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D. DOLEJŠ1 , 2 AND C. E. MANNING1,3

1Bayerisches Geoinstitut, University of Bayreuth, Bayreuth, Germany; 2Institute of Petrology and Structural Geology, Charles
University, Praha, Czech Republic; 3Department of Earth and Space Sciences, University of California Los Angeles, Los
Angeles, CA, USA

ABSTRACT

We present a thermodynamic model for mineral dissolution in aqueous fluids at elevated temperatures and pres-

sures, based on intrinsic thermal properties and variations of volumetric properties of the aqueous solvent. The

standard thermodynamic properties of mineral dissolution into aqueous fluid consist of two contributions: one

from the energy of transformation from the solid to the hydrated-species state and the other from the compres-

sion of solvent molecules during the formation of a hydration shell. The latter contribution has the dimension of

the generalized Krichevskii parameter. This approach describes the energetics of solvation more accurately than

does the Born electrostatic theory and can be extended beyond the limits of experimental measurements of the

dielectric constant of H2O. The new model has been calibrated by experimental solubilities of quartz, corundum,

rutile, calcite, apatite, fluorite and portlandite in pure H2O at temperatures up to 1100!C and pressures up to

20 kbar. All minerals show a steady increase in solubility along constant geothermal gradients or water isochores.

By contrast, isobaric solubilities initially increase with rising temperature but then decline above 200–400!C. This
retrograde behavior is caused by variations in the isobaric expansivity of the aqueous solvent, which approaches

infinity at its critical point. Oxide minerals predominantly dissolve to neutral species; so, their dissolution energet-

ics involve a relatively small contribution from the solvent volumetric properties and their retrograde solubilities

are restricted to a relatively narrow window of temperature and pressure near the critical point of water. By con-

trast, Ca-bearing minerals dissolve to a variety of charged species; so, the energetics of their dissolution reactions

involve a comparatively large contribution from volume changes of the aqueous solvent and their isobaric retro-

grade solubility spans nearly all metamorphic and magmatic conditions. These features correlate with and can be

predicted from the standard partial molar volumes of aqueous species.

The thermodynamic model can be used over much wider range of settings for terrestrial fluid–rock interaction

than has previously been possible. To illustrate, it is integrated with transport theory to show quantitatively that

integrated fluid fluxes characteristic of crustal shear zones are capable of precipitating quartz or calcite veins from

low- and medium-grade metamorphic conditions, at a geothermal gradient of 20!C km)1. For subduction zones,

modeled by a geotherm of 7!C km)1, the required fluid fluxes are one to two orders of magnitude lower and

predict enhanced efficiency of mass transfer and metasomatic precipitation in comparison with orogenic settings.

The new model thus can be applied to shallow hydrothermal, metamorphic, magmatic and subduction fluids, and

for retrieval of dependent thermodynamic properties for mass transfer or geodynamic modeling.
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INTRODUCTION

Aqueous fluids play a fundamental role in mass and energy
transfer in the Earth’s interior. Fluids are produced by

diagenetic and metamorphic devolatilization, and magmatic

degassing in geodynamic settings ranging from mid-ocean

ridges to convergent plate boundaries and collisional oro-
gens (Fig. 1). In turn, they are responsible for mobility
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and transport of inorganic and organic solid and liquid

phases and gaseous non-electrolytes (Ague 1994, 2003;

Jamtveit & Yardley 1997; Ferry & Gerdes 1998). The

mass transfer is manifested by distinct element depletion–

enrichment patterns in subduction-zone metamorphism

and arc magmas (Scambelluri et al. 2004; Zack & John
2007), in metamorphic rocks and veins in convergent

orogens (Widmer & Thompson 2001; Spandler &

Hermann 2006), in alteration patterns and in ore-forming

and contact metasomatic environments (Reed 1997;

Mehnert et al. 2005) as well as in small-scale fluid-medi-

ated dissolution–precipitation phenomena (Pina et al.
2004; Putnis & Putnis 2007). Many of these alteration

styles are strongly non-isochemical, and this is corrobo-
rated by high time-integrated fluid fluxes, 101–

106 m3 m)2, inferred for diffuse and focused flow and

alteration (Ferry 1994; Thompson 1997; Ferry & Gerdes

1998; Ague 2003).

The thermodynamic properties of dissolved aqueous

species at elevated temperatures and pressures are most

frequently described by the Helgeson–Kirkham–Flowers

model (Helgeson et al. 1981; Tanger & Helgeson 1988;
Shock et al. 1992). In this formulation, the thermody-

namic state functions of an aqueous species consist of a

solvation contribution, defined by the Born (1920) theory,

and empirical heat capacity and volumetric contributions,

which also include anomalous solute–solvent interactions at

low temperatures (Angell 1983). This model provides a

versatile tool for modeling mass transfer up to 5 kbar
(Johnson et al. 1992; Oelkers et al. 1995); however, it

suffers from several deficiencies: (i) it is only applicable at

liquid-like density of H2O, q > 0.322 g cm)3 to 1000!C
and 5 kbar; (ii) it cannot accurately reproduce the deriva-

tive properties in the vicinity of the critical point of H2O;

(iii) it becomes particularly inaccurate for gaseous non-elec-

trolytes at their low-density limit (Plyasunov et al. 2000;

Akinfiev & Diamond 2003); (iv) the static permittivity of
water, which is required for the Helgeson–Kirkham–Flow-

ers equation of state, has not been determined experimen-

tally at T > 600!C or P > 20 kbar, and current models

strongly diverge in these regions (Franck et al. 1990;

Shock et al. 1992; Wasserman et al. 1995, Fernandéz et al.
1997; Marshall 2008a).

In contrast to the static permittivity, the volumetric

properties of H2O are known with reasonable accuracy at
nearly all conditions of terrestrial water–rock interaction.

Simple extrapolation schemes and more advanced models

based on H2O volumetric properties have been successful

in representing association–dissociation equilibria (Franck

1956a; Marshall & Quist 1967; Mesmer et al. 1988;

Anderson et al. 1991; Plyasunov 1993), element partition-

ing in vapor–liquid systems (Pokrovski et al. 2005a, 2008),
dissolution of gaseous species in aqueous fluids (Plyasunov
et al. 2000; Akinfiev & Diamond 2003), mineral solubili-

ties over a wide range of temperatures and pressures in

aqueous solvents (Fournier & Potter 1982; Manning

1994; Pokrovski et al. 2005b), extrapolation to mixed

solvents (Marshall 2008b; Akinfiev & Diamond 2009) and

describing near-critical thermodynamic properties of inor-

ganic and organic solutes (Clarke et al. 2000; Sedlbauer &
Wood 2004; Majer et al. 2008).
In this paper, we investigate the thermodynamic rela-

tionships between mineral solubility, solvent density and

other intensive variables, with the main focus on meta-

morphic and magmatic temperatures and pressures. The

‘density model’ will be derived from the thermodynamics

of solute hydration, emphasizing consistency with conven-

tional caloric properties and thermodynamic parameters

resulting from statistical mechanics of solute–solvent inter-
actions. This optimized functional form is shown to serve

for interpolation and extrapolation of mineral solubilities in

aqueous fluids at high temperatures and pressures, as well

as for retrieving the thermodynamic properties of dissolu-

tion that are necessary for mass transfer and transport

modeling.

THERMODYNAMIC MODEL

Thermodynamic properties of hydration, which result from

electrostatic interactions between solute species and aque-

ous solvent, have traditionally been described by the Born

theory (Born 1920; Helgeson & Kirkham 1974; Wood
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Fig. 1. Pressure–temperature diagram relating the metamorphic facies,

beginning of the hydrous haplogranite melting (dot-dashed curve), repre-

sentative geotherms (Vernon & Clarke 2008, their fig. 1.15), and isochores

of H2O calculated using the IAPWS 95 equation of state (Wagner &

Pruß 2002). Abbreviations for metamorphic facies: AMP, amphibolite;

BSC, blueschist; ECL, eclogite; GSC, greenschist; PEP, prehnite-pumpellyite;

SAN, sanidinite; ZEO, zeolite facies.
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et al. 1981, 1994; Atkins & MacDermott 1982; Pitzer
1983b; Tanger & Helgeson 1988; Tremaine et al. 1997),
which states that

DBG ¼ !
1

"
; ð1Þ

where DBG is the Born energy, x is the species-specific

Born parameter and e is static permittivity (dielectric con-

stant) of the aqueous solvent. However, the reciprocal

dielectric constant varies nearly linearly with temperature at

constant water density at 200–1100!C and up to 10 kbar

(Fig. 2). The linear trend corresponds to

1

"
¼ $4:928% 10$4T log !w þ 3:497% 10$2 ð2Þ

where T is absolute temperature (K) and qw is water den-

sity (g cm)3). Consequently, the electrostatic contribution

can be, to a high degree of accuracy, implicitly accounted

for via correlations with solvent density. Such an approach

would alleviate a number of drawbacks due to: (i) lack of

calibration of the static permittivity at high temperatures

and pressures (cf. Pitzer 1983b; McKenzie & Helgeson
1984; Franck et al. 1990; Shock et al. 1992; Wasserman

et al. 1995; Fernandéz et al. 1997) and (ii) inadequate

representation by Born theory of near-critical and

low-pressure thermodynamic properties (Tanger & Pitzer

1989a; Shock et al. 1992; Plyasunov et al. 2000; Sue et al.
2002; Akinfiev & Diamond 2003, 2004), where formula-

tions based on solvent density are more accurate (Fournier

1983, Manning 1994; Plyasunov et al. 2000; Sedlbauer
et al. 2001; Sedlbauer & Wood 2004; Majer et al. 2008).

An alternative thermodynamic model can be formulated
by accounting for three thermodynamic contributions to

mineral dissolution into an aqueous fluid. At a given

temperature and pressure, these are: (i) disruption of local

structure of the crystal lattice, (ii) hydration of the solute

species and (iii) volumetric solute–solvent interactions

resulting from electrostriction. These contributions are

added in a Born–Haber thermodynamic cycle to derive the

standard thermodynamic properties of dissolution.

Lattice breakdown and hydration

The first two steps in the dissolution process – disruption

of solid phase MX and formation of hydrated aqueous

species – are represented by a series of chemical equilibria

(cf. Kebarle 1977; Pitzer 1983a; Borg & Dienes 1992,

pp. 126–137), e.g. for ion MðH2O)zþn :

MXðsÞ ! Mzþ þ Xz$ ð3Þ

Mzþ þH2O ! MðH2OÞzþ; . . . ; ð4Þ

MðH2OÞzþn$1 þH2O ! MðH2OÞzþn ð5Þ

where n represents hydration number. Equations similar to

3–5 also apply to negatively charged species, ion pairs and

neutral complexes. The standard Gibbs energy change of

the two combined steps is described at the pressure of

interest by a caloric (cl) equation of state:

DclG ¼ DH þ
ZT

Tref

cP dT $ T DS þ
ZT

Tref

cP
T

dT

0

B@

1

CA ð6Þ

where T and Tref represent the temperature of interest and

reference temperature (e.g. 298.15 K) respectively. An

explicit PV term is not required here because the standard
state is chosen to be that at the pressure of interest and

the volumetric contribution will be included in a density

term, as shown below. When the heat capacity, cP, is a

polynomial linear in temperature, which appears to be

sufficient to represent the properties of aqueous species up

to high temperatures (Pitzer 1982; Tanger & Pitzer

1989a,b; Holland & Powell 1998), Eq. 6 leads upon sub-

stitution and integration to the following Gibbs function:

DclG ¼ a þ bT þ cT lnT þ dT 2 ð7Þ

where the coefficients a to d are related to enthalpy,

entropy and the heat capacity polynomial (Hillert 2008,

pp. 407–408).

Volumetric solute–solvent interactions

Additional thermochemical contributions arise from volu-

metric collapse (electrostriction) of the hydration shell.

The contribution to the Gibbs energy corresponds to the

Fig. 2. Correlation between the reciprocal dielectric constant of H2O, 1 ⁄ e,
and the T log q term illustrated for isobars of 1, 2, 5 and 10 kbar (labels of

dotted curves) at a temperature range of 200–1100!C (point symbols in

100!C steps). Dashed line is a linear fit of the set (Eq. 2).
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PV work required to compress H2O molecules from the
bulk solvent (w) density to that in the hydration shell (hs)

(Pierotti 1963, 1976; Ben-Naim 2006, pp. 12),

DcoG ¼ Dw!hsG ¼ RT ln
Vw

Vhs
¼ RT ln

!hs
!w

ð8Þ

where the subscript ‘co’ stands for compression, and V
and q are the molar volume and density at each state

respectively. Assuming negligible compressibility of the

hydration shell, that is, qhs is constant (Mesmer et al.
1988; Tanger & Pitzer 1989a), Eq. 8 introduces two

terms to the overall Gibbs energy of dissolution – an

RT ln qhs term, where R ln qhs has dimension of entropy,
and an RT ln qw term, which varies with temperature and

pressure. Note that the T ln qw product has the same form

as the term in the proposed correlation for the reciprocal

dielectric constant (Eq. 2).

Differentiation of DcoG (Eq. 8) with respect to pressure

provides the standard molar volume change during the for-

mation of the hydration shell,

DcoV ¼ oDcoG

oP

! "

T

¼ $bwRT ; ð9Þ

where bw is the compressibility of H2O (cf. Mesmer et al.
1988; Anderson et al. 1991; Ben-Amotz et al. 2005). This
form has an independent origin in fluctuation solution

theory, which defines linear scaling between the standard

partial molar volume of aqueous species, Vaq, and the

solvent compressibility as the generalized Krichevskii

parameter, A (Levelt Sengers 1991; O’Connell et al. 1996;
Plyasunov et al. 2000):

A ¼
Vaq

bRT
: ð10Þ

The function 1 ) A is complementary to the generalized

Krichevskii parameter and represents the dimensionless

spatial integral of the infinite-dilution solute–solvent

direct-correlation function (Kirkwood & Buff 1951;
O’Connell 1971, 1990). It has the advantage of behaving

as a finite smooth function in the vicinity of the critical

point and it is nearly independent of temperature when

applied to both electrolyte and non-electrolyte systems

(Cooney & O’Connell 1987; Crovetto et al. 1991). The

constant relationship between the solute partial molar

volume and the solvent compressibility has, in addition,

been confirmed experimentally up to elevated temperatures
for inorganic solutes in aqueous and organic solvents

(Hamann & Lim 1954; Ellis 1966).

MODEL FOR MINERAL DISSOLUTION

The energetic terms associated with lattice breakdown

(dissociation) and solute hydration (DclG, Eq. 7), and with

solvent compression (DcoG, Eq. 8) including solute–solvent
interactions, are summed to give the standard Gibbs

energy of dissolution, DdsG:

DdsG ¼ DclG þ DcoG ð11Þ

leading to

DdsG ¼ a þ bT þ cT lnT þ dT 2 þ eT ln !; ð12Þ

which represents the standard reaction Gibbs energy of

equilibria such as SiO2 (quartz) = SiO2 (aq) or CaF2 (fluo-

rite) = Ca2+ (aq) + 2F) (aq). In Eq. 12, a to e are parame-

ters of the model. Parameters c and d represent the

constant and the linear terms in the heat capacity of disso-

lution respectively; where experimental data are sparse,

these terms may be set to zero. As discussed below, the

reduced three-parameter form (a, b and e) is sufficient to
represent data that extend over at least 400!C. An explicit

term representing the intrinsic volume of species is not

required for the properties of dissolution when the hard-

core volumes of ions in the lattice and in the hydration

sphere are assumed to be comparable.

Using the relationship between the standard reaction

Gibbs energy and equilibrium constant, K,

0 ¼ DdsG þRT lnK ; ð13Þ

Eq. 12 leads to

lnK ¼ $ 1

R

a

T
þ b þ c lnT þ dT þ e ln !w

n o
: ð14Þ

Equation 14 indicates that there is an isothermal linear

dependence of the logarithm of the equilibrium constant

on the logarithm of solvent density, and that this linear

slope is independent of temperature. Dissolution and asso-
ciation–dissociation equilibria at elevated pressures indeed

appear to conform to a simple linear relationship including

a logarithmic term of the solvent density,

logK ¼ m þ n log !w; ð15Þ

where m and n are fit parameters, which are often empiri-

cal polynomial expansions in temperature (Mosebach

1955; Franck 1956a; Marshall & Quist 1967; Mesmer

et al. 1988; Anderson et al. 1991). Such a behavior is
characteristic of the dissociation of water up to 1000!C
and 10 kbar (Sweeton et al. 1974, Marshall & Franck

1981; Fig. 3A), the dissociation of alkali halides up to

800!C and 4 kbar (Franck 1956b; Quist & Marshall 1968;

Frantz & Marshall 1982; Fig. 3B), the dissociation of acids

and bases (Eugster & Baumgartner 1987; Mesmer et al.
1988, 1991; Tremaine et al. 2004) and the dissolution of

quartz, calcite, apatite, halite and other minerals up to
900!C and 20 kbar (Mosebach 1955; Franck 1956b;

Martynova 1964; Fournier & Potter 1982; Manning 1994;
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Caciagli & Manning 2003; Antignano & Manning 2008a;
Fig. 3C).

The solubility model represented by Eqs 12 and 14

differs from previous empirical density models. The first

part (a–d terms) has frequently been used with inverse

temperature factors (e.g. Fournier & Potter 1982; Mesmer

et al. 1988, 1991; Anderson et al. 1991). Such a Gibbs

energy function is, however, inconsistent with a constant

heat capacity term (cf. Hillert 2008, pp. 407–408) and we
prefer a rigorous combination of enthalpy, entropy and

heat capacity contributions. Similarly, the ln q term was

used with either no or inverse temperature dependence

(e.g. Fournier & Potter 1982; Mesmer et al. 1988, 1991;
Holland & Powell 1998), which may, in part, simplify the

macroscopic relationship between the solute volume and

heat capacity (Anderson et al. 1991; Anderson 2005, pp.

260–263). However, these forms prevent extrapolation of
thermodynamic properties above approximately 300!C
(Anderson et al. 1991). Therefore, Anderson et al. (1991)
and Holland & Powell (1998) proposed a modification,

essentially a scaled T ln qw term, in order to improve and

extend the applicability to 800!C. This modification is

fortuitously identical in form to the model that we derived

using the compression of H2O in the hydration sphere.

Thermodynamic identities lead to the standard thermo-
dynamic properties of dissolution, as follows:

DdsS ¼$ oDdsG

oT

! "

P

¼ $b $ cð1þ lnT Þ $ 2dT

$ e ln !w þ eT"w;

ð16Þ

DdsH ¼ DdsG þ TDdsS ¼ a $ cT $ dT 2 þ eT 2"w; ð17Þ

DdscP ¼$T
o2DdsG

oT 2

! "

P

¼$c$2dT þ2eT"wþeT 2 o"w

oT

! "

P

;

ð18Þ

DdsV ¼$ oDdsG

oP

! "

T

¼eT bw; ð19Þ

Ddsb¼$ 1

DdsV

oDdsV

oP

! "

T

¼$eT
obw
oP

! "

T

; ð20Þ

where qw, aw and bw represent the density, isobaric expan-

sivity and isothermal compressibility of the solvent respec-
tively.

These thermodynamic relationships can also be used for

deriving model parameters for a solubility equilibrium of

interest by using the DdsH, DdsS and DdsV or DdscP at refer-

ence temperature and pressure (e.g. 25!C and 1 bar) from

existing thermodynamic databases (e.g. Wagman et al.
1982; Johnson et al. 1992; Oelkers et al. 1995; Parkhurst
& Appelo 1999; Hummel et al. 2002). The calculation
procedure for a three-parameter version of the model is

given in Appendix A.
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24 D. DOLEJŠ & C. E. MANNING

" 2010 Blackwell Publishing Ltd, Geofluids, 10, 20–40



The new thermodynamic model (Eq. 12) suggests a
functional form for a stand-alone equation of state for

aqueous species. Any arbitrary standard thermodynamic

property, Y, of bulk aqueous solute (aq) is a combination

of corresponding property of dissolving solid phase (s) and

its change during dissolution:

Y ðaqÞ ¼ Y ðsÞ þ DdsY : ð21Þ

An equation of state for a solid phase and the standard

thermodynamic properties of dissolution (Eq. 12, 16–18

or 19) can thus be added to obtain an equation of state
for aqueous solutes applicable at high temperatures and

pressures, which will consist of a caloric term (enthalpy,

entropy and a heat capacity polynomial), a volumetric term

(intrinsic volume of the species) and a density term.

CALIBRATION OF THE MODEL

Solubilities of seven simple minerals – three oxides (quartz,
corundum and rutile) and four calcium-bearing phases

(anhydrite, apatite, calcite and fluorite) – have been deter-

mined experimentally at high temperatures and pressures

and were used to explore the model and evaluate its

performance. These minerals dissolve both as neutral or

charged aqueous species, and their solubilities differ by

seven orders of magnitude. For the solvent properties, we

have employed the equation of state of H2O for scientific
use (Harvey 1998; Wagner & Prub 2002), which is

calibrated by experiments to 1 GPa but extrapolates

reasonably to very high pressures. Experimental solubility

data at elevated pressure and temperature were first con-

verted to molal concentration of the solute, temperature

and density of H2O; multiple experiments at the same

pressure and temperature were averaged to a single value

in order to avoid artificial weighting of the fit. The reduced
data sets were fitted by linear least squares to the equation

of state for dissolution (Eq. 14). The resulting model

parameters are listed in Table 1, standard thermodynamic

properties at 25!C and 1 bar are presented in Table 2 and

the results plotted in Figs 4 and 5.

The solubility of quartz in aqueous fluids and fluid mix-

tures has been extensively studied from ambient conditions

up to 1100!C and 20 kbar (e.g. Manning 1994 and refer-
ences therein, Newton & Manning 2008a) and evaluated

by Walther & Helgeson (1977), Fournier & Potter

(1982), Manning (1994), Akinfiev (2001) and Gerya et al.
(2005). We have calibrated our thermodynamic model

using a subset of direct-sampling or rapid-quench experi-

mental data (Hemley et al. 1980; Walther & Orville 1983;

Manning 1994) augmented by calculated values from

Fournier & Marshall (1983). The five-parameter fit
(Table 1) reproduces experimental data set from 25 to

900!C and from saturation vapor pressure up to 20 kbar

Table 1 Parameters of the thermodynamic model (Eqs 12, 14 and 16–20).

a (kJ mol)1) b (J K)1 mol)1) c (J K)1 mol)1) d (J K)2 mol)1) e (J K)1 mol)1) Data sources

Apatite-F 63.4 (11.6) 3.90 (10.83) )89.32 (8.95) 1

Calcite 57.4 (7.6) )35.71 (8.55) )72.98 (6.83) 2, 3

Corundum 80.3 (5.9) )29.31 (5.72) )37.01 (2.82) 4, 5

Fluorite 56.4 (5.0) )24.89 (4.92) )59.73 (3.89) 6

Portlandite 13.1 (2.8) 10.05 (4.99) )94.74 (3.47) 7

Quartz 23.6 (1.5) )52.92 (34.9) 10.93 (5.46) )0.0463 (0.0044) )18.52 (0.27) 8–11

Rutile 104.0 (5.1) )33.72 (4.88) )13.32 (3.77) 12

The model parameters are consistent with equilibrium constant defined on the molal concentration scale (Eq. 14). Values in parentheses are 1 standard error.
Sources of experimental data – 1: Antignano & Manning (2008a); 2: Fein & Walther (1989); 3: Caciagli & Manning (2003); 4: Becker et al. (1983); 5: Trop-
per & Manning (2007a); 6: Tropper & Manning (2007b); 7: Walther (1986); 8: Hemley et al. (1980); 9: Fournier & Marshall (1983); 10: Walther & Orville
(1983); 11: Manning (1994); 12: Antignano & Manning (2008b).

Table 2 Standard thermodynamic properties of dissolution at T = 25!C and P = 1 bar.

log K DdsG (kJ mol)1) DdsH (kJ mol)1) DdsS (J K)1 mol)1) DdscP (J K)1 mol)1) DdsV (cm3 mol)1)

Apatite-F )11.31 (0.09) 64.53 (0.49) 61.24 )11.02 )90.13 )12.08
Calcite )8.20 (0.22) 46.78 (1.27) 55.69 29.90 )73.65 )9.87
Corundum* )12.54 (0.15) 71.60 (0.83) 79.46 26.37 )37.35 )5.00
Fluorite )8.59 (0.11) 49.01 (0.60) 55.01 20.13 )60.27 )8.07
Portlandite )2.82 (0.09) 16.08 (0.53) 10.84 )17.60 )95.60 )12.81
Quartz )3.91 (0.02) 22.32 (0.13) 24.05 5.80 )2.04 )2.50
Rutile )16.45 (0.05) 93.93 (0.27) 103.98 33.72 )13.43 )1.80

*Properties metastable with respect to gibbsite. Thermodynamic properties are referred to the molality concentration scale. Values in parentheses represent 1
standard error on the fit over the whole range of temperature and pressure. Comparison with experimental solubilities not used in regression reveals errors of
1 kJ for DdsG and 3 kJ for DdsH, respectively, at 25!C and 1 bar for quartz (Rimstidt 1997).
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Fig. 4. Solubilities of rock-forming minerals in

pure H2O, expressed on the molality scale, and

their changes with the H2O density. Isotherms of

solubility are calculated using the thermodynamic

model (Eq. 14, Table 1), fitted to experimental

data shown by filled symbols at selected temper-

atures and the liquid–vapor coexistence curve

(experimental studies illustrated in open symbols

were not used in fitting). Sources of experimen-

tal data – (A) solid upright triangles: Anderson &

Burnham (1965); solid inverted triangles: Hemley

et al. (1980); solid diamonds: Walther & Orville

(1983); solid circles: Manning (1994); open

circles: Kennedy (1950), Morey & Hesselgesser

(1951), Wyart & Sabatier (1955), Kitahara

(1960), Morey et al. (1962), Weill & Fyfe

(1964), Crerar & Anderson (1971), at isotherms

of 25, 100–900!C; (B) solid diamonds: Becker

et al. (1983) at 666–700!C; solid circles: Tropper

& Manning (2007a) at 700, 800, 900, 1000 and

1100!C; open circles: Walther (1997) at 400,

500 and 600!C; (C) solid diamonds: Fein & Wal-

ther (1989) at 400, 500 and 600!C; solid circles:

Caciagli & Manning (2003) at 500, 600 and

700!C; (D) solid circles: Antignano & Manning

(2008a) at 700, 800 and 900!C; (E) solid circles:

Antignano & Manning (2008b) at 800, 900 and

1000!C; open circles: Tropper & Manning (2005)

at 1000 and 1100!C; open diamonds: Audétat &

Keppler (2005) at 821–1025!C; open triangle:

Ryzhenko et al. (2006) at 500!C; (F) solid circles:

Tropper & Manning (2007b) at 600, 700, 800,

900 and 1000!C; open diamonds: Strübel (1965)

at 200, 300, 400, 500 and 600!C; (G) solid cir-

cles: Walther (1986) at 300, 400, 500 and

600!C. The V + L represents subcritical coexis-

tence of aqueous liquid and vapor. Calculated

solubilities in this and subsequent figures are

extended into metastable regions where some

phases may either transform (e.g. portlandite to

portlandite II), hydrate (e.g. corundum to

boehmite or gibbsite) or melt (e.g. calcite at

T > 750!C).
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with remarkable accuracy (Figs 4A and 5A). In most cases,

the scatter of multiple experiments exceeds the deviation

between the experimental and calculated solubilities.

Despite the small data subset (n = 84) used in fitting the

model, other experimental data are reproduced remarkably

well (Fig. 5), with average deviation r = 0.017, 5.23%.
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Fig. 5. Solubilities of rock-forming minerals in

pure H2O as a function of inverse absolute tem-

perature. Isobars of solubility are indicated by

solid and dotted curves, respectively, and labeled

in upright numerals (pressure in kbar), whereas

isochores are drawn by dashed and dot-dashed

curves, respectively, and labeled in italic numer-

als (H2O density in g cm)3). Experimental solu-

bility measurements are plotted along selected

isobars and the liquid–vapor coexistence curve –

(A) open circles: liquid–vapor coexistence curve;

solid circles: 0.5 kbar; upright triangles: 1 kbar;

inverted triangles: 2 kbar; diamonds: 5 kbar;

squares: 10 kbar; hexagons: 20 kbar (Kennedy

1950; Morey & Hesselgesser 1951; Kitahara

1960; Morey et al. 1962; Weill & Fyfe 1964;

Anderson & Burnham 1965; Crerar & Anderson

1971; Hemley et al. 1980; Walther & Orville

1983; Manning 1994); (B) diamonds: Becker

et al. (1983) at 5, 10 and 20 kbar; circles: Trop-

per & Manning (2007a) at 10 and 20 kbar; (C)

diamonds: Fein & Walther (1989) at 2 kbar;

circles: Caciagli & Manning (2003) at 10 kbar;

(D) circles: Antignano & Manning (2008a) at 10,

15 and 20 kbar; (E) diamond: Ryzhenko et al.

(2006) at 1 kbar; circles: Antignano & Manning

(2008b) at 10 and 20 kbar.
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Corundum solubilities in pure H2O were experimentally
determined by Becker et al. (1983), Ragnarsdóttir &

Walther (1985), Walther (1997) and Tropper & Manning

(2007a). The measurements of Becker et al. (1983) and

Tropper & Manning (2007a) at 660–1100!C and 2.5–

20 kbar are very consistent mutually and in their tempera-

ture and pressure dependencies (Figs 4B and 5B). The two

studies of Walther and coworkers differ by log molality

unit at !H2O > 0.5 g cm)3. Careful examination of the data
reveals that isothermal solubilities of Walther (1997) have

a very similar dependence on the solvent density as those

of Becker et al. (1983) and Tropper & Manning (2007a),

but his reported solubilities are systematically greater by

1.2–1.5 log molality units. This suggests formation of

additional Al-bearing complexes in Walther’s (1997) exper-

iments. Consequently, our thermodynamic model was

fitted with experimental solubilities of Becker et al. (1983)
and Tropper & Manning (2007a). The set of experiments

(n = 24) is satisfactorily reproduced (r = 0.092, 3.12%)

with the reduced, three-parameter form of the model,

lnK ¼ $1=Rða=T þ b þ e ln !Þ; of the model (Table 1).

Rutile dissolves in pure H2O to form neutral hydroxyspe-

cies but is characterized by extremely low solubility.

Neglecting an early study of Ayers & Watson (1993), which

reported anomalously high solubilities due to mass transport
in experiments, the rutile solubility has been experimentally

determined by Tropper & Manning (2005), Audétat &

Keppler (2005), Ryzhenko et al. (2006) and Antignano &

Manning (2008b). These studies cover a temperature range

of 500–1100!C at pressures of 1–20 kbar, and are comple-

mented by low-temperature investigations of Vasilev et al.
(1974), Zemniak et al. (1993) and Knauss et al. (2001)

between 100 and 300!C and up to 200 bar. Earlier mea-
surements of Tropper & Manning (2005) are associated

with high analytical uncertainties and limited to tempera-

tures of 1000–1100!C. By contrast, the diamond-anvil cell

determinations by Audétat & Keppler (2005) gave consis-

tently lower titanium concentrations and much lower depen-

dence on temperature. A three-parameter fit to the data at

700–1000!C and 7–20 kbar of Antignano & Manning

(2008b) (n = 8, r = 0.028, 0.85%) reproduces rutile solu-
bilities determined by fluid extraction at 500!C and 1 kbar

(Ryzhenko et al. 2006) and 300!C and 200 bar (Knauss

et al. 2001), respectively, to 0.2 log molality units (Fig. 4E).

Calcite dissolves congruently in pure water, and its

solubility has been experimentally determined at high

temperatures and pressures by Walther & Long (1986),

Fein & Walther (1989) and Caciagli & Manning (2003),

in addition to exploratory studies of Schloemer (1952) and
Morey (1962). The solubilities reported by Walther &

Long (1986) are 0.3–0.5 log molality units lower than

subsequent measurements of Fein & Walther (1989) and

were, therefore, discarded. The experimental results of Fein

& Walther (1989) and Caciagli & Manning (2003) show

consistent and continuous behavior from 400 to 750!C
and from 2 to 16 kbar, and were satisfactorily described by

a three-parameter model (n = 21, r = 0.159, 9.28%) to

the thermodynamic model (Figs 4C and 5C).

Apatite solubility, using nearly pure fluorapatite (Duran-

go, Mexico) comes from a single study of Antignano &

Manning (2008a) at 700–900!C and 10–20 kbar (n = 6).

Individual experimental measurements show consistent

isothermal linearity in the log q versus log m space
(Fig. 4D) and were fitted to a three-parameter model with

r = 0.050, 1.34%.

Fluorite solubility in pure water has been investigated by

Strübel (1965) at 150–620!C up to 2.1 kbar and by Trop-

per & Manning (2007b) at 600–1000!C and 5–20 kbar.

The earlier experiments are associated with very large

analytical uncertainties and show no clear temperature

dependence. By contrast, the recent measurements of
Tropper & Manning (2007b) have high precision and

display systematic variations with temperature and solvent

density. This data set (n = 12) has been used for calibrat-

ing a three-parameter model fit (r = 0.086, 3.84%).

Walther (1986) determined the solubility of portlandite

in pure H2O. Although the pressure–temperature range

was smaller than for the other minerals considered here,

the data were included in this study for several comparative
purposes: (i) portlandite produces basic solution with high

ionic strength, (ii) the data set covers a temperature range

of 300–600!C, where significant changes in speciation are

expected to occur and (iii) solubilities show a strong

negative temperature dependence. As shown in Figs 4G

and 5G, the experimental data (n = 34) are very well

reproduced by a three-parameter fit to the thermodynamic

model (r = 0.087, 1.82%), which extends and confirms its
application to systems with substantial changes in dissocia-

tion and variable ionic strength.

DISCUSSION

We fitted the experimental solubilities of seven minerals in

pure water to a thermodynamic model (Eq. 14). The fitted

experimental data cover a temperature range of 100–
1100!C at pressures up to 20 kbar. The solubilities vary by

up to six orders of magnitude on the molality concentration

scale and are reproduced by the model to better than 5%, or

0.1 log molality units. Larger deviations, such as for calcite,

are related not to the functional form of the thermody-

namic model but rather to the scatter of repeated experi-

ments at the same temperature and pressure or to poor

consistency of different experimental or analytical methods.
The solubilities of six minerals were reproduced satisfac-

torily by a three-parameter function only, whereas quartz

solubility required two additional terms to describe the

heat capacity of the dissolution reaction and its linear

dependence on temperature. It is noteworthy that quartz is
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the most soluble mineral in our data set and that solute sil-
ica is known to polymerize (Zotov & Keppler 2000, 2002;

Newton & Manning 2002, 2003, 2008a). In our model,

aqueous silica reflects total dissolved silica in an unspecified

but implicit mixture of monomeric and polymerized

species. As the equilibrium constant for the homogeneous

polymerization equilibrium is temperature dependent

(Newton & Manning 2003; Manning et al. 2010), the

heat capacity term – required to fit experimental data over
an extended temperature range – presumably incorporates

differences in enthalpies and entropies of the monomer

and dimer, respectively, as their proportions in the bulk

solute change with increasing temperature and pressure.

The isothermal, isobaric, isochoric and vapor-saturation

solubilities presented in Figs 4 and 5 provide insights into

interpolation and predictive capabilities of the new thermo-

dynamic model, and illustrate the controls of aqueous
speciation on these trends. In all cases, the mineral solubili-

ties increase with the H2O density at constant temperature

(Fig. 4). The magnitude of this increase, (¶ log m ⁄ ¶
log q)S, depends on parameter e only, i.e. it is dictated by

the combination of the generalized Krichevskii and Born

parameter of the solute species. Quartz, corundum and

rutile, which congruently dissolve as neutral hydroxyspecies

at neutral conditions, e.g. Si(OH)4, Al(OH)3 and Ti(OH)4
(Walther & Helgeson 1977; Bourcier et al. 1993; Knauss
et al. 2001), show a relatively small increase in solubility

with increasing water density at constant temperature,

(¶ log m ⁄ ¶ log q)S = 1.6–4.5. By contrast, the solubilities

of Ca-bearing minerals – calcite, apatite, fluorite and

portlandite – exhibit much stronger dependence on the

water density, (¶ log m ⁄ ¶ log q)S = 7.2–11.4. These phases

involve congruent dissolution to a variety of charged
species, ion pairs and neutral complexes (e.g. Ca2+, CO2$

3 ,

HCO$
3 , OH), F), CaF+, H2PO

$
4 , etc.; Walther 1986;

Shock & Helgeson 1988; Fein & Walther 1989). The

charged species cause much stronger electrostriction effects

in the hydration shell as illustrated by the dependence of

the species Helgeson–Kirkham–Flowers Born parameter on

species charge (Shock & Helgeson 1988; Sverjensky et al.
1997). This translates to partial molar volumes of dissolu-
tion that grow more negative with increasing charge of the

solute species. Using Eq. 19 at 25!C and 1 bar, the partial

molar volumes of dissolution for quartz, corundum and

rutile are )1.8 to )5.0 cm)3 mol)1, whereas those for

Ca-bearing phases are )8.1 to )12.8 cm)3 mol)1. Conse-

quently, electrostriction in the vicinity of the charged

species promotes the solubility increase with pressure by a

factor of three to four.
The spacing of isotherms in Fig. 4, (¶ log m ⁄ ¶T)q, varies

between 7.7 · 10)3 and 6.1 · 10)2 and 5.9 · 10)4 and

4.7 · 10)3 K)1 at 25 and 800!C, respectively, and q =

1 g cm)3. These variations are related to caloric properties

in our model (Eq. 14) as follows:

o lnK
oT

! "

!

¼ 1

R

a

T 2
$ c

T
$ d

n o
: ð22Þ

Equation 22 demonstrates that an increase in mineral

solubility with temperature at constant density is free of

hydration–compression effects. The caloric terms of all
minerals broadly overlap at 25!C, but quartz, corundum

and rutile are more endothermic at 800!C. Consequently,
solubilities of these three minerals increase by a greater

degree with temperature than that of the Ca-bearing

minerals along isochores (cf. Fig. 1). This behavior is

related either to distinct lattice enthalpies of oxides versus

other minerals considered in this study, or to variably

endothermic nature of chemical hydration of neutral versus
charged aqueous species.

The changes in mineral solubilities with temperature at

constant pressure are depicted in Fig. 5. The solubility iso-

bars are highly nonlinear and often show retrograde solu-

bility effects. The slope

o lnK
oð1=T Þ

! "

P

¼ $DdsH

R
ð23Þ

corresponds to the standard enthalpy of dissolution, which

consists of caloric and volumetric contributions (Eq. 17).

The caloric term is quasilinear or, more often, constant

(when c = d = 0). By contrast, the volumetric term scales

by parameter e in the model and is responsible for the
reversals of solubility isobars as temperature changes. The

solvent contribution to the enthalpy (Eq. 17) depends on

the isobaric expansivity of H2O, a, which is low, 0.5–

2.0 · 10)3 K)1 at low and high temperatures, respectively,

but it diverges to infinity at the critical point of H2O. This

feature is inherited as a maximum in the expansivity versus

temperature at supercritical pressures until it disappears

at approximately 8 kbar (Helgeson & Kirkham 1974;
Fletcher 1993, p. 221). As a consequence, the eawT

2 term

in Eq. 17 becomes very negative as the expansivity

approaches its maximum. Depending on the magnitude

of e, the expansivity term may counteract the positive calo-

ric contribution (a – cT – dT2), leading to negative

enthalpy of dissolution and hence mineral solubility that

decreases with temperature at the highest values of a. The
magnitude of this effect increases towards the critical point
of H2O.

The onset and extent of the isobaric retrograde solubility

is directly related to the parameter e of the density term,

i.e. it depends on the generalized Krichevskii and Born

parameters of aqueous solute (Fig. 6A). For Ca-bearing

minerals, the isobaric retrograde solubility appears from

low- to medium-grade metamorphic temperatures and

covers the high-temperature space through the granulite
facies (Figs 6 and 7). The remarkable offset of the
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retrograde solubility of portlandite is due to its unusu-

ally low-standard enthalpy of dissolution (Table 2). By
contrast, retrograde solubility behavior is suppressed

where mineral dissolution produces neutral solutes, due

to their very low electrostriction volumes (Table 2).

Thus, for oxide minerals, retrograde solubility is more

restricted in the pressure–temperature space (Fig. 7), and

for the oxides considered in this study is limited to low

pressures (rutile: 403 bar, quartz: 972 bar, corundum:

1231 bar).

GEOLOGICAL APPLICATIONS

We illustrate the performance and application of the ther-

modynamic model by evaluating the mineral solubilities in

aqueous fluids along representative geotherms and by

applying transport theory to assess mass transfer and fluid

flux associated with model metasomatic scenarios.

Mineral solubilities along geothermal gradients

The calibrated thermodynamic model (Table 1, Eq. 14)

allows the calculation of mineral solubilities at geothermal

gradients of interest, chosen here as 20!C km)1 approxi-

mating the Barrovian continental gradient and 7!C km)1,

which corresponds to a representative subducting slab

geotherm (cf. Fig. 1). In order to express the results in

comparable quantities (ppm, wt% solute or vol% mineral),
mass amounts of minerals have been recalculated to

volumes using volumetric properties summarized in

Table 3. The density of water has been calculated using

the equation of state of Wagner & Pruß (2002), consistent

with the model.

Figure 8 shows that mineral solubilities in aqueous fluids

vary by 10 orders of magnitude, from sub-ppb to greater

than 10 wt%. For all minerals except portlandite, the solu-
bilities regularly increase with increasing depth along both

gradients. The solubility increases by three to seven orders

of magnitude between 200 and 1100!C. Although the

portrayal using temperature as the independent variable

(Fig. 8) shows little difference between the continental and

the slab gradients, respectively, the limits of the diagram

correspond to different pressures and depths. The observed

trends are in agreement with general rule that mineral
solubilities are mainly dependent on temperature. The

calculations also imply that substantial changes in the

solubilities are expected around thermal disturbances, e.g.

magma chambers, emplaced at a given depth.

The sequence of minerals in Fig. 8 starts with quartz

and calcite, followed by portlandite, fluorite, and apatite,

whereas corundum and rutile are the least soluble and

mobile phases in pure H2O. These predictions are in
good agreement with observed or inferred element

mobilities during crustal fluid flow (e.g. Ague 2003).

Titanium and aluminum solubilities are quite low in pure

H2O at all conditions. While this nominally supports

their use as immobile elements in mass transfer, hydro-

thermal alteration and ore deposit studies (Maclean

1990; Maclean & Barrett 1993; Ague 1994; Dolejš &

Wagner 2008), it is important to note that both ele-
ments may form soluble complexes with other elements

(alkalies, halogens, silica, etc.) which can cause them to

be mobilized in certain metasomatic environments (e.g.

Tagirov & Schott 2001; Manning 2007; Manning et al.
2008; Newton & Manning 2008b).

Mineral solubilities at constant pressure

Mineral solubilities at constant pressure allow investigation

of the potential for element mobility along flow paths

associated with thermally induced gradients at a fixed

crustal level, such as out- and inflow accompanying cool-

ing of intrusions (Norton & Knight 1977; Hanson 1992;
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Norton & Dutrow 2001). Figure 9 compares predicted
isobaric temperature dependence of mineral solubilities at

1 and 10 kbar respectively. With the exception of portlan-

dite, the 10 kbar mineral solubilities and their temperature

dependencies are very similar to those along geothermal

gradients (Fig. 8); however, in detail, the magnitude of

solubility increase above approximately 700!C is lower.

Portlandite solubility declines with rising temperature.

These features are a consequence of the larger decrease in
H2O density with temperature than along the geotherms.

The solubility behavior changes dramatically at low

pressures, e.g. 1 kbar (Fig. 9B), as is expected from the

variations in isobaric expansivity of H2O. Rutile, which has

the smallest parameter e is above its retrograde maximum,
and its solubility increases monotonously with temperature.

Quartz and corundum show a solubility plateau above

500!C; hence, mass transfer will be minimized at these

conditions. The solubilities of Ca-bearing phases substan-

tially decrease above 350–450!C; that of portlandite shows

a steady decline over the whole temperature range. These

results imply that temperature gradients in isobaric aquifers

may alone be responsible for substantial decoupling of
mineral precipitation and dissolution. The Ca-bearing

minerals all dissolve as the fluid cools down to approxi-

mately 400!C, and the precipitation of, for instance, calcite

or fluorite will be suppressed until temperature declines to

below 350!C. This may explain a generally late nature of

carbonate precipitation in hydrothermal ore veins (Mangas

& Arribas 1987) or low temperatures of fluorite–barite

mineralization (Baatartsogt et al. 2007). By contrast,
quartz and aluminosilicate alteration reactions are predicted

to experience a reversal (cf. Fournier & Potter 1982;

Fournier 1999), i.e. mineral precipitation at magmatic and

low temperatures, separated by a dissolution gap at

near-critical conditions (cf. Fig. 7A, B). This mechanism

has been postulated for the formation of quartz veins and

desilicification in plutonic environments (Nichols & Wiebe

1998).

104

103

102

101

100

10–1

10–2

103

102

101

100

10–1

10–2

0011002

ytilibulo
S

Oi
S

mpp(
) 2

104

103

102

105

0011002

ytilibulo
S

O
Ca

C
mpp(

) 3

Temperature (°C)

Temperature (°C)

Quartz

Calcite

Corundum

Temperature (°C)

ytilibulo
S

)
O

l
A

mpp(
2

3

500 800 500 800 0011002

0.7

20

5

2

10.4

10

0.4

0.7

0.5

5

10
20

2

1

20 5

2

0.7

1

0.4

102

103

101

10–1

10–2

100

500 800 500 800 0011002

ytilibulo
S

)
OiT

mpp(
2

Temperature (°C)

Rutile

0.7

0.4

2

1

5

20

(A) (B)

(C) (D)

Fig. 7. Retrograde solubility behavior illustrated

for (A) quartz, (B) corundum, (C) calcite and (D)

rutile. Gray shading indicates regions where the

isobaric mineral solubility decreases with increas-
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Table 3 Volumetric properties of minerals.

V

(cm3 mol)1)

¶V ⁄ ¶T · 105

(cm3 K)1 mol)1)

¶V ⁄ ¶P · 106

(cm3 bar)1 mol)1)

Data

sources

Apatite-F 157.14 12.24* )5.38* 1

Calcite 36.59 12.24 )5.38 2

Corundum 25.37 6.70 )1.21 2

Fluorite 23.30 41.97 )10.15 3

Portlandite 32.25 19.14* )5.11* 4

Quartz 22.55 11.03 )5.21 2

Rutile 18.65 5.33 )1.00 2

*Estimate obtained by correlation with similar substance. Molar volume of
mineral at temperature and pressure of interest is defined by:
VP,T = V + (¶V ⁄ ¶T)T + (¶V ⁄ ¶P)P where temperature, T, is in kelvin and
pressure, P, in bar. Sources of data – 1: Mackie & Young (1974); 2: Hol-
land & Powell (1998), updated in 2004 and available from the Thermocalc
website (Richard White, University of Mainz); 3: Speziale & Duffy (2002);
4: Megaw (1933).
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Mass transfer and mineral mobility in the Earth’s interior

The present thermodynamic model provides a self-consis-

tent formulation of all thermodynamic properties of

mineral dissolution equilibria and their pressure and

temperature dependence. We illustrate its utility by calcu-

lating the intensity of mass transfer and metasomatism and

the related integrated fluid fluxes in several representative
settings. Transport theory (see Appendix B) was applied to

the calculation of the time-integrated fluid fluxes necessary

to precipitate a unit volume of vein material (1 m3). The

integrated fluid fluxes for mineral precipitation along the

geothermal gradients of 20 and 7!C km)1 are very similar,

but vary significantly with temperature. They range from

107–1015 m3 m)2 at 200!C to 104–108 m3 m)2 at 1100!C
(Fig. 10). When compared with characteristic integrated

fluid fluxes during diffusive metamorphic flow and in

crustal shear zones (Ferry 1994; Ague 2003), medium- to

high-grade metamorphic temperatures are sufficient to

cause substantial mobility of quartz, calcite and fluorite (in
decreasing order; Fig. 10). Conversely, a predefined inte-

grated fluid flux may be used to calculate and compare the

magnitudes of mass transfer (in volume fraction precipi-

tated or dissolved; Fig. 11). Along the geotherms and at a
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constant pressure of 10 kbar, the integrated fluid flux
characteristic for metamorphic shear zones (105 m3 m)2;

Ague 2003) leads to mobilities of SiO2 from 1 vol% at

300–350!C to 10 vol% at 600–620!C and a complete silic-

ification above 900!C. This is in good agreement with

macroscopic observation of quartz segregations and veining

from greenschist facies conditions. The fluid-mediated

mobilities of calcite are one-half to one order of magnitude

lower, but metasomatism of fluorite and apatite compo-
nents may reach vol% levels at the highest subduction

temperatures (Fig. 11b). Amounts of precipitation of rutile

and corundum are low, from sub-ppm (at 200!C) to a few

tenths of vol% (at 1100!C) but, importantly, these values

are probably still significant for trace element redistribution

during metamorphic events, focused fluid flow, or hydro-

thermal alteration.

During lateral fluid flow at constant pressure the extent
of the mineral precipitation is expected to vary along the

cooling path, or precipitation will alternate with mineral

dissolution and loss in certain temperature segments

(Fig. 11C, D). At 10 kbar, retrograde solubility occurs for

portlandite above 290!C and above 1000!C for apatite.

Other Ca-bearing phases such as calcite or fluorite variably

precipitate during cooling (2–7 vol%), whereas the

capability of oxide precipitation (quartz, corundum and
rutile) strongly decreases with decreasing temperature. At

1 kbar, all minerals except rutile exhibit rapid changes in

precipitation and ⁄or dissolution as a function of tempera-
ture (Fig. 11D). The intensity of silicification drops to

below 1 vol% between 700 and 400!C, whereas corundum
will dissolve between 720 and 530!C bracketed by precipi-

tation at high or low temperatures. No Ca-bearing miner-

als precipitate above 390!C.
These results are applicable to spatial hydrothermal zon-

ing in the vicinity of upper crustal intrusions. The intensity

of silicification varies by nearly two orders of magnitude
and quartz veining is expected to be most intense at 300–

400!C. The behavior of aluminum, as judged from the

corundum solubility, reverses from precipitation and

dissolution, and back, which will probably enhance its local

redistribution and hence mobility. Carbonates will not

precipitate in high-temperature contact aureoles even if the

fluids are CO2 bearing, which promotes, by extrapolation,

the formation of skarns replacing carbonate host rocks.

Limitations and extensions of the modeling

Our mass transport calculations illustrate the applicability

and versatility of a density-based model to investigate

fluid-mediated mass transfer in the Earth’s crust and upper

mantle. The results also highlight some limitations that

stem from focusing only on congruent dissolution equilib-
ria in pure water in the modeling. For example, for phases

where the fluid–mineral interaction is controlled by the
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formation of additional species or complexing, our calcula-
tions provide a minimum estimate of the mass transfer

(that is, the amount of mineral precipitated or dissolved)

or a maximum estimate for the integrated fluid flux. These

observations indicate that, if formed under local equilib-

rium, metamorphic veins containing sparingly soluble

minerals such as kyanite or rutile require either enormously

large fluid fluxes or the presence of complexing agents,

such as, halide, carbonate or aluminosilicate ligands and
their polymeric successors (Tagirov & Schott 2001;

Manning 2007; Antignano & Manning 2008b). The mag-

nitude of this effect can be quantified by considering that

¶ log m ⁄ ¶z is approximately independent of the nature of

the mineral (Fig. 8); hence, the integrated fluid flux scales

in direct proportion to the solubility increase in the

presence of other aqueous complexes. The presence of

10 wt% dissolved silicates lowers the necessary fluid flux for
rutile crystallization by a factor of 13 at 900!C and

10 kbar, or the quartz saturation enhance the kyanite

precipitation by a factor of 6 at 700!C and 10 kbar. This

brings the mobility of Ti and Al to wt% level at the highest

temperatures modeled in this study (Fig. 11). Increasing

self-dissociation of H2O at high pressures and the presence

of other complexing ions also play important roles.

CONCLUSIONS

(1) We have developed a new thermodynamic model for

dissolution of minerals in aqueous fluids at high tempera-

tures and pressures. The model incorporates thermody-

namic contributions from lattice breakdown, ionization

and hydration, which depend on temperature, and the

effects associated with the compression in the hydration
sphere and electrostatic solute–solvent interactions, which

are formulated as a function of solvent volumetric proper-

ties. The solvent density term has the form of the general-

ized Krichevskii parameter, which is a finite and smooth

function near the critical point of water, and has a simple

linear scaling with the reciprocal dielectric constant.

(2) Experimental solubilities of seven rock-forming min-

erals were used to calibrate the model and demonstrate its
performance. With the exception of quartz, solubilities in

aqueous fluids at metamorphic and magmatic conditions

can be described by three parameters to within the experi-

mental scatter or accuracy. The solubility of quartz

required a five-parameter formulation, which includes heat

capacity and its temperature dependence. We propose that

these terms probably assimilate the distinct enthalpy and

entropy of the silica monomer and dimer, respectively,
and ⁄or deviations from the infinite-dilution limiting behav-

ior as fluids become solute rich.

(3) Solubilities of all seven rock-forming minerals

increase smoothly with temperature along metamorphic

geotherms or water isochores. Temperature dependence is

fairly similar for all solid phases but portlandite. The solu-
bility of a given phase increases for a given phase by three

to seven orders of magnitudes as temperature rises from

200 to 1100!C along typical geotherms. At constant

pressure, however, mineral solubilities initially increase with

rising temperature but subsequently drop. This effect is

caused by a reversal in isobaric expansivity of the aqueous

solvent, which propagates into the enthalpy of dissolution.

The onset of retrograde solubility typically occurs at 300–
400!C and it is a characteristic of all minerals.

(4) Solute speciation, volume of dissolution and the pro-

grade–retrograde solubility behavior are inter-related. Oxide

minerals such as quartz, corundum and rutile, which dissolve

as predominantly neutral species, exhibit very small depen-

dence on the solvent properties. Consequently, their isobaric

retrograde solubility is limited to pressures below 1.3 kbar.

The Ca-bearing phases, by contrast, produce variably
charged species upon dissolution, where the electrostriction

effects are more significant. Calcite, fluorite, apatite and

portlandite show a decrease in mineral solubility at medium

to high metamorphic grades over a wide range of pressures.

(5) Application of solute transport theory to our ther-

modynamic model permits calculation of time-integrated

fluid fluxes, which are necessary to precipitate mineral veins

during metamorphic events. The integrated fluid fluxes
along geotherms of 20 and 7!C km)1 vary from 104 to

1015 m3 m)2 in the following sequence: quartz, calcite,

fluorite, corundum and apatite, and rutile. This is in broad

agreement with observations of high mobility and veining

of quartz and calcite as the most mobile-predicted phases

in many metamorphic environments. Conversely, typical

integrated fluid fluxes in crustal shear zones produce a

transfer of quartz and calcite in quantities of several tens of
vol%, whereas the solubility of apatite or rutile lies below

1000 ppm, which may still be important for the trace

element budget in metasomatized rocks.

(6) The small number of parameters in the thermody-

namic model allows correlation with the standard thermo-

dynamic properties at arbitrary reference conditions

(e.g. 25!C and 1 bar), which are readily available. In the

appendix A we provide relationships for transformation of
standard enthalpies, entropies, volumes and heat capacities

into the model parameters. This approach enables utiliza-

tion of existing thermodynamic data (e.g. the Helgeson–

Kirkham–Flowers equation of state) in the framework of

our model and allows extrapolation of standard thermody-

namic properties over a wide range of metamorphic and

magmatic temperatures and pressures.
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Zeitschrift für Physik, 1, 45–8.

Bourcier WL, Knauss KG, Jackson KJ (1993) Aluminum hydroly-
sis constants to 250!C from boehmite solubility measurements.
Geochimica et Cosmochimica Acta, 57, 747–62.

Caciagli NC, Manning CE (2003) The solubility of calcite in
water at 5–16 kar and 500–800!C. Contributions to Mineralogy
and Petrology, 146, 275–85.
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APPENDIX. A

Thermodynamic equivalences

The new thermodynamic model in reduced form with

three independent parameters can be calibrated using the
standard thermodynamic properties of minerals and aque-

ous species at reference temperature and pressure, e.g.

25!C and 1 bar (e.g. Johnson et al. 1992; Oelkers et al.
1995). The three-parameter form,

DdsG ¼ a þ bT þ eT ln !; (A1)

lnK ¼ $ 1

R

a

T
þ b þ e ln !

n o
; (A2)

requires that three independent thermodynamic properties
must be known – DdsG or DdsH, DdsS, and DdsV or

DdscP; note that volume and heat capacity are not inde-

pendent (cf. Anderson et al. 1991). Using Eq. A1 and

rearranging Eqs 16–19, the model parameters are

obtained as follows:

e ¼ DdsV

#T
¼ DdscP

2T"w þ T 2 o"w=oTð ÞP
; (A3)

b ¼ $DdsS þ eðT"w $ ln !wÞ; (A4)

a ¼ DdsH $eT 2"w ¼ DdsGþTDdsS$eT 2"w: (A5)

The above relationships can be used with the standard

thermodynamic properties at any temperature and pressure

by employing T and q, b, a and (da ⁄dT)P of water at the

preferred reference conditions (e.g. 25!C and 1 bar). The

calibration provides means of predicting mineral solubilities
(Eq. 14) at any temperature and pressure of interest.

APPENDIX. B

Transport theory

The transport theory is used to calculate amounts of solids

precipitating from ascending aqueous fluids (Baumgartner
& Ferry 1991; Ferry & Dipple 1991). In advection-

reaction equation the mass conservation during porous

isotropic flow is expressed as follows (e.g. Bear 1972, pp.

77–78; Ague 1998):

oci
ot

¼ $v
oci
ox

þRi (B1)

where c is the molar concentration of solute i, t is time, x
and v are the distance and flow velocity, respectively, and
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R denotes the reaction rate. At steady state, which is
closely approached during mineral-fluid buffering (Ferry &

Burt 1982), the solute concentration is invariant with time,

¶ci ⁄ ¶t = 0; hence,

Ri ¼
oci
ox

v: (B2)

As mineralogical record in rocks reflects the time-inte-

grated result of fluid–rock interaction, integrating Eq. B2

over time,
Z t

0
Ri dt ¼

Z t

0

oci
ox

v dt ; (B3)

leads to

ni ¼
qV
V

omi

oz
; (B4)

where n is the number of moles of i precipitated per

rock volume, qV is the time-integrated fluid, and V is the

molar volume of aqueous fluid. The gradient of molal-

ity with vertical distance during one-dimensional flow,

¶mi ⁄ ¶z, is recast into temperature and pressure depen-
dence:

omi

oz
¼ omi

oT
oT
oz

þ omi

oP
oP
oz

(B5)

where ¶T ⁄ ¶z and ¶T ⁄ ¶P represent the geothermal and
pressure gradient of interest, whereas the molality changes

with temperature and pressure are obtained from the stan-

dard thermodynamic properties of dissolution (cf. Eqs 17

and 19) as follows:

omi

oT
¼ K

o lnK
oT

¼ K
DdsH

RT 2
; (B6)

omi

oP
¼ K

o lnK
oP

¼ $K
DdsV

RT
: (B7)

These relationships illustrate that the amount of sub-

stance precipitated from 1 kg of aqueous fluid per temper-
ature or pressure increment depends on both the solute

concentration (expressed by K = m) and its gradient.
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