C. SUPCRT92 was
used in the current study for calculating equilibrium solubility
constants for minerals when measured values could not be directly
incorporated to the dataset.

6. Methods

Sections 6.1 and 6.2 give detailed information on the methods
used for computing equilibrium constants for the dissociation reac-
tions of individual minerals and aqueous species given in Table 3. Re-
cently published thermodynamic data was compiled for most of the
minerals considered in this study. Generally, log K values of minerals
obtained directly from solubility measurements were incorporated
to the dataset without modification. In a few cases equilibrium
constants were taken from the EQ3/6 database but SUPCRT92
(Johnson et al., 1992) and the SLOP.98 modified SUPCRT database
(Shock et al., 1997; Plyasunova et al., 2004) was used for computing
log K values for other minerals. Attempts were made to maintain as
much consistency as possible within the developed dataset as de-
scribed in detail in following subsections.

In accord with the conventions adopted by Johnson et al. (1992),
the standard state for pure minerals and liquids in this study is unit
activity of the pure solid or liquid at any temperature and pressure.
The standard state for aqueous species is unit activity of the species
in a hypothetical one molal solution referenced to infinite dilution
at any temperature and pressure. The gas standard state corresponds
to unit fugacity at 1 bar and any temperature.

Table 4
Oxide dissolution reactions and equilibrium constants used for basaltic glass log K calcu
Oxide Dissolution reaction log K log K

0 °C 25 °C

SiO2(am)
a SiO2(aq)=SiO2(aq) −2.947 −2.714

Al2O3 (Corundum)b Al2O3+5 H2O=2Al(OH)�4+2H+ −63.369 −60.908
FeOb FeO+2 H+=Fe+2+H2O 15.228 13.532
MgO (Periclase)b MgO+2H+=Mg+2+H2O 23.742 21.335
CaO (Lime)b CaO+2H+=Ca+2+H2O 35.681 32.576
Na2Ob Na2O+2H+=2Na++H2O 73.075 67.427
K2Ob K2O+2H+=2K++H2O 9.879 84.041

a Gunnarsson and Arnórsson (2000).
b EQ3/6 database (Wolery, 1992).
lution by the following equations:

logK1 ¼ −39:183−64:84=T−29:515⋅10−6T2 þ 13:339 logT
logK2 ¼ 43:638−3272:37=T−9:745⋅10−6T2−16:354 logT
logK3 ¼ 16:962−2096:03=T−10:262⋅10−6T2−6:818 logT
logK4 ¼ 97:711−5237:63=T þ 9:840⋅10−6T2−35:498 logT

ð6Þ

where K1 to K4 represent equilibrium constants for stepwise dissocia-
tion of Al(OH)n3−n. The equations are valid in the range 0–350 °C at
1 bar below 100 °C and at vapor saturation pressures at higher tem-
perature and were used for computing log K values for the reactions
involving Al-hydroxy complexes in Table 3.

6.2. Primary basaltic minerals and glasses

Basaltic glass composition was taken from Oelkers and Gíslason
(2001). TiO2 and P2O5, which make up 1.564 and 0.195 wt.% of the
total glass composition, respectively, were ignored. This was done be-
cause titanium and phosphorus are not included in the system being
modeled. Ferric iron (Fe2O3) was stoichiometrically replaced with
ferrous iron (FeO) as using both oxidation states as primary species
can cause problems in numerical simulations. Equilibrium and supply
of O2(aq) governs oxidation of Fe(II) dissolved from primary minerals
to Fe(III) in the simulations, as shown in Table 3. Resulting chemical
composition of the Stapafell glass normalized to one Si atom is:
SiAl0.36Fe(II)0.19Mg0.28Ca0.26Na0.08K0.008O3.31.

Calculations of log(K) values for dissolution of basaltic glass are
based on a theoretical approach originally proposed by Paul
(1977) that considers the glass to be an oxide mixture. Thus, the
solubility of the material can be estimated from the ideal solid solu-
tion relation:

log Kð Þglass ¼ ∑
i

log Kið Þ þ∑
i
xi logxi ð7Þ

where x1 and Ki are the mole fractions and solubility products of the
glass-constituting oxides. Table 4 shows the oxide dissolution reac-
tions and log Ki values used for calculating equilibrium constants for
the basaltic glass at various temperatures. This method of estimat-
ing solubility products of borosilicate and aluminosilicate glasses
has already been successfully applied by e.g. Bourcier et al. (1992),
Advocat et al. (1998) and Leturcq et al. (1999). Techer et al.
(2001) also obtained a good result using the same approach to
model the dissolution of synthetic basaltic glass at 90 °C.

6.2.1. Crystalline basalt — olivine, plagioclase and pyroxene
Stefánsson (2001) derived the solubility constants of primary

minerals of basalt in pure water in the temperature range of

ons at different temperatures.
log K log K log K log K log K log K

60 °C 100 °C 150 °C 200 °C 250 °C 300 °C

−2.445 −2.202 −1.971 −1.802 −1.684 −1.605
−58.656 −56.998 −55.809 −55.425 −55.928 −57.757

11.580 9.799 8.039 6.626 5.437 4.381
18.580 16.082 13.638 11.702 10.101 8.716
29.011 25.7564 22.545 19.988 17.875 16.058
60.985 55.166 49.514 45.114 41.587 38.675
76.192 69.037 62.010 56.474 51.993 48.275
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0–350 °C at saturated water vapor pressure. The thermodynamic data
used by Stefansson is consistent with the data used in this study. As
Stefánsson also used the same primary species, reported log K values
for olivine, plagioclase and pyroxene could be incorporated to the

moganite, celadonite, chlorite, kaolinite, allophane and imogolite
and SUPCRT92 used along with the standard molal properties given
in Table 6 for computing corresponding log K values. Resulting values
were then converted to the reactions, shown in Table 3, by adding

d fo
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current dataset without further modification.

6.3. Secondary minerals

6.3.1. Silicates
Gunnarsson and Arnórsson (2000) determined the solubility of

amorphous silica and quartz in the temperature range of 0° to
350 °C at 1 bar below 100 °C and at Psat at higher temperature. They
retrieved the following temperature equations describing amorphous
silica and quartz solubility:

logKam:silica ¼ −8:476−485:24T−1−2:268⋅10−6T2 þ 3:068 logT ð8Þ

logKquartz ¼ −34:188þ 197:47T−1−5:851⋅10−6T2 þ 12:245 logT ð9Þ

where T is in K. Eqs. (8) and (9) were used for calculating equilibrium
constants for amorphous silica and quartz.

Gunnarsson et al. (2005) carried out magnesium silicate precipita-
tion experiments in alkaline solutions in the temperature range of 39°
to 150 °C and determined e.g. the solubility of poorly crystalline anti-
gorite. They retrieved the following temperature equation, describing
antigorite solubility:

logKantigorite ¼ 9303 ⋅T−1 þ 3:283 ð10Þ

where T is in K. Eq. (10) is valid in the temperature range of 0° to
200 °C and was used for calculating equilibrium constants for antigor-
ite dissolution.

log K values for montmorillonite were taken from the EQ3/6 data-
base (Wolery, 1992). Equilibrium constants for other silicates were
computed with SUPCRT92 using the molal properties in Table 6. Ther-
modynamic data for celadonite, Fe-celadonite and kaolinite was
taken from Holland and Powell (1998) but allophane and imogolite
data from Stefánsson and Gíslason (2001). Heat capacity polynomials
for allophane and imogolite were not found in the literature so com-
puted log K values cannot be extrapolated to temperature higher than
25 °C.

Gíslason et al. (1997) determined thermodynamic properties for
end-member moganite from 25° to 200 °C. Standard state enthalpy,
entropy and Gibbs free energy can be found in Table 6. The standard
state molal properties of moganite and the heat capacity function for
quartz (also shown in Table 6) were used to calculate equilibrium
constants for moganite at different temperatures. Calculations were
performed using SUPCRT92 and the slop98 database.

The thermodynamic properties of aqueous silica and silica poly-
morphs used in the current study are consistent with data published
by Gunnarsson and Arnórsson (2000), Rimstidt (1997) and Apps
(1970), which differ from the data of Helgeson et al. (1978) that is in-
corporated to the SUPCRT database. For consistency, SiO2(aq) was
replaced with quartz in the dissolution reactions given in Table 3 for

Table 5
Dissolution reactions and equilibrium constants for albite, anorthite and chalcedony use
montite, Ca-heulandite, stellerite and stilbite to the reactions shown in Table 3.
Mineral Dissolution reaction log K log K

0 °C 25 °C

Albitea NaAlSi3O8+2H2O=Na++Al(OH)�4+4SiO2(aq) −39.525 −37
Anorthitea CaAl2Si2O8+4H2O=Ca2++2Al(OH)�4+2SiO2(aq) −56.319 −54
Chalcedonyb SiO2(s)=SiO2(aq) −3.857 −3

a Arnórsson and Stefánsson (1999).
b EQ3/6 database (Wolery, 1992).
both the reaction and log K values for the dissolution of quartz to
SiO2(aq).

6.3.2. Hydroxides
Equilibrium constants for Fe(II) and Fe(III) hydroxide dissolution

were taken from the EQ3/6 database (Wolery, 1992). Standard state
enthalpy, entropy and Gibbs free energy for amorphous Al hydroxide
were obtained from Stefánsson and Gíslason (2001). Heat capacity
polynomials for Al hydroxide were not found in the literature. Equi-
librium constants for Al hydroxide can, therefore, not be extrapolated
to temperature higher than 25 °C.

6.3.3. Carbonates
Equilibrium constants for dissolution of calcite, dolomite andmag-

nesite were calculated with SUPCRT92 using thermodynamic data
from Holland and Powell (1998).

Bénézeth et al. (2009) investigated the solubility of siderite from
25 to 250 °C and obtained the following function that describes solu-
bility as a function of temperature:

logKsiderite ¼ 175:568
þ 0:0319⋅ Tð Þ−6738:483⋅ Tð Þ−1−67:898⋅ log Tð Þ ð11Þ

where T is in K. Based on Eq. (11), along with its first and second
derivatives with respect to T, Bénézeth et al. (2009) were able to
derive values for the Gibbs energy of formation, enthalpy of forma-
tion, entropy and siderite heat capacity. Corresponding values can
be found in Table 6. Eq. (11) was used directly to generate log K
values for the dissolution of siderite. As Bénézeth et al. (2009)
expressed the dissolution reaction in terms of CO3

2− instead of
HCO3

−, resulting log K values were transformed to the dissolution re-
action given in Table 3 by adding equilibrium reaction and corre-
sponding log K values between CO3

2− and HCO3
−.

6.3.4. Zeolites
Fridriksson et al. (2001) provide reference thermodynamic data

that can be used to compute log K values for stellerite and stilbite.
The authors derived their data from experimental studies and field
measurements of the solubility of stellerite–stilbite solid solutions
in geothermal waters. Their reference data for stellerite was calculat-
ed using Gibbs free energies from Helgeson et al. (1978) for reactants
and products, which differ from the reference data used in the current
dataset. For consistency with the study of Fridriksson et al., SUPCRT92
was used to compute log K values for the following reactions,
using the same reference data as these authors for all reactants and
products:

stelleriteþ Naþ ¼ albiteþ quartzþ 2Ca2þ þ 14H2O ð12Þ

stilbiteþ 4 chalcedony ¼ stelleriteþ albiteþ 2H2O: ð13Þ

r converting SUPCRT dissolution reactions and computed log K values for analcime, lau-
log K log K log K log K log K log K

60 °C 100 °C 150 °C 200 °C 250 °C 300 °C

.301 −35.241 −33.579 −32.098 −31.134 −30.732 −31.177

.579 −53.308 −52.581 −52.297 −52.622 −53.735 −56.186

.472 −3.106 −2.790 −2.470 −2.205 −1.988 −1.835
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The log K values obtained with SUPCRT92 were then converted for
the reactions, shown in Table 3, expressing the full dissolution of stel-
lerite and stilbite. In the case of stellerite, this was done by adding the
reactions and log K values for albite and quartz dissolution used in the

K values for the following reactions, using the same reference data
as Neuhoff for all reactants and products:

analcimeþ 0:84 quartz ¼ 0:96 albiteþH O ð14Þ

tudy
t ca
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present study to Eq. (12). For stilbite, on the other hand, reactions and
log K values for chalcedony, albite and stellerite were subtracted or
added to Eq. (13). Log K values used for quartz are those given in
Table 7 but values for albite and chalcedony are from the Yucca
Mountain thermodynamic database (Spycher et al., 2007), which is
consistent with the current dataset. Albite data is based on the work
of Arnórsson and Stefánsson (1999).

Thermodynamic data for other zeolites than stellerite and stilbite
was taken from Neuhoff (2000). Similar approach, as described
above for stellerite and stilbite, was used for computing log K values
for analcime, laumontite and Ca-heulandite as Neuhoff used different
reference data for obtaining thermodynamic properties for these
minerals. For consistency, SUPCRT92 was thus used to compute log

Table 6
Standard molar thermodynamic properties for minerals and species considered in this s
the volume (all properties at 1 bar and 298 K); a, b and c are the coefficients of the hea
Group Mineral 0
f G

0
f H S0 V0

kJ/mol kJ/mol J/mol/K cm3

Aqueous species Al(OH)3a

Al(OH)2+a

Al(OH)2+a

Al3+a

Primary minerals
and glasses

Basaltic glassb

Plagioclase −3906.5 −4108.2 217.9 100
Pyroxene −2835.3 −2888.5 166.3 65
Olivine −1919.7 −2022.9 114.4 44

Silicates Allophane −3227.90 −3512.22 267

Amorphous silicac

Antigorited

Ca-montmorillonitee

Celadonite −5464.11 −5844.48 287.00 140
Fe-celadonite −5127.78 −5497.32 318.00 142
Fe-chlorite −6535.56 −7153.99 545.00 213
Imogolite −2921.80 −3170.38 221
Kaolinite −3801.72 −4122.33 203.70 99
K-montmorillonitee

Mg-chlorite −8263.35 −8929.86 410.5 210
Mg-montmorillonitee

Moganitef −851.314 −900.723 58.245 22
Na-montmorillonitee

Quartzh

Hydroxides Amorph. Al hydroxide −1142.23 −1276.12 82.84 31.9
Fe(II) hydroxidee

Fe(III) hydroxidee

Carbonates Calcite −1128.81 −1207.54 92.50 36
Dolomite −2161.51 −2324.56 156.00 64
Magnesite −1027.74 −1111.59 65.10 28
Sideritei

Zeolites Analcime −3078.89 −3296.9 231.97 97
Ca-chabazite −7156.38 −7817.83 584.23 247
Ca-heulandite −9726.32 −10543.79 732.67 319
Laumontite −6800.52 −7387.49 483.91 209
Mesolite −5505.83 −5940.19 364.97 171
Na-chabazite −7115.17 −7784.31 619.51 247
Na-heulandite −9442.15 −10206.77 736.39 314
Natrolite −5318.31 −5720.06 359.83 169
Stellerite −19929.12 −21661.41 1605.11 666
Stilbite −20701 −22585.11 1622.94 664

a log K values for aqueous Al species were calculated using Eq. (6).
b log K values for basaltic glass were calculated using Eq. (7).
c log K values for amorphous silica were calculated using Eq. (8).
d log K values for antigorite were calculated using Eq. (10).
e log K values from the EQ3/6 database (Wolery, 1992).
f Moganite molar volume and heat capacity function assumed to be the same as for quar
g From Helgeson et al. (1978).
h log K values for quartz were calculated using Eq. (9).
i log K values for siderite were calculated using Eq. (11).
2

laumontite ¼ leonharditeþ H2O
¼ wairakiteþ 2:5 H2O
¼ anorthiteþ 2 quartzþ 4:5 H2O

ð15Þ

Ca�heulandite ¼ leonharditeþ 3 quartzþ 2:5H2O
¼ anorthiteþ 5 quartzþ 6H2O: ð16Þ

The log K values obtained with SUPCRT92 for reactions 14–16
were then converted to the reactions shown in Table 3 that express
the full dissolution of analcime, laumontite and Ca-heulandite by
adding reactions and log K values for the corresponding minerals.
log K values for anorthite were taken from the Yucca Mountain

. 0f G is the Gibbs free energy of formation, 0f H enthalpy of formation, S is the entropy, V
pacity polynomial Cp=a+bT+cT−2.
a b (102) c (105) Tmax Reference

/mol J/mol/K J/mol/K2 J K/mol °C

.8 563.2 −10.875 −0.0033 350 Stefánsson (2001)

.78 394.7 −4.291 −0.0641 350 Stefánsson (2001)

.18 105.09 6.797 −0.1295 350 Stefánsson (2001)
Stefánsson and
Gíslason (2001)

.4 741.2 −1.8748 −23.688 Holland and Powell (1998)

.5 756.3 −1.9147 −15.861 Holland and Powell (1998)

.40 1237.4 1.3594 −37.430 Holland and Powell (1998)
Stefánsson and Gíslason (2001)

.52 436.7 −3.4295 −40.559 Holland and Powell (1998)

.9 1161.8 1.0133 −76.573 Holland and Powell (1998)

.69g 47.00g 3.4317g −11.300g Gíslason et al. (1997)

6 25 Stefánsson and Gíslason (2001)

.89 140.9 0.5029 −9.507 Holland and Powell (1998)

.34 305.89 −0.4905 0 Holland and Powell (1998)

.03 186.4 0 0 Holland and Powell (1998)

.43 132.5 25.55 −2.13 325 Neuhoff (2000)

.45 564.18 90.33 −159.2 40 Neuhoff (2000)

.27 742.54 63.22 −142.79 −70 Neuhoff (2000)

.68 582.22 14.48 −89.94 725 Neuhoff (2000)

.6 201.26 66.05 −20.34 200 Neuhoff (2000)

.45 591.72 91.92 −164.76 40 Neuhoff (2000)

.27 722.37 60.31 −140.11 −70 Neuhoff (2000)

.22 301.40 37.79 −48.63 290 Neuhoff (2000)

.5 1787.92 63.31 −357.65 230 Fridriksson et al. (2001)

.7 1961.68 60.18 −394.39 230 Fridriksson et al. (2001)

tz.
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thermodynamic database (Spycher et al., 2007) and are based on the
work of Arnórsson and Stefánsson (1999). Table 5 gives the dissolu-
tion reactions and equilibrium constants for albite, anorthite and
chalcedony used for converting SUPCRT dissolution reactions and

8. Database evaluation

In order to verify that the dataset presented in Tables 2–7 delivers
reliable results, simulations of CO –water–basalt interaction were

spec
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computed log K values for analcime, laumontite, Ca-heulandite, stel-
lerite and stilbite to the reactions shown in Table 3.

Neuhoff used a method based on summation of the contributions
of compositional units to thermodynamic properties for the remain-
ing zeolites considered in this study, i.e. Ca,Na-chabazite, Na-
heulandite, mesolite and natrolite (see Neuhoff et al., 1999), for
further detail). For consistency, SiO2(aq) was replaced with quartz in
the dissolution reactions of these zeolites when computing log K
values with SUPCRT92, and the results corrected afterwards by add-
ing dissolution of quartz to SiO2(aq).

7. Results

Tables 6 and 7 show, respectively, standard molal thermodynamic
properties for the minerals considered in this study along with their
corresponding equilibrium constants at eight different temperatures
(0, 25, 60, 100, 150, 200, 250 and 300 °C). The equilibrium constants
presented in Table 7 can be incorporated into other thermodynamic
databases without further modification, provided that the databases
used are set up with respect to the basis set of aqueous species as
used in this study.

Table 7
Equilibrium solubility constants for the dissociation reactions of minerals and aqueous
Group Mineral log K log K

0 °C 25 °C

Aqueous species Al(OH)3 −14.280 −13.203
Al(OH)2+ −31.577 −29.842
Al(OH)2+ −37.603 −35.167
Al3+ −43.426 −40.151

Primary minerals and glasses Basaltic glass 6.697 5.305
Plagioclase −20.14 −18.80
Pyroxene 11.68 10.45
Olivine 30.03 26.72

Silicates Allophanea −72.531 −69.345
Amorphous silica −2.947 −2.714
Antigorite 37.340 34.485
Ca-montmorillonite −68.299 −64.649
Celadonite −34.003 −32.408
Fe-celadonite −39.016 −36.989
Fe-chlorite −37.081 −37.959
Imogolitea −71.820 −68.672
Kaolinite −80.765 −76.567
K-montmorillonite −68.767 −64.932
Mg-chlorite −20.662 −23.063
Mg-montmorillonite −68.287 −64.687
Moganite −3.035 −2.883
Na-montmorillonite −68.347 −64.593
Quartz −4.068 −3.746

Hydroxides Amorphous Al hydroxidea −32.325 −30.861
Fe(II) hydroxide 15.341 13.821
Fe(III) hydroxide −3.036 −2.832

Carbonates Calcite 2.285 1.913
Dolomite 4.286 3.354
Magnesite 2.965 2.310
Siderite −0.274 −0.847

Zeolites Analcime −34.577 −32.703
Ca-chabazite −70.061 −66.850
Ca-heulandite −68.380 −64.719
Laumontite −50.641 −47.889
Mesolite −67.155 −64.158
Na-chabazite −68.380 −64.719
Na-heulandite −79.308 −75.060
Natrolite −65.657 −62.468
Stellerite −67.948 −65.077
Stilbite −190.005 −180.118

a Temperature dependence of heat capacity unknown so log K cannot be extrapolated to
2

carried out at low and elevated CO2 conditions and compared to ob-
served alteration in Iceland and Greenland. First, basalt alteration
in the Hellisheidi CO2 injection site in SW-Iceland was simulated. Sec-
ond, elevated CO2–water–basalt interaction simulations were carried
out in order to see if alteration assemblages observed in the basalt
hosted petroleum reservoir in Marraat, W-Greenland could be
regenerated.

8.1. Basalt alteration in Hellisheidi

A pilot scale CO2 injection is ongoing in Iceland with the objective
of assessing the feasibility of in situ CO2 mineral sequestration in ba-
saltic rocks (see e.g. Matter et al., 2008; Oelkers et al., 2008; Gíslason
et al., 2010; Aradóttir et al., 2011, for further detail). Extensive re-
search has been conducted in order to characterize the pilot injection
site at Hellisheidi with respect to stratigraphy, hydrology as well as
other physical and chemical properties (e.g. Alfredsson et al., 2008;
Rezvani Khalilabad et al., 2008; Gíslason et al., 2010; Helgadóttir
et al., 2010; Aradóttir et al., 2011; Níelsson, 2011). Near horizontal
sequences of basalt lavas and basaltic glass formations govern the
bedrock. Common alteration minerals in the low-temperature region

ies considered in this study.
log K log K log K log K log K log K

60 °C 100 °C 150 °C 200 °C 250 °C 300 °C

−11.950 −10.765 −9.552 −8.579 −7.826 −7.322
−28.109 −26.807 −25.916 −25.661 −24.858 −26.874
−32.615 −30.513 −28.752 −27.738 −27.389 −27.793
−36.644 −33.614 −30.802 −28.780 −27.439 −26.897
3.609 1.995 0.322 −1.121 −2.481 −3.926
−17.38 −16.46 −15.54 −14.94 −14.62 −14.68
8.97 7.58 6.23 5.14 4.22 3.38
22.91 19.34 15.89 13.15 10.86 8.83
– – – – – –

−2.445 −2.202 −1.971 −1.802 −1.684 −1.6050
31.207 28.214 25.268 22.945 21.065 19.514
−61.307 −58.714 −56.540 −55.271 −54.945 −55.998
−30.951 −29.928 −29.326 −29.365 −30.086 −31.721
−35.055 −33.621 −32.641 −32.405 −32.920 −34.399
−39.741 −41.971 −44.927 −48.222 −52.206 −57.541
– – – – – –

−72.311 −68.822 −65.855 −64.115 −63.586 −64.641
−61.378 −58.587 −56.216 −54.785 −54.322 −55.252
−26.499 −30.120 −34.305 −38.455 −43.044 −48.809
−61.402 −58.857 −56.728 −55.490 −55.189 −56.260
−2.676 −2.469 −2.261 −2.108 −2.010 −1.966
−61.127 −58.410 −56.102 −54.714 −54.281 −55.232
−3.355 −2.981 −2.608 −2.325 −2.122 −1.991
– – – – – –

12.077 10.491 8.931 7.684 6.635 5.701
−2.555 −2.253 −1.910 −1.616 −1.384 −1.224
1.377 0.770 0.018 −0.752 −1.583 −2.561
2.019 0.524 −1.303 −3.138 −5.073 −7.280
1.423 0.478 −0.625 −1.689 −2.776 −3.978
−1.554 −2.277 −3.065 −3.715 −4.201 −4.459
−31.029 −29.705 −28.531 −27.772 −27.485 −27.950
−63.599 −60.924 −58.714 −57.609 −57.707 −59.455
−60.907 −57.658 −54.799 −53.102 −52.646 −53.865
−44.868 −42.177 −39.671 −37.986 −37.132 −37.308
−61.162 −58.700 −56.630 −55.542 −55.548 −57.108
−60.907 −57.658 −54.799 −53.102 −52.646 −53.865
−70.513 −66.528 −62.892 −60.564 −59.620 −60.488
−59.230 −56.512 −54.139 −52.755 −52.461 −53.714
−62.195 −59.853 −57.928 −56.984 −57.135 −58.8450
−170.786 −163.192 −155.473 −152.258 −150.815 −153.504

temperature higher than 25 °C.
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(Tb100 °C) include clay minerals, calcite and zeolites. At higher tem-
perature, pyrite, quartz, epidote and prehnite become abundant. The
horizontal zeolite zones so commonly found in Iceland and initially
described by Walker (1960) are clearly detectable at Hellisheidi.

Initial water composition was also assumed to be the same as that
given in Table 8, except that CO2 (DIC) concentrations equaled
Henry's law saturation at 10, 20, 30 and 40 bar CO2 pressure. Simula-

Table 8
Initial watera (in mmol/L) and primary rock composition (in volume fraction of rock)
used in simulations.

Initial water composition Primary rock composition

Component Concentration (mmol/L) Mineral Volume fraction of rock

pH/°C 5.70/20 Plagioclase 0.43
CO2 (DIC) 0.516b Pyroxene 0.39
Si 0.426 Olivine 0.13
Na 0.295 Basaltic glass 0.05
O2 0.283
Cl 0.271
Ca 0.184
Mg 0.154
K 0.025
Fe 0.0002
Al 0.0001

a Well HK-21, Hellisheidi, Reykjavik Energy database.
b CO2 concentration equaled Henry's law saturation at 10, 20, 30 and 40 bar CO2

pressure in simulations of water–basalt interaction under elevated CO2 conditions.
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Fig. 1 gives a simplified view of the alteration zones along with their
approximate depth and temperature range.

8.2. Simulations

A series of batch simulations involving low pCO2 water–basalt in-
teractions were carried out in the temperature and pressure range
corresponding to conditions between 200 and 1000 m depth below
surface in Hellisheidi (i.e. between 5 and 120°C and 10–110 bar, re-
spectively). Initial water composition was that of the shallow well
HK-21 in Hellisheidi. The water is of non-geothermal origin and
only a few years old (Árnason et al., 1969). Basaltic glass, plagioclase,
olivine and pyroxene were used as primary minerals in the batch sim-
ulations. Initial water and bedrock compositions are given in Table 8.
All secondary minerals in the dataset presented in Tables 2, 3, 6 and 7
were compiled as potential alteration minerals in the simulations,
which were run for up to 10,000 years using the TOUGHREACT simu-
lator. Equilibrium and supply of O2(aq) governs oxidation of Fe(II) dis-
solved from primary minerals to Fe(III) in the simulations, as shown
in Table 3.

In order to see what effect elevated CO2 conditions have on basalt
alteration, simulations were also carried out with pCO2 as high
as 40 bar and results compared to the basalt alteration in Marraat,
W-Greenland, reported by Rogers et al. (2006) and described in
Section 2. Primary rock composition was assumed to be the same as
in Hellisheidi as corresponding data from Greenland was lacking.
Fig. 1. Alteration zones in Hellisheidi along with their approximate depth and temper-
ature range.
tions carried out did thus only involve single phase conditions.

8.3. Results

Fig. 2 shows comparison of observed and simulated alteration
mineralogy in Hellisheidi. Overall there is good agreement between
simulated alteration and alteration observed in the field. Results for
clay minerals, simple oxides and hydroxides, calcite and SiO2(s) are
in good agreement with field observations and same goes for chaba-
zite, mesolite, laumontite, heulandite and stilbite–stellerite. Analcime
is observed in Hellisheidi between 400 and 800 m depth but does not
form in simulations as dissolved Na appears to preferably go into stil-
bite–stellerite, most likely due to more flexibility in the solid solution
compared to the fixed analcime composition. Upon removal of stel-
lerite–stilbite from potential alteration minerals, analcime formed
instead.

Elevating CO2 concentrations of initial water in the batch series
simulations completely changed the picture shown in Fig. 2. At ele-
vated CO2 conditions, substantial formation of quartz, moganite
and/or amorphous SiO2 inhibits the uptake of Ca, Mg and Fe into ze-
olites and clay minerals. As a result, the clays and zeolites shown in
Fig. 2 are replaced by magnesite, siderite, dolomite and also calcite
at temperature above 50 °C. Al is removed into hydroxides and sim-
ple aluminum silicates. These results are in good agreement with re-
ports from Marraat in Greenland, which are summarized in Table 1.
In Marraat, migration of petroleum into altered basalt led to the
pseudomorphic replacement of zeolite and clay mineral assemblages
with carbonates and quartz. Magnesite–siderite solid solutions
and dolomite predominantly formed at Marraat but at later stages,
also calcite. Simulated basalt alteration under elevated CO2 condi-
tions are also in good agreement with batch experiments carried
out by Gysi (2011) aimed at studying basaltic glass alteration under
elevated CO2 pressures (7–24 bar) and hydrothermal conditions
(75–250 °C). Between 75 and 150 °C, alteration minerals mainly con-
sisted of Ca–Mg–Fe carbonate solid solutions and SiO2 minerals. The
mineral assemblage observed in the experiments thus compares
nicely with the assemblage predicted by the batch simulations.
Fig. 3 compares the simulations carried out to natural observations
in Greenland and experiments carried out by Gysi (2011). Larger un-
certainties are associated with natural pressure and temperature
conditions in Fig. 3 than the data shown in Fig. 2. Fig. 3 nevertheless
shows good conformity between the overall alteration mineral
assemblages observed in Greenland, laboratory experiments and
simulations carried out in this study.
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9. Discussion

The batch simulations described above were carried out in order
to evaluate how well the developed dataset was able to reproduce al-

100 bar, the increase in calcite solubility in freshwater and seawater
was estimated to be around 0.2 to 0.25 at 25 °C (see Figs. 5 and 6 in
Millero, 1982). This translates into a difference of less than 0.11 in
the log K solubility of calcite, which is likely to be within the uncer-

Fig. 2. Comparison between observed and simulated basalt alteration under low CO2 conditions in Hellisheidi. Observed alteration is mainly based on drill cuttings from several
wells in the area. Calcium carbonate is either found as calcite or aragonite in Hellisheidi and silicon dioxide as quartz, chalcedony or SiO2(am). Thomsonite, scolecite and mordenite
were not compiled as potential secondary minerals as the published thermodynamic data for these zeolites resulted in unrealistic results (see text).
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terations close to what is observed in nature. Match between mod-
eled and natural alterations was good for both low and elevated CO2

conditions, which implies that the dataset should be well suited for
geochemical simulations of CO2 mineral sequestration in basalts as
well as other CO2–water–basalt interaction processes. Data from nat-
ural analogs of basalt alteration under low CO2 conditions was abun-
dant, e.g. due to extensive studies of well drill cuttings in Iceland,
whereas data from natural analogs of basalt alteration under elevated
conditions was not as comprehensive. Consequently, it was not possi-
ble to compare modeled and observed basalt alteration at elevated
CO2 conditions in as much detail as at low CO2 conditions. Looking
forward, it is of great importance to acquire more detailed laboratory
and field data on water–basalt interaction under elevated CO2 condi-
tions as that would allow for a more detailed fine-tuning of thermo-
dynamic databases.

The thermodynamic dataset presented in this contribution pro-
vides data at 1 bar pressure up to 100 °C, and along the boiling
curve of water at higher temperature. The simulations carried out,
however, involve pressure above 1 bar at temperature below 100 °C,
which introduces some uncertainties into simulation results. Millero
(1982) studied the effect of pressure on the solubility of minerals in
water and seawater and showed that between 10 and 100 bar, pres-
sure changes only had a very slight effect on silicate solubility and
only a small effect on calcite solubility. At the maximum pressure of
tainty in the calcite solubility, given that there are numerous
substituting cations in calcite (such as Mg and Sr) that reduce the sol-
ubility of calcite but are not taken into account in the thermodynamic
description of calcite. According to the results of Millero (1982), un-
certainties associated with applying the developed dataset in simula-
tions involving pressure above 1 bar at temperature below 100 °C,
should therefore be small.

This study considered plagioclase, pyroxene, olivine and basaltic
glass as primary phases in basalt. Fe–Ti oxides (titanomagnetite
and ilmenite) and apatite were thus omitted. This was done in
view of the necessity of constraining and simplifying the simulated
system. Multidimensional field scale reactive transport simulations
of CO2 mineral sequestration in basalts are extremely computation-
ally demanding and it is, therefore, important to limit the number
of species and minerals included in the models. Fe–Ti oxides and
apatite have been reported to be of low abundance (see e.g.
Gudbrandsson et al., 2011) and low reactivity (Arnórsson et al.,
2002) in Icelandic basalts. Arnórsson et al. (2002) studied primary
mineral saturation in basalt hosted groundwaters in N-Iceland and
showed that the waters were under-saturated with respect to pla-
gioclase and olivine and close to saturation with augite, while
being over-saturated with titanomagnetite at temperature below
70 °C and highly over-saturated with respect to apatite. In view of
this, it was found satisfactory to only consider plagioclase, pyroxene,
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olivine and basaltic glass as primary phases of basalts in Iceland.
Stefánsson (2001) has estimated the mineral solubility of various
apatite and Fe–Ti oxide end-members and the resulting values can

considered here for the following reasons. Epistilbite, gismondine
and levyne were omitted as thermodynamic data for these zeolites
was not found in the literature. The published thermodynamic data
found for phillipsite (from the EQ3/6 database, Wolery, 1992), scole-

Fig. 3. Comparison between simulations, natural observations and laboratory experi-
ments of basalt alteration under elevated CO2 conditions. Formation of quartz, moganite
and/or amorphous SiO2 inhibits the uptake of Ca, Mg and Fe into zeolites and clay min-
erals, which facilitates the formation of calcite, dolomite and magnesite–siderite. Al is re-
moved into hydroxides and simple aluminum silicates. Larger uncertainties are associated
with natural temperature (and pressure) conditions than in Fig. 2, which complicates
comparison with alteration as a function of temperature. Good agreement does however
exist between overall alteration mineral assemblages observed in Greenland, laboratory
experiments and simulations carried out in this study.

36 E.S.P. Aradóttir et al. / Chemical Geology 304-305 (2012) 26–38
be included in the current dataset without modification. Adding
these minerals to future simulations would therefore not require
much additional work, only faster geochemical simulators for the
simulations to be practical.

Ferric iron can account for a significant amount of iron in basaltic
glass (e.g. Oelkers and Gíslason, 2001). Using both iron oxidation
states as primary species in reactive transport simulations is a chal-
lenging task due to limited knowledge on kinetics between the
two oxidation states. Ferric iron was, therefore, stoichiometrically
replaced with ferrous iron in the basaltic glass considered in this
study. As Fe(II) is released during simulated dissolution, equilibrium
and supply of O2(aq) governs oxidation of Fe(II) to Fe(III), as shown
in Table 3. Experimental data on the kinetics of redox reactions be-
tween Fe(II) and Fe(III) are needed in order to improve numerical
models with respect to iron.

In addition to the 10 zeolites found in the dataset, gismondine,
levyne, phillipsite, scolecite, mordenite and thomsonite are also com-
mon secondary minerals in basalt. These zeolites are, however, not
cite, mordenite and thomsonite (from Neuhoff et al., 1999) gave
unrealistic results in simulations of CO2–water–basalt interaction.
When these particular zeolites were included in geochemical simula-
tions they precipitated in such immense quantities that all other al-
teration reactions became derailed and simulation results were
unrealistic. This could have been the result of uncertainties or errors
in the published thermodynamic data or due to the non-ideality
(Neuhoff and Bird, 2001; Fridriksson et al., 2003a,b; Neuhoff et al.,
2003) and cation exchange mechanisms observed in zeolites
(Fridriksson et al., 2004), both of which current reaction path and re-
active transport models are not capable of simulating. Consequently,
phillipsite, scolecite, mordenite and thomsonite had to be omitted
from this study. It would be of great importance for numerical model-
ing of CO2 mineral sequestration in basalts if the solubility constants
of these zeolites could be re-evaluated in laboratory experiments in
the near future.

Simulations described in this paper were aimed at evaluating how
well the developed dataset was able to capture basalt observations in
natural analogs of water–basalt interaction under low and elevated
CO2 conditions. Simulations, thus, mainly treated mineral dissolution
and precipitation as a purely equilibrium problem. Equivalent simula-
tions were carried out using reaction kinetics to estimate how sensi-
tive modeled alteration mineralogy was to kinetic control of reaction.
Mineral dissolution in the sensitivity simulations was described
through a pH dependent rate law using predominantly rate law equa-
tions from (Palandri and Kharaka (2004). Alteration mineral assem-
blage was not affected by incorporating reaction kinetics into batch
simulations. However, relative abundance of individual alteration
minerals was affected. Compilation of the dataset discussed in this
paper is a part of modeling activities carried out with the objective
of developing multidimensional field scale reactive transport models
of CO2 mineral sequestration in Icelandic basalts, as has already
been mentioned. Developed models all consider reactions kinetics
as is described in detail in Aradóttir (2011).

10. Conclusions

Compilation and evaluation of a thermodynamic database is a te-
dious and time-consuming process. It is nonetheless a necessary
step of all modeling work, as widely used databases that are included
in geochemical software packages not always contain minerals or
thermodynamic data suitable for geochemical simulations of a partic-
ular problem or process, as e.g. discovered in this study. We have de-
veloped a thermodynamic dataset describing 36 mineral reactions of
interest for CO2–water–basalt interaction. Mineral selection for the
dataset is based on extensive review of natural analogs of water–
basalt interaction at low and elevated CO2 conditions. In order to
verify that the dataset delivers reliable results, simulations of CO2–

water–basalt interaction were carried out at low and elevated CO2

conditions and results compared to observed alteration in Iceland
and Greenland. Overall good agreement is observed between simulat-
ed and natural alteration both at low and elevated CO2 conditions,
suggesting that the dataset is well suited for simulating CO2 mineral
sequestration in basalts as well as other processes applicable to
CO2–water–basalt interaction.

The presented dataset, like all other databases, should be thought
of as being a work in progress rather than a completed task. Looking
forward it is of great importance to acquire more detailed laboratory
and field data on water–basalt interaction under elevated CO2 condi-
tions as that would allow for further fine-tuning of the database. It
would also be of great importance to measure and/or re-evaluate
the solubility constants of the zeolites that had to be omitted in the

11



current version of the database, particularly for thomsonite and
scolecite.
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