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Abstract

The solubilities of forsterite, fayalite, enstatite, ferrosilite, hedenbergite, diopside, anorthite, high-albite, magnetite,
hematite, ulvospinel, ilmenite, F-apatite and OH-apatite and olivine, plagioclase, orthopyroxene, clinopyroxene and Fe—Ti
oxide solid solutions of fixed composition were calculated in the temperature range 0-350°C at saturated water vapour
pressure. The thermodynamic database used for end-member minerals was that of Robie and Hemingway [Robie, R.A.,
Hemingway, B.S., 1995. Thermodynamic properties of minerals and related substances at 298.15 K and 1 bar (105 Pascals)
pressures and at higher temperatures. U.S. Geol. Surv. Bull. 2131, 461 pp.] except for plagioclases [Arnorsson, S.,
Stefansson, A., 1999. Assessment of feldspar solubility constants in water in the range of 0° to 350°C at vapor saturation
pressures. Am. J. Sci. 299, 173-209.] and that of Shock and Helgeson [Shock, E.L., Helgeson, H.C., 1988. Calculation of
the thermodynamic and transport properties of aqueous species at high pressures and temperatures: correlation algorithms for
ionic species and equation-of-state predictions to 5 kb and 1000°C. Geochim. Cosmochim. Acta 53, 2009—2036.] and Shock
et al. [Shock, E.L., Oelkers, E.H., Johnson, JW., Sverjensky, D.A., Helgeson, H.C., 1992. Calculation of the thermodynamic
properties of aqueous species at high pressures and temperatures. effective electrostatic radii, dissociation constants, and
standard partial mola properties to 1000°C and 5 kbar. J. Chem. Soc., Faraday Trans. 88, 803—826.] for most aqueous
species. For aqueous Fe(OH), and AI(OH),, the thermodynamic properties reported by Diakonov et a. and Pokrovskii and
Helgeson [Pokrovskii, V.A., Helgeson, H.C., 1995. Thermodynamic properties of agueous species and the solubilities of
minerals at high pressures and temperatures: the system Al,O5;—H,0-NaCl. Am. J. Sci. 295, 1255-1342], respectively,
were used. In the present study, the standard partial molal properties and the HKF equation-of-state parameters for agueous
H,SIOY were revised to better describe the recent experimental results at low temperatures. For H,SiOS, the new
parameters are also consistent with quartz solubility experiments up to 900°C and 5 kbar. Further, the HKF equation-of-state
parameters for agueous Ti(OH)E were estimated from rutile solubility [Ziemniak, S.E., Jones, M.E., Combs, K.E.S., 1993.
Solubility behaviour of titanium (1) oxide in akaline media at elevated temperatures. J. Sol. Chem. 22, 601-623.], which
enables the calculations of the solubility of Ti-bearing minerals at elevated temperatures and pressures. Much higher
solubilities were found for the silicate minerals below 100°C than previously reported, which is related to higher quartz
solubility at low temperature and correspondingly new data on the thermodynamic properties of H,SiO2. The present results

* Ingtitut fur Mineralogie und Petrographie (IMP), ETH-Zentrum, Sonneggstrasse 5, 8092 Zurich, Switzerland. Tel.: +41-1-632-7803;
fax: +41-1-632-1088.
E-mail address: andri@erdw.ethz.ch (A. Stefansson).

0009-2541,/01/$ - see front matter © 2001 Elsevier Science B.V. All rights reserved.
Pll: S0009-2541(00)00263-1



226 A. Stefansson / Chemical Geology 172 (2001) 225-250

are particularly important for the stabilities of primary basaltic minerals of natural composition under weathering conditions.
They are aso of importance for the study of equilibrium /dis-equilibrium conditions in active geothermal systems. © 2001

Elsevier Science B.V. All rights reserved.
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1. Introduction

The mgjor input of chemical congtituents into
natural aqueous systems comes from mineral dissolu-
tion. Knowledge of mineral solubilities and their
mode and rate of dissolution is essential for interpre-
tation of water—rock interaction and the transport of
dissolved solids in river and ground water systems.

The primary minerals of basaltic rocks, which
include olivine, plagioclase, pyroxene, Fe—Ti oxide
and sometimes apatite, all form solid solutions be-
tween two or more end-members. In order to predict
the saturation state of natural waters with respect to
these minerals, one needs to be able to evaluate the
thermodynamic properties of their solid solutions as
well as of the aqueous species they form upon
dissolution.

The thermodynamics of mixing and exchange of
atoms in minerals has received considerable attention
in recent years (e.g., Saxena and Ghose, 1971; Sax-
ena et a., 1974; McCallister et a., 1976; Newton et
al., 1980; Sack, 1980, 1982; Sack and Ghiorso,
1989, 1991, 1994ab; Wood and Kleppa, 1981;
O'Neill and Navrotsky, 1984; Carpenter et al., 1985;
Davidson and Lindsley, 1985; Anderson and Linds-
ley, 1988; Hackler and Wood, 1989; Ghiorso, 1990;
Wiser and Wood, 1991; von Seckendorff and O’ Neill,
1993; Kojitani and Akaogi, 1994; Berman and Ara-
novich, 1996; Berman et al., 1995) and the relation-
ship between mineral solid solutions and agueous
solutions (Helgeson and Aagaard, 1985; Glynn and
Reardon, 1990). Most of these studies focused on
systems at elevated temperatures (600—1400°C),
which is far from the temperature regime of most
accessible natural waters (0—350°C).

When studying the saturation state of natural wa-
ters in Iceland with respect to olivine, orthopyrox-
ene, and plagioclase, Gislason and Arnorsson (1990,
1993) expressed the standard state as that of an ideal
solid solution of fixed composition. Gislason et al.

(1996a,b) and Brady and Gidason (1997) used the
same thermodynamic approach when calculating the
saturation state of global average river water with
respect to these minerals as a function of pH, and the
saturation state of these minerals in seawater as a
function of temperature.

The aim of the present study is to derive the
solubility constants of primary minerals of basalt in
pure water in the temperature range 0-350°C at
saturated water vapour pressure. Such conditions
effectively cover the P-T environment of natural
waters, and enables one to deduce by comparison
between these solubility constants and reaction quo-
tients (activity products) whether a particular water
is at equilibrium under or supersaturated with respect
to these minerals. The state of saturation of these
minerals in a range of natural waters associated with
basaltic rocks is the subject of another contribution
(Stefansson et al., 2000).

2. Dissolution reactions of primary minerals of
basalt

The dissolution reactions for primary minerals of
basalt in aqueous solution used in the present study
are given in Table 1. They have been expressed in
terms of those aqueous species that were generally
found to be dominant in natural watersin the basaltic
terrain of Iceland (see Stefansson et a., 2000). By
expressing the reactions in terms of the dominant
agueous species, errors in caculated reaction quo-
tients (activity products) were minimized, at least in
those cases where the selected agueous species were
the dominant ones. In general, the accuracy by which
activity product is calculated depends on the quality
of the analytical data, the thermodynamic database
and how accurate the reference temperature is at
which chemical speciation is calculated.
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Table 1
Dissolution reactions of primary mineras of basalt
Minera Composition? Reaction
Olivine FO100 Mg,SiO, + H"=2Mg?* + H,SiOY

Fayoo Fe,SiO, + H* = 2Fe? "+ H,SIO}

Fogo Fay, (Mgog0F€0.20),SI0, + H" = 1.60Mg?* + 0.40Fe*" + H,SiOf

Fo,5Fas, (Mg 43F€057),SI0, + H" = 0.86Mg?* + 1.14Fe? " + H,SIO}
Pyroxene ENygo MgSIO; + 2H™ + H,0 = Mg?* + H,SiOY

FS100 FeSiO; + 2H* + H,0 = Fe?* + H,Si0Y

Di o0 Mgy sCaysSiO; + 2H' + H,0 = 0.5C& " + 0.5Mg?* + H,SiO}

Hed, 40 Fey5CagsSi0; + 2H™ + H,0 = 0.5Ca%* + 0.5Fe?* + H,SIOY

EnsgFss, Mg 3sF€ 6, SI03 + 2HT + H,0 = 0.38Mg?" + 0.62Fe?* + H,SiOY

Di;sHed,sEnygFs;;  CagasMgg 40Fey 23805 + 2HT + H,0 = 0.35Ca%* + 0.42Mg?* + 0.23Fe?* + H,SiO}
Plagioclase An,g, CaAl,Si,04 + 8H,0 = C&" + 2AI(OH); + 2H,SIOY

Ab,g NaAlSi,0q + 8H,0 = Nat + AI(OH); + 3H,SIOY

An,yAbg, Cag 7oNag 30Al; 70Si 5 300g + 8H,0 = 0.70Ca2* + 0.30Na™ + 1.70AI(OH), + 2.30H,SiOJ

An,yAb, Cag 5oNag 71Al 4 29Si 5 7105 + 8H,0 = 0.29Ca* + 0.71Na* + 1.29AI(OH); + 2.71H,Si0Y
Magnetite-ulvosping  Mt;q0 FeFe, 0, + 4H,0 = Fe?* + 2Fe(OH);

UsDig0 Fe,TiO, + 4H* = 2Fe?* + Ti(OH)?

Mt;sUsPgs Fe tsFedt Tiggs0, + 3.4HT + 0.6H,0 = 1.85Fe?* + 0.30Fe(OH); + 0.85Ti(OH)?

MtegUsps, Fe2},FedteTip 3,0, + 1.28H + 2.72H,0 = 1.32Fe?* + 1.36Fe(OH), + 0.32Ti(OH)J
Hematite—ilmenite Hemoo Fe,05 + 5H,0 = 2Fe(OH), + 2H*

1Moo FeTiO; + H,0 + 2H™ = Fe2* + Ti(OH)J

Hem,1lmgg Fed tsFed T30, + 172H™ + 1.28H,0 = 0.93Fe?* + 0.14Fe(OH); + 0.93Ti(OH)§
Apatite F-AP1oo Cag(PO,);F + 3H*=5Ca&* + 3HPOZ ™+ F~

OH-Ap;g0 Cag(PO,);OH + 3H* = 5C& " + 3HPOZ ™+ OH~

#The mineral solid solutions represent average groundmass composition of the respective mineral in lcelandic volcanics as calculated by
Gislason and Arnorsson (1990, 1993) using data from Carmichael (1967) and Fisk (1978). For Carich clinopyroxene and orthopyroxene,
average composition have been calculated from compositina range given by Gislason and Arnorsson (1990).

The deduction of the generally predominant aque-
ous species in natural waters associated with basaltic
rocks in Iceland were made from the database on
water compositions given in Stefansson et a. (2000).
The WATCH program (Arnorsson et al., 1982) ver-
sion 2.1A (Bjarnason, 1994) was used for the aque-
ous speciation calculations. The thermodynamic
database in the WATCH program is that of Arnors-
son et al. (1982, Table 5) except for Al-hydroxy
complexes and gas solubilities (Arnbrsson and
Andrésdottir, 1999; Arnorsson et al., 2000). For the
present study, the thermodynamic properties of
Fe''-hydroxy complexes of the WATCH program
were revised according to data given by Diakonov et
al. (1999) and Diakonov and Tagirov (2000). Also, a
supplement was added to the program to include
phosphoro-oxy anions (Shock and Helgeson, 1988;
Shock et al., 1997), Fe, Mg and Ca phosphates
(Kharaka and Barnes, 1973) and Ti-hydroxy and

Ti-phosphate species (Ziemniak et a., 1993). For
further details of the speciation calculations and dis-
tribution of aqueous species in natural waters in
Iceland, the reader is referred to Stefansson et al.
(2000).

3. Thermodynamic relations

Changes in the apparent standard partial molal
Gibbs energy with temperature and pressure are given
by

— T
AG'(I)',P,i = AG?,T,,P,,i - S?,,i(T_ Tr) + /:I_ CS,idT

T P
—TfT Cg,i/TdT+fP V2. dP (1)



Table 2
Thermodynamic properties for aqueous species?
Species AGPy, AHS : Co. VP ayx10  a,x1072 g a,x10™* ¢ c,X107*  wx107°
@mol 1) @mol~1) @mol~! Q@mol~! (cm?® @mol~! @mol~!) @Kma™! UK @mol~! (K @mol~1)
K1) K=1 mol=Y)  bar™?1) bar~1) mol 1) K1 mol ~ 1)
Na* — 261,881 — 240,300 58.4 379 -111 7.694 —9.560 13.623 —11.406 76.07 —12.473 1.3832
K* — 282,462 — 252,170 101.0 83 9.06  14.891 —6.163 22.740 —11.347 30.96 —7.494  0.8063
cat —552,790 —543,083 —56.5 —-315 —18.06 —0.815 —30.342 22.161 —10.373 37.66 —10.552 5.1739
Mg?* — 453,985 —465960 —138.1 -223 —2155 —3.438 —35.978 35.104 —10.000 87.03 —24652  6.4316
Fe?tb —91,504 —-92,257 —1059 —-331 —222 —3.292 —40.572 39.948 —9.950 61.86 —19.429 6.0174
OH™ —157,297 — 230,024 -10.7 —137.2 -4.18 5.241 0.309 7.708 —11.640 17.36 —43288  7.2157
F~ — 281,751 — 335,348 —13.2 —113.9 —-1.32 2.874 5.685 31.812 —11.862 18.66 —31.330 7.4768
HPO; ™ —1,089,137 —1,292,082 -335 —2439 54 15.194 4.543 22.273 —-11.815 11.45 —62.385 13.9591
Fe(OH); ¢ —845,026 —1,050,791 74.1 105.7 56.86 41.542 68.921 —3.036 —14.477 375.68 —113.729 4.2614
AlO; ¢ —831,361 —929,179 —-293 -39.7 95 15.598 16.652 —6.3471 —12.316 79.91 —-25941  7.3617

2Unless otherwise indicated, the data are from Shock and Helgeson (1988).

PShock et al. (1997).

“Diakonov et a. (1999).

9pokrovskii and Helgeson (1995).
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Table 3
Thermodynamic properties for aqueous species extracted in the present study
Species  AG{;, AHY 3 C3, VP ax10  a,x107? a, a,x10™% ¢ c,Xx107*% ©x107°
Jmol~1) Umol~bH Umol=* @mo~! (cm® Umol=* @mo~Y) @Kmol~! @K Umol~* @K (JImol~1)
K=1 K=Y mol~Y) bar™Y) bar~1) mol ~ %) K=Y mol ~ %)
Ti(OH) -1,312,480° —1511,809° 21.92 202.9 40.6° 30.823¢ 427194 4.824¢ —13.393¢ 214.54 —5341  0.0627
H4SIO —1,309257  —1,458861° 188.70 62.8 52.3 78.366 —88952  77.906 —5.021  242.80 —86.985 0.3636

aZiemniak et al. (1993).

PCalculated from the AG? and S° values in the table together with the S° of the element given by Cox et al. (1989).
‘Calculated from empirical correlation between S° and V° given by Shock et al. (1997, Table 9).

YEstimated from correlations given by Shock and Helgeson (1988).

052-52z (1002) 2.7 ABo|09 [earuayD / uossueRs v

6¢¢



Table 4
Thermodynamic properties of primary basatic minerals at 25°C and 1 bar?®
Mineral Formula AGY; AR St VP Co=a+bT+cT 2+ T+ g7 °°

kImol™H)  (MImol~h  @mol"tK™YH  (em*molY 57072 pxi0? cx10 ©  fx10° gx10 °

@mol~Y)  Qmol~? JK Umol~*  (Umol~?
K=2) mol ~1) K=3%) K~05)

Fayalite Mg,SiO, —1379.1 —1478.2 151.0 46.310 1.7602 —0.8808 —3.889 2471
Forsterite Fe,SiO, —2053.6 —2173.0 94.1 43.650 0.8736 8.717 —3.699 —2.237 0.8436
Hedenbergite CaFeSi, 05 —2676.3 —2839.9 174.2 67.950 3.1046 1.257 —1.846 —2.040
Diopside CaMgSi, O —3026.8 —32015 142.7 66.090 4.7025 —9.864 0.2454 2.813 —4.823
Ferrosilite FeSiO, —1118.0 —1195.2 94.6 33.000 1.243 1.454 —3378
Enstatite MgSiO, —1458.3 —1545.6 66.3 31.310 3.507 —14.72 1.769 5.826 —4.296
Clinoenstatite MgSiO;, —1458.1 —1545.0 67.9 31.280 2.056 —1.280 1.193 —2.298
Anorthite CaAl ,Si,0q —4002.1°  —4227.8° 199.3° 100.79° 5.168 —9.249 —1.408 4.188 —4.589
Albite (high) NaAlSi ;04 —3705.1° —3923.4° 224.4° 100.83° 6.714 —14.67 3.174 3.659 —7.974
“C1 anorthite” CaAl ,Si,0q —3990.3°  —42138°  206.6° 100.79° 5.168 —9.249 —1.408 4.188 —4,589
“High I1 abite”  NaAlSi;O4 —3669.8° —3888.1° 224.4° 100.83° 6.714 —14.67 3.174 3.659 —7.974
IImenite FeTiO, —1155.5 —1232.0 108.9 31.690 2.627 —7.999 0.3827 3.388 —2538
Ulvospinel Fe,TiO, —1399.9 —1493.8 180.4 46.820 —1.026 14.25 —9.145 5.271
Hematite Fe,O, —744.4 —826.2 87.4 30.270 150147  —121.46 14.123 56.90 —21.493
Magnetite Fe,0, —1012.7 —1115.7 146.1 44,520 265911  —252.15 20.734 13677 —36.455
Fluorapatite Cas(PO,);F —6489.7 —6872.0 387.9 157.560 7.543 —3.026 —0.9084 —6.201
Hydroxyapatite ~ Cag(PO,);OH  —6337.1 — 67385 390.4 159.600 3.878 11.860 —12.70 1.811

@Unless otherwise indicated, the data are from Robie and Hemingway (1995).
PArnorsson and Stefansson (1999).

(0:5r4
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where AGO stands for the apparent standard partial
molal Gibbs energy of the i-th mineral or aqueous
species, i.e. the standard state of Helgeson et al.
(1981) was used. The same relationship holds, of
course, for the standard molal Gibbs energy of reac-
tion.

In the present study the integral in Eq. (1) for
aqueous species was solved with the aid of the
revised HKF equation-of-state (Helgeson et al., 1981;
Tanger and Helgeson, 1988; Shock and Helgeson,
1988; Shock et al., 1992) using the HKF equation-
of-state parameters given in Tables 2 and 3.

For the basaltic primary minerals, the heat capaci-
ties at 1 bar between 0°C and 350°C was calculated
using the heat capacity polynomial

Coi=a+bT+cT 2+ fT?+gT °° (2

where a, b, ¢, f and g are the temperature-indepen-
dent heat capacity parameters given in Tables 4 and
6.

It was considered convenient to describe the tem-
perature dependence of the standard Gibbs energy of
dissolution reactions of primary basaltic minerals at
saturated water vapour pressure, as these conditions
are close to those in most natural agueous systems.
Under these pressure conditions, the molal volume of
minerals (V°) is amost constant, i.e. the pressure
dependence of AG® for minerals was taken to be

P
Jovei=Ve (PP (3)

The Gibbs energy of reaction is defined as

AG'?,P,rz ZViAG'?,P,i (4)
1

where v; denotes the stoichiometric coefficient of
the i-th aqueous species or minera in the reaction,
which is positive for products and negative for reac-
tants.

The equilibrium constant is related to the standard
Gibbs energy of a reaction at any temperature and
pressure by

AG'?,F’,r

logK = ———1Pr
9% = TRTiIn(10)

©)

where R and T are the gas constant and temperature
in Kelvin, respectively.

4. Thermodynamic properties of aqueous species

In most cases, the thermodynamic properties of
aqueous species were selected from Shock and
Helgeson (1988) and Shock et al. (1997), i.e. the
SUPCRT92 database was used, including calcula
tions of AG® for H,O (Johnson et al., 1992). How-
ever, for agueous H,SIO? and Ti(OH)J the thermo-
dynamic properties and the HKF equation-of-state
parameters were revised and retrieved, respectively,
for the present study according to recent experimen-
tal results. Also, the thermodynamic properties for
Fe(OH), and AI(OH); were selected from Di-
akonov et al. (1998a) and Pokrovskii and Helgeson
(1995), respectively. The thermodynamic properties,
especialy of those aqueous species not selected from
Shock and Helgeson (1988) and Shock et al. (1997)
(SUPCRT92), are discussed below.

4.1 Na*, K™, Ca?*, Mg?*, Fe?* and HPO? ~

The thermodynamic properties of Na*, K+, Ca?™*
and Mg?* at 25°C and 1 bar are accurately known
and those for Fe** and HPC3~, reasonably accu-
rately. For the first four ions and HPO? ", the values
reported by Shock and Helgeson (1988) were se-
lected but for Fe?*, the values given by Shock et al.
(1997) were used. The apparent standard partial mo-
lal Gibbs energy for all these species at elevated
temperatures at saturated water vapour pressure were
obtained from the equation-of-state parameters in the
HKF model of Helgeson et al. (1981), Tanger and
Helgeson (1988), Shock and Helgeson (1988), and
Shock et al. (1992) using the HKF equation-of-state
parameters given in Shock and Helgeson (1988) and
Shock et al. (1997).

4.2. Fe(OH),

The thermodynamic properties of aqueous
Fe(OH),; have been extracted from room tempera
ture solubility measurements of amorphous iron hy-
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droxides (Biederman and Schindler, 1957; Leng-
weiler et a., 1961a,b; Byrne and Kester, 1976; Kuma
et a., 1993), goethite solubility (Kamnev et al.,
1986), hematite solubility experiments at high tem-
peratures (Sergeyeva et a., 1988; Dillenseger, 1995;
Ziemniak et al., 1995; Diakonov et al., 1999) and
empirical correlations (Shock et al., 1997).

Some discrepancies exist between measured
hematite solubility at 200—300°C. Diakonov et al.
(1999) argued that the higher solubility of hematite
measured by Dillenseger (1995) and Sergeyeva et al.
(1988) could be explained by the formation of a
Na/K—Fe complex and demonstrated that if their
experimental results were corrected for Na/K-Fe
complexes with a stability equal to NaAl(OH)? (Di-
akonov et al., 1996), al hematite solubility experi-
ments were in good agreement and showed a linear
correlation between log K and 1/T below 250°C.

Based on hematite solubility, Diakonov et al.
(1999) calculated the standard Gibbs energy of for-
mation from the elements (AG?) for Fe(OH), as
— 845,042 Jmol ! at 25°C and 1 bar. This value is
more negative than that reported by Shock et al.
(1997) of —842,557 J mol !, which was retrieved
from hydrolysis constants given by Baes and Mes-
mer (1976, 1981) and AG? of F&(OH), at 25°C and
1 bar as — 842,239 Jmol ~* and — 840,218 Jmol "1,
respectively, based on magnetite solubility at ele-
vated temperatures.

Kamnev et al. (1986) measured the solubility of
goethite in akaline solution at 20°C. Diakonov et al.
(1994) showed that in alkaline solution goethite sur-
face area decreases with time, which in turns affects
its solubility. Correcting the experimental results of
Kamnev et al. (1986) for initial and final goethite
surfaces (Diakonov et al., 1994) and water
(SUPCRT92), the Gibbs energy of formation for
Fe(OH), 20°C is —844.6 kJ mol~!. Thus, the
results of Kamnev et al. (1986) and Diakonov et al.
(1999) are in excellent agreement, supporting the
validity of Diakonov et a.'s (1999) results on the
thermodynamic properties of Fe(OH),, which were
selected for the present study.

The AG® of Fe(OH), from 0°C to 350°C derived
from Diakonov et al. (1999) and Shock et al. (1997)
are compared in Fig. 1. Also shown in the figure are
values derived from experimental work on hematite
and goethite solubilities. Considerable difference ex-

-820

[0 Diakonov et al. (1999) |

mKamnev et al. (1986) |
-830 Diakonov et al. (1999)

OSergeyeva et al. (1988) |
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®Yishan et al. (1986)
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Shock et al. (1997)
-880
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-900
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Temperature, °C

Fig. 1. Comparision of the apparent standard Gibbs energy for
Fe(OH), 350°C and saturated water vapour pressures. The curves
show the calculated values obtained using the thermodynamic
properties and HKF equation-of-state parameters reported by
Shock et a. (1997) and Diakonov et a. (1999). The symbols
represent val ues derived from experiments of goethite and hematite
solubility as given in Diakonov et a. (1999), Yishan et al., 1986.

ists in the values predicted by Diakonov et al. (1999)
and Shock et a. (1997). However, as clearly indi-
cated, the values suggested by Diakonov et al. (1999)
correlate better with hematite solubility than the
values of Shock et al. (1997).

4.3. AI(OH),

The thermodynamic properties of the AI(OH);
have mostly been extracted from gibbsite and
boehmite solubility experimentsin alkaline solutions.
Verdes et al. (1992) summarized experimental work
on gibbsite solubility while Castet et al. (1993)
summarized those on boehmite solubility and
Pokrovskii and Helgeson (1995) on both minerals.

There is generally good conformity for the Gibbs
energy of formation from the elements for AI(OH),
25°C (Apps et a. 1989; Verdes et a., 1992
Wesolowski, 1992; Castet et al., 1993; Pokrovskii
and Helgeson, 1995; Diakonov et al., 1996; Shock et
al., 1997; Arnorsson and Andrésdottir, 1999). By
contrast, there are some differences at elevated tem-
peratures particularly above 300°C (Fig. 2).

Diakonov et al. (1996) estimated the HKF equa-
tion-of-state parameters for AI(OH); from the ex-
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Fig. 2. Difference in the apparent standard Gibbs energy for
Al(OH); 350°C and saturated water vapour pressure between that
of Pokrovskii and Helgeson (1995) and various other researches
as indicated. The symbols represent experimental values based on
gibbsite, boehmite and diaspore solubilities and the thermody-
namic data of the minerals and water as given by Robie and
Hemingway (1995) and in SUPCRT92 (Johnson et al., 1992),
Kuyunko et al., 1983.

perimental results of Castet et al. (1993). However,
at low temperatures, their AG° values are systemati-
caly lower (more negative) than the corresponding
values obtained from experimental results of gibbsite
solubility (Wesolowski, 1992). Shock et al. (1997)
calculated the thermodynamic properties of the alu-
minate ion AlO, from gibbsite solubility below
100°C (Wesolowski, 1992). In order to avoid uncer-
tainties at higher temperatures and inconsistency
concerning the gibbsite solubility in acidic solutions,
Shock et a. (1997) employed the data of Couturier et
a. (1984) for the reaction AI** + 2H,0 = AlO; +
4H". As clearly indicated in Fig. 2, the calculated
AGP values using the data of Shock et al. (1997) are
in excellent agreements with experimental results of
boehmite and gibbsite solubility (Wesolowski, 1992;
Castet et al., 1993) at temperatures below 200°C. At
higher temperatures their values deviate consider-
ably; by about 2000 J mol ~! at 300°C.

Pokrovskii and Helgeson (1995) extracted the
thermodynamic properties of agueous species in the
system Al,O,—H,0-NaCl from solubility experi-
ments of gibbsite, boehmite and diaspore given in
the literature (see Pokrovskii and Helgeson, 1995,
for reference). Pokrovskii and Helgeson (1995) ar-

gued that a considerable proportion of total agueous
Al in sodium-bearing akaline solutions is present as
NaAI(OH); and reinterpreted previous experimental
results taking this complex into account. As seen in
Fig. 2, the AG? values calculated using the ther-
modynamic properties of AI(OH), HKF equation-
of-state parameters reported by Pokrovskii and
Helgeson (1995) compare reasonably well with ex-
perimentally derived values.

Arnorsson and Andresdottir (1999) reviewed the
thermodynamic properties of agueous Al-hydroxy
complexes in the temperature range 0—350°C at satu-
rated water vapour pressure. They selected the pro-
posed values of AH,, AS and AG, of gibbsite
solubility in akaline solution at 25°C of Wesolowski
(1992) and combined this with the thermodynamic
properties of gibbsite and water (Hemingway and
Robie, 1977; Hemingway et al., 1977; Cox et a.,
1989) to obtain AG? = 1,305,575 Jmol 1, AHP =
—1,500,640 Jmol ! and S°=111.1 I mol* K~*
for AI(OH); at 25°C and 1 bar. At higher tempera-
tures and pressures, the AG® values for AI(OH);
from their reported thermodynamic properties are
consistent with boehmite solubility given in the liter-
ature (see Arnbrsson and Andrésdottir, 1999, for
reference).

In the present study, the thermodynamic proper-
ties of AI(OH), (AlO, + 2H,0) and the HKF equa-
tion-of-state parameters given by Pokrovskii and
Helgeson (1995) were selected. The results of
Pokrovskii and Helgeson (1995) are close to the
average of the calculated AG° according to the
values given in Fig. 2, and are consistent with a
number of experimental results and are very close to
the values selected by Arnorsson and Andrésdottir
(1999) up to 300°C. The WATCH speciation pro-
gram (Arnorsson et al., 1982) uses the thermody-
namic database of Al-hydroxy complexes given in
Arnorsson and Andrésdottir (1999). The thermody-
namic properties of AI(OH), selected in the present
study are, therefore, considered to be consistent with
that used in the speciation calculations (Stefansson et
al., 2000).

4.4. H,S0

On the basis of their experimental results of amor-
phous silica solubility and experimental data of
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amorphous silica and quartz solubility given in the
literature, Gunnarsson and Arnorsson (2000) calcu-
lated the thermodynamic properties of H,SiOY in the
range 0—350°C. Their results below 100°C are in
excellent agreement with those of Rimstidt (1997)
obtained from quartz solubility experiments in the
temperature range 21-96°C. Also, Gunnarsson and
Arnorsson (2000) observed that the thermodynamic
data for amorphous silica and its solubility yielded
AG° values for H,SIO? very similar to those de-
rived from quartz solubility data (within +500 J
mol ).

The value of the Gibbs energy of formation from
the elements for H,,SiO reported by Rimstidt (1997)
and Gunnarsson and Arnorsson (2000) are more
negative than generally accepted (e.g., Shock et al.,
1989) or by 1500 J mol ! at 25°C and by 3000 J
mol ~* at 0°C. Gunnarsson and Arnbrsson (2000)
argued that the reason for the much lower quartz
solubility measured by Fournier (1960), Morey et al.
(1962) and Mackenzie and Gees (1971) below 100°C
compared to that measured by Rimstidt (1997) and
van Lier et al. (1960) is likely to be due to a failure
to attain equilibrium because of slow reaction rates.
They further argued that the good agreement be-
tween the Gibbs energy of H,SIO? in the range
0-350°C as calculated from amorphous silica solu-
bility data, on one hand, and quartz solubility on the
other support the validity of the quartz solubility
results of Rimstidt (1997).

In the present study, the standard partial molal
thermodynamic properties and the HKF equation-
of-state parameters for H,SiO were revised to bet-
ter describe quartz and amorphous silica solubilities
at low temperature as measured by Rimstidt (1997)
and Gunnarsson and Arnorsson (2000). These data
were obtained by first calculating the quartz solubil-
ity in the temperature range 0—350°C using the data
of Gunnarsson and Arnorsson (2000), which was, in
turn, based on data given by Kennedy (1950),
Fournier (1960), Kitahara (1960), Van Lier et al.
(1960), Morey et al. (1962), Siever (1962), Crerar
and Anderson (1971), Mackenzie and Gees (1971),
Hemley et al. (1980) and Rimstidt (1997). At higher
temperatures and pressures (up to 900°C and 5 kbar),
the quartz solubility data of Kennedy (1950), Morey
and Hesselgesser (1951), Khitarov (1956), Weill and

Fyfe (1964), Anderson and Burnham (1965, 1967)
and Hemley et al. (1980) were used. These solubili-
ties were then combined with the thermodynamic
properties of quartz (Helgeson et al., 1978) and
water (SUPCRT92) to calculate the standard appar-
ent Gibbs energy of H,SIO? at a given temperature
and pressure. Subsequently, these AG® were fitted
using a linear least square method to generate the
HKF equation-of-state parameters (c,, C,, a;, a,,
a,, a,), the effective Born coefficient (w), and the
AG?, S°, V° and C)) values at 25°C and 1 bar. The
results are given in Table 3.

The value for the standard Gibbs energy of forma-
tion from the elements at 25°C for H,SiOY obtained
in the present study is —1,309,257 J mol ! and in
excellent agreement with those reported by Gunnars-
son and Arnorsson (2000) (—1,309,181 J mol 1)
and Rimstidt (1997) (—1,309,231 J mol ~*). How-
ever, the value of Shock et a. (1989) is more than
2000 J mol ~! less negative. Also, the standard par-
tial entropy of 188.70 Jmol ! K~! obtained in the
present study closely matches recent estimation given
by Nordstom and Munoz (1994), Rimstidt (1997)
and Gunnarsson and Arnorsson (2000) of 189.5,
180.87 and 178.85 J mol ~* K1, respectively. The
vaue given by Shock et al. (1989) of 215.16 J
mol =t K™% (S3o,,, + 2Sy,,°) does not, however,
correspond well to the other entropy values.

The differences in AG° for H,SiO? as derived in
the present study and those of Shock et al. (1989),
Rimstidt (1997) and Gunnarsson and Arnorsson
(2000) are compared in Fig. 3. There is good agree-
ment between the values derived in the present study
based and those of Gunnarsson and Arnorsson (2000)
and Rimstidt (1997). However, considerable discrep-
ancies exist between the values selected here and
those reported by Shock et al. (1989) especialy at
low temperatures (< 50°C).

Quartz solubility calculated from the thermody-
namic properties on aqueous silica obtained in the
present study and the thermodynamic properties of
qguartz (Helgeson et al., 1978) and water
(SUPCRT92) are compared with experimental values
at elevated temperatures and pressures in Fig. 4. As
clearly seen from Fig. 4, the values (curves) obtained
in the present study agree well with the experimental
results at all temperatures and pressures.
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Fig. 3. The difference in caculated apparent standard Gibbs

energy for H,SiO? of this study and those given by Shock et al.

(1989), Rimstidt (1997) and Gunnarsson and Arnorsson (2000).

Also shown are the values derived from experiments of amor-

phous silica and quartz as indicated.

45. Ti(OH)?

Some experiments have been carried out to deter-
mine the solubility of hydrous TiO, precipitated
from solution and equilibrated for various lengths of
time (e.g., Babko et al., 1962; Liberti et al., 1963).
Despite differences in experimental conditions such
as temperature, medium and particle size, the results
are in good agreement. On the basis of these experi-
mental results and by assuming that rutile was about
four orders of magnitude less soluble than hydrous
TiO,, Baes and Mesmer (1976) estimated the solu-
bility of rutile and the hydrolysis constants between
Ti(OH)2*, Ti(OH); and Ti(OH)S. From these re-
sults and the standard Gibbs energy of formation
from the elements of rutile at 25°C of —889.5 kJ
mol ! (Robie and Hemingway, 1995) and water
(SUPCRT92), Ti(OH)2*, Ti(OH)F and Ti(OH)? of
—862.1, —1086.7 and —1309.0 kJ mol ! are ob-
tained, respectively.

Ziemniak et al. (1993) measured the solubility of
rutile in aqueous sodium phosphate, sodium hydrox-
ide and ammonium hydroxide solutions between 17°C
and 288°C. They further summarized the thermody-
namic properties of agueous species in the system
TiO,—H,0 and TiO,—P,0;—H,0. From their exper-

imental results, Ziemniak et a. (1993) obtained a
AG{ value a 25°C for Ti(OH)] and Ti(OH); of
—1312.46 and —1479.20 kJ mol %, respectively.
The former value is well within the uncertainty of
estimation of Baes and Mesmer (1976). Further,
assuming isocolombic conditions for rutile dissolu-
tion and the fifth Ti-hydrolyses constants, Ziemniak
et a. (1993) extracted the AH? and S° at 25°C for
Ti(OH)] and Ti(OH); as -—1515.28 and
—1733.8628 kJ mol %, and 21.6 and 103 J mol !
K1, respectively.

In the present study, the HKF equation-of-state
parameters for agueous Ti(OH)? were regressed from
the experimental results of Ziemniak et al. (1993)
and the correlations given by Shock and Helgeson
(1988) and Shock et al. (1997). This was done in a
similar manner to H,SIOY. The AG® of Ti(OH)S
was calculated from 20°C to 290°C from the reaction

TiO, e + 2H,0 = Ti(OH)4
according to AG? = 1120+ 168.67 X T (Ziemniak

et a., 1993) and the thermodynamic properties of
rutile (Robie and Hemingway, 1995) and water
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Fig. 4. Logarithm of the solubility constant (log K) for quartz in
pure water at elevated temperatures and pressures. The symbols
represents experimental data (see text). The curves were calcu-
lated using the thermodynamic properties and HKF equation-of-
state parameters of aqueous silica obtained in the present study
combined with data on quartz (Helgeson et a., 1978) and water
(SUPCRT92).
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(SUPCRT92). These values were then fitted using a
linear least sguare method to obtain the values for
S’ ¢, ¢, and . The partial molal volume (V°)
was estimated from correlation between S° and V°
given by Shock et al. (1997). Further, the a;, a,, a,
and a, equation-of-state parameters in the HKF
model were calculated from this estimated V° value
from the correlation algorithms given by Shock and
Helgeson (1988). The results are given in Table 3.

The standard absolute entropy of Ti(OH)J at 25°C
of 21.92 Jmol ~* K~ obtained in the present study
is almost identical to the S° value reported by
Ziemniak et al. (1993). Further, the calculated AG°
values using the HKF equation-of-state parameters
assessed in the present study are within +£500 J
mol ~! of the original results, which is well within
the errors given by Ziemniak et a. (1993).

5. Thermodynamics of end-member minerals of
basalt

The selected thermodynamic data for end-member
basaltic minerals are summarized in Table 4. For al
the minerals, except end-member plagioclases, the
thermodynamic database of Robie and Hemingway
(1995) was selected. The reason for selecting this
database instead of, e.g. that of Berman (1988), was
that it is consistent with the thermodynamic proper-
ties of Fe(OH), and Ti(OH)? derived from hematite
and rutile solubility experiments, respectively, and
closely matches the data used to derive thermody-
namic properties of aqueous H,SIOf and AI(OH),
extracted from solubility experiments for quartz and
Al-bearing minerals (gibbsite, boehmite and dias-
pore), respectively. In addition, the database of Ro-
bie and Hemingway (1995) contained data on all the
end-member minerals of interest in the present study.

Arnorsson and Stefansson (1999) reviewed data
on the thermodynamic properties of end-member
feldspar minerals and evaluated a solid solution
model for calculating thermodynamic properties of
plagioclases and akali feldspars of different compo-
sition and Si—Al ordering. In the present study, the
solution model of Arnorsson and Stefansson (1999)
was used to calculate the thermodynamic properties
of plagioclase solid solutions of fixed composition.

As such, their recommended thermodynamic proper-
ties of end-member feldspars have been selected
here, since they are consistent with the solution
model used.

6. Basaltic mineral solid solutions

Gidlason and Arnorsson (1990, 1993) expressed
the standard state of mineral solid solutions as an
ideal solution of fixed composition at the tempera-
ture and pressure of interest. This definition was
considered convenient for studying the saturation
state of primary basaltic minerals in natural waters,
whether the solution is ideal or not. It requires
assessment of the thermodynamic properties of a
solid solution of a given composition at 25°C and 1
bar, estimated from solution models, taking into
account non-ideal behavior and ordering—disordering
as appropriate, as well as a heat capacity—tempera-
ture equation for that solution.

The specific composition of the solid solutions
selected here were those of the average primary
basaltic mineral compositions found in basaltic rocks
in lceland, as given by Gislason and Arnorsson
(1990, 1993), based on data from Carmichael (1967)
and Fisk (1978).

The apparent standard partial molal Gibbs energy
and entropy of a solution at any temperature is given

by

AGY = ) XAG - TS™" + G (6)
i
and

K= LXS+S+ 5™ (7)

where AG?, S and X; denote the apparent standard
partial molal Gibbs energy, the conventional third
law entropy and mole fraction of the i-th end-mem-
ber, respectively, and G* and S* are the Gibbs
energy and entropy of excess, respectively. The con-
figurational entropy, S®", is defined as

SCOnf: —Rznlzxeﬂnxe’] (8)

] e
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where n; is the number of times the constituent
appears in the formulain the j-th siteand X, ; isthe
mole fraction of the e-th ion in the j-th site.

The excess Gibbs energy of mixing can be re-
solved into contribution from excess enthalpy, excess
entropy and excess volume, i.e.

G* = H™ — TS™+ V(P — 1) (9)

In the present study, the heat capacity of mixing
was taken to be zero. Therefore, the heat capacity of
a solid solution of fixed composition may be derived
by adding up the heat capacities of its end-member
minerals in the appropriate proportions, or

Cpe= LXC; (10)
1

The above eguations form the basis for estimating
the thermodynamic properties of the basaltic mineral
solid solutions discussed below.

6.1. Olivine

Olivine forms a binary solid solution between
forsterite (Mg,SiO,) and faydite (Fe,SIO,). The
mixing properties of olivine have been described by
asymmetric solid solution models (e.g., Wood and
Kleppa, 1981). Sack and Ghiorso (1989) found that
the available calorimetric and phase equilibrium data

were better described with a symmetric regular solu-
tion parameter (W) equal to 10.17 kJ mol ~, indi-
cating a large deviation of olivine solid solution from
ideality. More recent studies do not support the
results of Sack and Ghiorso (1989), and values in the
range 3-5 kJ mol ~* for WH, and an excess entropy
of less than 2 kJ mol~* K~! have been suggested
(Hackler and Wood, 1989; Wiser and Wood, 1991,
von Seckendorff and O’Neill, 1993; Kojitani and
Akaogi, 1994; Berman et a., 1995; Berman and
Aranovich, 1996). Using these values, results in
excess Gibbs energy of 0-1500 J mol !, which
corresponds to up to 0.5 log K higher solubility of
olivine solid solution in the range 0-350°C than
would be predicted if olivine behaved ideally. Torge-
son and Sahama (1948) measured the heat of solu-
tion of a suite of olivine solid solutions by acid
calorimetry around 75°C. Their results are consistent
with the observation of olivine solid solution being
close to ideal at this temperature.

There are two crystallographic sites, M1 and M2,
in olivine. Cation ordering between these sites could
result in a configurational enthalpy, entropy and heat
capacity for olivine. However, Fe?* and Mg?* ap-
pear to be almost randomly distributed between the
two types of crystallographic sites (e.g., Ottonello et
al., 1990), suggesting that AC;™ is zero. This al-
lows the extrapolation of the interaction parameters,
which are based on mixing properties of olivine at

Table 5

Interaction parameters for primary mineral solid solutions used in the present study

Phase Formula Site Wi Wy Ref.

@mol~1) @mol~tK™1

Olivine (Mg,Fe),Si04 10,366.2 4 @

Orthopyroxene (Mg,Fe)SIO, —2600.4 -1.34 a

Clinopyroxene (Mg,Fe)SiO;q M1 —1910 —-1.05 b

Clinopyroxene (CaMg,Fe)SIO,4 M2 0 0 b

Plagioclase (Na,Ca)(Al,S)Si ,04 0 0 ¢

llmenite—hematite (Fe** Fed* )(Fe?* Fe3* Ti)O, hi 44,204.8 12.2744 d
(Fe?* Fe* " )(Fe?t Fe* T\ Ti)O, ih 126,342.5 100.6 d

Ulvispinel —magnetite (Fe?* Fe* " )(Fe?t Fe* T\ Ti)O, mu 15,748.03 0 d
(Fe?* Fe** )(Fe? " Fe**,Ti)O, um 46,175.48 23.0765 d

#Berman and Aranovich (1996).
®Berman et al. (1995).

“Arnorsson and Stefansson (1999).
danderson and Linddlay (1988).
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elevated temperatures, to the temperature regime of
interest in this study (0—350°C). On the basis of this,
the thermodynamic properties of olivine solid solu-
tion of fixed composition were calculated using the
interaction parameters of Berman and Aranovich
(1996) (Table 5). Their interaction parameters were
selected as these parameters are consistent with many
other solid solutions in the system FeO—MgO—-CaO—
Al,0,-TiO,—SIO,. However, very similar results of
olivine solubility would have been obtained if the
interaction parameters given by Hackler and Wood
(1989), Wiser and Wood (1991), von Seckendorff
and O'Neill (1993), Kojitani and Akaogi (1994) or
Berman et al. (1995) had been used.

6.2. Pyroxenes

In its simplest form, ignoring all impurities and
Ca substitution, orthopyroxene is a binary solid solu-
tion between orthoenstatite (MgSiO,) and ferrosilite
(FeSiO,). There are two different crystallographic
sites in these pyroxenes on which substitution takes
place, M1 and M2. At elevated temperatures, Fe and
Mg are randomly distributed between these sites.
With decreasing temperatures, however, orthopyrox-
ene becomes increasingly ordered with Fe?* occupy-
ing the larger M2 site (e.g., Saxena and Ghosg,
1971). Therefore, two-site models with non-conver-
gent ordering of Mg and Fe have been applied to
describe the mixing properties of orthopyroxene (e.g.,
Sack, 1980; Chatillon-Colinet et al., 1983; Sack and
Ghiorso, 1989) but one-site models have also been
used successfully (Saxena, 1981; Aranovich and
Kosyakova, 1987; Lee and Ganguly, 1988).

Berman and Aranovich (1996) observed that a
one-site model, which is equivalent to a two-site
model with complete Fe—-Mg disorder between M1
and M2 sites, with symmetric, temperature-depen-
dent excess Gibbs energy reproduced the overall set
of experimental observation, when considering mix-
ing of some minerals in the system FeO-MgO-
CaO-Al,0,-TiO,—Si0,, more closely than the
two-site model. Extrapolation of this model to tem-
peratures below 400°C results in a smaller departure
from ideality than the two-site model of Sack (1980)
and Sack and Ghiorso (1989). The one-site model is,
however, unable to produce the two immiscibility

gaps suggested by Sack (1980) and Sack and Ghiorso
(1989) at low temperatures as a result of ordering.

As Mg—Fe order—disorder affects the thermody-
namic properties of orthopyroxene, it also influences
their solubility, making ordered orthopyroxenes less
soluble than disordered ones. It is, however, not
known whether orthopyroxene, which always form at
high temperatures, attain equilibrium ordering at low
temperatures; the rate of such an ordering process is
also unknown. The thermodynamic properties of or-
dered and disordered orthopyroxene may be obtained
from data given by von Seckendorff and O’ Neill
(1993), who measured the solution properties of
orthopyroxene at high temperatures where orthopy-
roxene can be regarded as fully disordered, and
solution modeling proposed by Sack and Ghiorso
(1989). The difference between the solubility of fully
ordered and fully disordered EnggFs;,, which is the
orthopyroxene composition of interest in the present
study, is equivalent to 0.5 log K units at 25°C and it
decreases with increasing temperature. Using the
simple one-site model and the interaction parameters
of Berman and Aranovich (1996) results in a solubil-
ity that is intermediate between these two. For this
reason, and because of its simplicity and its consis-
tency with the interaction parameters of olivine se-
lected in this study, the thermodynamic properties of
orthopyroxene of composition EngFsg, have been
assessed using a one-site model and the interaction
parameters given by Berman and Aranovich (1996)
(Table 5).

Ignoring Al and Na substitution and impurities,
clinopyroxene is a complex multi-component and
multi-site solution with mixing of Ca, Fe, and Mg
between M1 and M2 sites. Site occupancy data for
clinopyroxene show a strong partitioning of Fe into
the M2 site. Also, Ca amost entirely occupies the
M2 site. However, considerable uncertainties remain
in predicting Mg—Fe occupancy, particularly with
respect to temperature and Ca content. These uncer-
tainties can be clearly seen from the disagreement
between site occupancies measured experimentally
and those calculated by applying non-convergent
ordering model parameters derived from phase equi-
libria (Brown et a., 1972; Saxena et al., 1974;
McCallister et al., 1976; Davidson and Lindsley
1985; Sack and Ghiorso, 1994a,b). On the basis of
this, Berman et a. (1995) concluded that ordering
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models were not supported by site occupancy data
over wide temperature and composition ranges.

The purpose of the present study is to evaluate the
minera solubility from 0°C to 350°C, which is far
from the temperature conditions where clino-
pyroxene solution model parameters have been
constructed. As it is uncertain whether natural
clinopyroxene reacting with natural waters has at-
tained equilibrium ordering with respect to the tem-
perature of the system, or if the ordering is “frozen
in” at the formation temperature, a very smplified
model has been adopted for calculating the thermo-
dynamics of clinopyroxene solid solution of fixed
composition. The model treats the M1 site as an
ideal binary solution of Mg and Fe and the M2 site
as an ideal ternary solution of Ca, Fe and Mg. The
ratio Mg/(Mg + Fe) is further assumed to be equal
in both sites. In this context, it is important to note
that large uncertainties are involved in estimating the
thermodynamic properties of the clinopyroxene solid
solutions at low temperatures and, therefore, their
estimated solubilities. This should be kept in mind
when interpreting the saturation state of these miner-
alsin a natura water of a specific composition.

6.3. Plagioclase feldspars

Newton et al. (1980) and Carpenter et al. (1985)
determined the heat of solution of plagioclase
feldspars of various compositions. Their results are
consistent with the interpretation that plagioclase
forms two ideal solid solutions, a “high” and “low”
temperature series, respectively. The high series rep-
resents heat-treated and, therefore, disordered struc-
ture, whereas the “low” series represents natural
plagioclases from metamorphic and plutonic rocks.
The latter are in al likelihood partly disordered.
Each series is composed of two segments one for
Any—An,, and the other for An,,—An,,,. The “high”
series involves a transformation from C1 to “high”
17 symmetry and the “low” series from “e” to “low”
I1 symmetry. These transformations have consider-
able effects on the thermodynamic properties of pla
gioclase feldspars.

Arnobrsson and Stefansson (1999) estimated the
enthalpy, entropy and Gibbs energy of the albite and
anorthite components in both segments of the “high”

and “low” plagioclase series permitting evaluation of
the thermodynamic properties of plagioclase of any
composition in both series (Table 4). Their solution
model has been used in the present study to evaluate
the solubility of intermediate plagioclases of compo-
sition An,,Ab,, and An,,Ab,, for the “high” pla-
gioclase series.

There is a lack of information on the degree of
ordering with respect to Al-Si and Na—Ca in plagio-
clases from volcanic rocks. It is not known to what
extent the ordering is frozen in from the formation
temperature. It appears logical that plagioclases in
volcanic rock are less ordered than those in deep-
seated metamorphic and plutonic rocks (the “low”
series). Probably they are intermediate between the
two series. This contribution is mainly concerned
with studying the saturation state of natural waters
with naturally occurring primary plagioclases in vol-
canic rocks in Iceland, which formed at high temper-
atures and are of Quaternary and Tertiary age. They
are therefore assumed to be largely disordered.

6.4. Magnetite—ulvGspinel and hematite—ilmenite

Fe-Ti oxides are important constituents of ig-
neous rocks. In this contribution two solid solutions
were considered, hematite—ilmenite and magnetite—
ulvdspinel. Both show a complete solid solution at
high temperature but immiscibility gaps are recog-
nized at low temperatures (Deer et al., 1992). How-
ever, despite the great importance of these minerals
to the geological sciences, their cation distribution
and solid solution thermodynamics are poorly under-
stood.

Two different approaches have been taken to
model spinel solid solutions. They are microscopic
formulations (e.g., O'Neill and Navrotsky, 1984;
Sack and Ghiorso, 1991), and the macroscopic mod-
elsof Sack (1982) and Anderson and Lindsley (1988),
which quite successfully reproduce the macroscopic
properties of magnetite—ulvaspinel solid solutions.
However, the macroscopic models are not consistent
with the results of Wu and Mason (1981),
Trestman-Matts et al. (1983), O'Neill and Navrotsky
(1983, 1984) for cation ordering between tetrahedral
and octahedral sites in the spinel structure. Yet,
because of its simplicity and its ability to reproduce



Table 6

Thermodynamic properties of primary mineral solid solutions of selected composition at 25°C and 1 bar

Mineral Formula AGY AH% s \Zy Cl =a+bT+cT 24 T2+ gT °®
kImol™1)  (mImol™1)  @mol"tK™YH  (emPmol™l) Zx%10-2 bx10? cx10~® fx10° gx107°
@mol~Y @mol~! (K @mol=t  (Imol~?
K—z) mol—l) K—S) K—O.S)
Olivine Fogy Fayg —1919.7 —2022.9 1144 44.18 1.0509 6.797 —3.737 —1.295 0.6749
Olivine Fo,sFas; —1670.3 —1765.8 138.9 4517 1.3790 3246  —3.807 0.447 0.3627
Orthopyroxene  EnggFsg, —12495 —13224 89.1 32.36 2.103 —4.69 —1.422 2214 —-1.632
Clinopyroxene  DigHed,sEngoFs;; —28353 ~ —28885 1663 65.78 3.947 —4201 —0641 1266 ~ —3554
Plagioclase An,qAbg, —3906.5 —4108.2 217.9 100.8 5.632 —-10.875 —0.033 4.029 —5.605
Plagioclase AnyAby, —3788.5 —3988.3 225.2 100.8 6.266 —13.098 1.845 3.812 —6.992
Magnetite Mt,cUSDgs —13415  —14238 1938 46.48 3117 —2571  —4663 2052 —0.988
Magnetite MtggUsps, —1132.8 —1218.7 179.0 45.256 17.754 —166.90 11.173 93.00 —23.103
Hematite Hem-lImgy; —11254 —12254 101.9 31.59 3.494 —15.94 1.345 7.134 —3.865

dCalculated from the AG? and S values in the table together with S° for the elements given by Cox et al. (1989).

ove
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Table 7

Logarithms of the dissociation of dissolution reaction listed in Table 1 at temperature ranging from 0°C to 350°C and saturated water vapour pressure caculated with

thermodynamic properties of agueous species and mineras given in Tables 2—4 and 6)

Mineral  Composition 0 25 50 75 100 125 150 175 200 225 250 275 300 325 350
Olivine  Foy 3212 2867 2571 2317 2099 1908 1740 1591 1456 1334 1220 1112 1011 917 839
Faugo 2243 1983 1757 1563 1395 1247 1116 999 892 794 702 614 530 450 383
Fogo Fag 3003 2672 2388 2145 1934 1751 1589 1445 1315 1197 1086 982 883 791  7.15
Fo5Fas, 2643 2342 2083 1861 1668 1500 1351 1218 1098 988 885 7.88 695 608 536
Pyroxene  Enyg 1333 1187 1059 949 854 771 697 632 573 519 469 422 376 334 298
FS100 906 799 702 618 545 480 422 371 324 28 239 199 160 123 091
Disgo 1207 1087 982 890 810 741 679 624 574 528 485 444 404 366 332
Hed,0 1092 98 88 800 726 660 602 550 503 459 418 379 340 303 270
ENsgFss, 1029 908 800 707 626 555 492 435 38 337 293 250 209 170 137
DijgHed,sEngFs,, 1168 1045 935 841 758 686 623 566 514 467 422 380 338 299 265
Plagioclase Anyg, —21.43 —2046 —19.82 —19.37 —19.04 —1882 —18.67 —1861 —1862 —18.71 —18.90 —19.20 —19.64 —2024 —21.15
Ab,go 2039 1877 —17.57 —1662 —1582 —1514 —1455 —1405 —1363 —1327 —1300 —1280 —12.71 —12.74 —12.98
AN, Abg, 1982 —1882 —1814 —17.65 —17.28 —17.01 —16.81 —16.68 —16.62 —16.63 —16.73 —16.93 —17.24 —17.71 —18.45
ANy, Ab,, —2014 —1880 —17.83 —17.08 —16.46 —1596 —1554 —1520 —14.94 —14.74 —1462 —1460 —14.68 —14.89 —15.35
Mty00 —3265 —3151 —30.65 —29.94 —20.32 —28.78 —28.30 —27.89 —27.53 —27.24 —27.02 —26.90 —26.89 —27.01 —27.42
Magnetite— Usp,q0 2004 1675 1396 1157 951 770 610 467 337 217 106 001 -100 -193 -272
ulvosping  Mt,sUspgs 1229 956 724 525 353 203 069 -050 —159 -259 -354 —444 -532 -615 -6.90
MtegUspa, ~1496 —1540 —1585 —16.25 —16.60 —16.90 —17.16 —17.41 —17.65 —17.89 —18.15 —1845 —18.81 —19.23 —19.80
Hemgo —4465 —4209 —40.03 —3829 —36.79 —3547 —3429 —3326 —3233 —3152 —30.81 —30.23 —29.77 —29.48 —29.54
Hematite—  11m,, 341 198 077 -027 -117 -19 -265 -328 -385 -437 —487 -534 -579 —621 —657
limenite  Hem, lImgg 028 —087 -185 —269 —342 -406 —-462 —513 —559 —602 —643 —682 -721 —758 —7.92
Apaite  F-Apio 3034 —3094 —31.92 —3313 —34.48 —3596 —37.57 —39.30 —41.18 —4324 —4552 —4812 —5110 —54.56 —58.88
OH-Apsg0 —2497 —2601 —27.38 —2892 —3057 —3232 —3417 —36.12 —38.19 —4043 —42.88 —4562 —48.74 —52.33 —56.78
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reasonably well the macroscopic properties of mag-
netite—ulvospinel solid solutions the solution model
of Anderson and Lindsley (1988) has been selected
here (Table 5). This model assumes that Ti** occu-
pies octahedral sites only and always replaces Fe**
in these sites (Akimoto, 1954), i.e. the structural
formula of titanomagnetite solid solution is
(Fe2* Fel* DIFe*" Fe2* Ti JO,.

Pure hematite has the disordered R3c structure
whereas pure ilmenite has the ordered R3 structure.
When studying the solution properties of ilmenite—
hematite solid solution Spencer and Lindsley (1981)
and Anderson and Lindsley (1988) only considered
ordered minerals (R3 structure). Ghiorso (1990)
pointed out that the thermodynamic modeling involv-
ing hematite—ilmenite solid solution must account
for the R3-R3c ordering—disordering transition.
Ghiorso (1990) further argued that the excess en-
tropy proposed by Anderson and Lindsley (1988)
was unrealistically high compared to the entropies of
the end-member hematite and ilmenite. The interest
of the present study is to evaluate the solubility of
IImgz;Hem, solid solution in the temperature range
0-350°C. This is the average composition of il-
menite—hematite minerals in Icelandic basalts
(Carmichael, 1967). For this composition, ilmenite—
hematite solid solution was assumed to be ordered,
and that any excess entropy would have little effect
on its solution thermodynamics. In fact, the differ-
ence in the Gibbs energy of mixing using the proce-
dure of Anderson and Lindsley (1988) and Ghiorso
(1990) for IlImg;Hem, assuming total ordering is
1200 J at 25°C. This difference is trivial when
calculating Ilmg;Hem, solubility in comparison with
the uncertainties in the thermodynamic values for the
aqueous titanium hydroxy complexes. Asit is consis-
tent with the solution model selected for magnetite—
ulvospinel, the thermodynamic properties of
IImgz;Hem, have been calculated using the interac-
tion parameters of Anderson and Lindsley (1988)
(Table 5).

7. Basaltic mineral solubility

The logarithms of the solubility constants for
primary basaltic minerals (Table 1) were calculated

from the apparent standard Gibbs energies of the
minerals and the respective aqueous species Tables
2-4 and 6) using Egs. (1)—(5). The results are given
in Table 7 and compared with previous results in
Figs. 5 and 6.

The apparent standard Gibbs energy of the aque-
ous species and water was calculated with the aid of
the SUPCRT92 code (Johnson et al., 1992), which
was modified in the present study to include the
thermodynamic properties and HKF equation-of-state
parameters for AI(OH), (AlO; + 2H,0) (Pokrovskii
and Helgeson, 1995), Fe(OH), (Diakonov et al.,
1999) and H,SIO and Ti(OH)] estimated in the
present study.

8. Discussion and conclusions

In the present study, the solubilities of olivine,
plagioclase, orthopyroxene, clinopyroxene and Fe—Ti
oxides have been retrieved, both for end-member
minerals and solid solutions of fixed composition.
This should be of value for the study of the dissolu-
tion of al the primary basaltic minerals of natural
composition in natural waters. It seems unlikely that
improved solution modeling for olivine will change
its calculated solubility to a significant degree. The
same is true for orthopyroxene, even though large
uncertainties are related to cation distribution. Thisis
related to small differences in solubilities between
ordered and disordered orthopyroxene. However, im-
proved modeling of clinopyroxene, especially related
to cation distribution at low temperatures, may have
significant influence on caculated clinopyroxene
solubility. Also, the solubilities of naturally occur-
ring Fe—Ti oxides may be improved data on the Ti
end-member and by better understanding their solid
solution behaviour.

The solubilities of end-member primary silicate
and non-silicate basaltic minerals derived in this
study are plotted in Figs. 5 and 6. They are com-
pared with previously published solubilities reported
by Bowers et a. (1984) and calculated using the
SUPCRT92 code (Johnson et a., 1992) using the
most recent database (slop98.dat). The solubilities of
apatite have been compared with those reported in
the SOLMINEQS88 program (Kharaka et al., 1988).
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Fig. 5. Comparison between the solubility of end-member primary silicate minerals of basalt. Solid line, this study; dotted line, Bowers et al.
(1984); broken line, SUPCRT92 (Johnson et ., 1992).

Above 100°C, the results of the present study and
SUPCRT92 are similar for forsterite, fayalite, en-

statite, ferrosilite, and diopside. The same is true for
the solubilities reported by Bowers et a. (1984),
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except for ferrosilite. On the other hand higher solu-
bilities are observed in the present contribution be-
low 100°C and particularly below 50°C for all the
silicate minerals than hitherto reported. For high-al-
bite and anorthite, a somewhat different trend is
observed. The Gibbs energy of anorthite and high-al-
bite used in the SUPCRT92 program (Helgeson et
al., 1978) at 25°C is less negative by 10 and 4 kJ
mol %, respectively, than those used in the present
study. However, this difference is partially overshad-
owed by the different thermodynamic properties of

H,SiOJ of the present study and those reported by
Shock and Helgeson (1988), which are used in the
SUPCRT92 code, leading to relatively similar solu-
bility constants, especially for high-albite. It should,
however, be noted that this is a pure coincidence as
the thermodynamic properties for agueous silica and
the minerals used in SUPCRT92 are thought to be in
error. Also, considerable differences are observed for
hematite and magnetite solubilities.

The solubility curves obtained in this study for the
olivine, plagioclase and orthopyroxene solid solu-
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and Arnorsson (1993).

tions are compared with the earlier results of Gisla-
son and Arnorsson (1990, 1993) in Fig. 7. In Fig. 8,
the solubility for hematite—ilmenite and magnetite—
ulvospinel solid solutions estimated in the present
study are shown. Results of the present study indi-
cate higher solubilities of olivine, but they are simi-
lar for orthopyroxene, except below 100°C. Higher
solubility is obtained for plagioclase solid solution,
the difference being about three orders of magnitude
at 25°C.

The difference in the solubility of silicate-bearing
minerals below 100°C lies primarily in the thermo-
dynamic data obtained in the present study for aque-
ous H,SiOY, which is based on recent experimental
results on quartz and amorphous silica solubilities
(Rimstidt, 1997; Gunnarsson and Arnorsson, 2000).
Additionaly, the differences in the plagioclase and
olivine solid solution solubilities are attributed to
different solid solution models used in the present
study. The difference between the solubilities for
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hematite and magnetite presented in this study, on
one hand, and of SUPCRT92, on the other, liein the
thermodynamic properties Fe(OH),. The data on
Fe(OH), (FeO, + H,0) by Shock et a. (1997),
which are used in SUPCRT92, are based on solubil-
ity of amorphous iron hydroxide and empirical corre-
lations, and do not match well with experimental
results on hematite solubility and are considered to
be erroneous (Diakonov et al., 1999).

The solubilities obtained in the present study may
be used to gain a better understanding of the geo-

chemical processes of great importance. For exam-
ple, the oceanic floor is largely made of basaltic
rocks, the dissolution of which is important for the
oceanic chemistry and the CO, budget of the ocean.
Also, dissolution of apatite is a major source of
phosphorous in surface environments, which is an
essential nutrient for organic activity. Further,
feldspar minerals are the most abundant group of
minerals of the Earth's crust and are an important
source for Ca, Na, Al and Si in natural waters. Also,
the greater solubilities for most minerals reported in
the present contribution below 100°C have a large
effect on the interpretation of the behaviour of these
minerals under weathering conditions. Comparison
of these solubilities with calculated reaction quo-
tients for natural waters will be the scope of another
contribution (Stefansson et al., 2000).
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