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Abstract
Comprehensive quantitative theoretical evaluation of water–rock interactions in the Earth has long been restricted to a
pressure of 5.0 kb – too low to address processes involving deep aqueous ﬂuids. Yet such ﬂuids are thought to play an important role in the long-term geologic cycling of many chemical elements. A reason for this restriction is the lack of information
on the dielectric constant of water (eH2 O ) needed for the revised Helgeson–Kirkham–Flowers (HKF) equations of state for
aqueous species. Equation of state coeﬃcients are available for hundreds of aqueous species in SUPCRT92, but calculations
using these species can only be made to 5.0 kb (Shock et al., 1992).
In the present study, the applicability of the revised HKF equations of state for aqueous species was extended to 60 kb by
developing estimates of (eH2 O ). We used a statistical mechanically-based equation for the dielectric constant of a hard-sphere
ﬂuid applicable to water (Franck et al., 1990). The equation was calibrated with experimental data, and data from a comprehensive analysis of the literature (Fernández et al., 1997), and then used to calculate (eH2 O ) to a density of 1.1 g cm3. The
values of lnðeH2 O ) were found to be linear with ln(qH2 O ) which enabled empirical extrapolation of (eH2 O ) to 60 kb. Values
of qH2 O were computed with a recent comprehensive evaluation consistent with experimental data and a molecular dynamics
model for water (Zhang and Duan, 2005).
The resulting dielectric constants were tested at 727 °C and 58 kb by comparison with the results of ab initio molecular
dynamics calculations (Pan et al., 2013). Additional testing was carried out by computing standard Gibbs free energies of
aqueous species using the new values of (eH2 O ) and qH2 O in the revised HKF equations to predict equilibrium constants which
in turn enabled calculation of the solubilities of quartz and corundum for comparison with experimental measurements to
20 kb and 1100 °C. Our results strongly suggest that geochemically useful predictions can now be made that will facilitate
analysis of water–rock interactions in the Earth at depths much greater than previously possible.
Ó 2014 Elsevier Ltd. All rights reserved.

1. INTRODUCTION
Aqueous geochemical calculations have long been used
to quantitatively model the chemistry of water–rock
interactions in hydrothermal systems in the Earth’s crust
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(Helgeson, 1964, 1970, 1979; Sverjensky, 1987; Bethke,
1996; McCollom and Shock, 1998; Zhu and Anderson,
2002; Manning, 2004; Anderson, 2005; Dolejš and
Manning, 2010; Shock and Canovas, 2010; Dolejš, 2013;
Pokrovski et al., 2013). Such calculations rely on equilibrium constants involving minerals and aqueous species at
elevated temperatures and pressures. Owing to the inherent
chemical complexities of natural systems, the successful
application of geochemical models of water–rock interaction requires data ﬁles containing equilibrium constants
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for a very wide range of aqueous species and minerals.
However, because of the paucity of experimental data, integrated experimental and theoretically-based predictive approaches are essential to generating the equilibrium
constants necessary for studying natural systems.
One approach to predicting equilibrium constants
involving aqueous species involves correlating the logarithms of experimentally derived equilibrium constants, or
solubilities, with the logarithm of the density of water.
The coeﬃcients in the correlations range from being completely empirical (Marshall and Franck, 1981; Manning,
1994; Marshall, 2008) to being thermodynamically calculable (Anderson et al., 1991; Dolejš and Manning, 2010). This
approach is well-suited to providing estimates of equilibrium constants of individual reactions involving aqueous
species only or individual mineral solubilities. However, it
is not well-suited for the prediction of large data ﬁles
involving many individually predicted mineral solubilities
because of the diﬃculty in maintaining internal consistency
with the results of independent phase equilibria that do not
involve aqueous species. For example, simple dehydration
equilibria involving minerals, and particularly solid–solid
reactions, cannot accurately be modeled by combining individually extrapolated mineral solubility reactions involving
aqueous species.
The most general and widely-used approach to predicting equilibrium constants was pioneered in the 1970s by
Helgeson and co-workers (Helgeson and Kirkham,
1974a,b, 1976; Helgeson et al., 1981). Here, the focus was
on calculating the standard Gibbs free energies of formation of individual aqueous species at elevated temperatures
and pressures by building on knowledge of the standard
partial molal derivative properties such as the volumes
and heat capacities as functions of temperature and pressure. The Helgeson–Kirkham–Flowers (HKF) equations
of state were subsequently revised (Tanger and Helgeson,
1988) and a comprehensive series of correlations were
developed to estimate the equation of state coeﬃcients
and standard partial molal properties when experimental
data are lacking (Shock and Helgeson, 1988, 1990; Shock
et al., 1989). Together, the HKF equations of state and
the predictive correlations constitute a model that has been
widely applied over a range of upper crustal temperatures
and pressures to all types of aqueous species including ions,
dissolved gases, complexes, and dissolved organic molecules
(Shock and Helgeson, 1988, 1990; Shock et al., 1989, 1997;
Sverjensky et al., 1997; Amend and Helgeson, 1997a;
Plyasunov and Shock, 2001; Dick et al., 2006; Larowe
and Helgeson, 2006).
Two limitations to the applicability of the HKF equations of state for aqueous species exist. First, based on
the availability of new experimental data, it is now clear
that the form of the HKF equations is inadequate to simultaneously describe the large variations in standard partial
molal volumes and heat capacities of electrically neutral
aqueous molecules in low-density solutions near the critical
point of water (Plyasunov and Shock, 2001; Dolejš, 2013).
Nevertheless, because changes in the standard partial molal
Gibbs free energies of aqueous species are calculated from
integration of the changes in heat capacities and volumes,

they are less sensitive to uncertainties in the latter properties
(Helgeson et al., 1981). As a consequence, and also because
of the broad predictive capabilities of the HKF equations
of state, the overall model remains extremely useful, particularly for prediction of the standard Gibbs free energies of
aqueous species (and therefore equilibrium constants) up to
temperatures of 350 °C along the liquid–vapor saturation
curve for water and at elevated temperatures at pressures
greater than about 2 kb (Bethke, 1996; Shock and Canovas,
2010; Amend et al., 2013; Dick and Shock, 2013; Manning
et al., 2013).
Second, application of the HKF equations of state has
always been limited to a maximum of 5.0 kb in pressure
(Helgeson and Kirkham, 1974a,b, 1976; Helgeson et al.,
1981; Johnson et al., 1992; Shock et al., 1992). This limitation prevents the applicability of theoretical aqueous geochemical calculations to geologic processes in the deep
continental crust and the upper mantle (Dolejš, 2013).
The reason for the upper pressure limit is the lack of information on a fundamental property of water: the dielectric
constant (eH2 O ). The dielectric constant of water arises in
the HKF equation of state for the Gibbs free energies of
aqueous species through a term derived from an application
of the Born equation for the solvation of aqueous species
(Helgeson and Kirkham, 1976). However, experimental
data for (eH2 O ) at elevated temperatures are limited to
550 °C and 5.0 kb (Heger et al., 1980), as indicated in
Fig. 1. These and other lower temperature and pressure
data were the subject of a comprehensive study resulting
in equations for (eH2 O ) and its temperature and pressure
derivatives and the associated Debye–Hückel parameters
(Helgeson and Kirkham, 1974a,b).
Calculations at temperatures greater than 550 °C were
ﬁrst made by retrieving (eH2 O ) from measurements of the
solubility of quartz to 900 °C (McKenzie and Helgeson,
1984) and subsequently facilitated by making use of a predictive equation for (eH2 O ) valid for qH2 O < 0.5 g cm3
(Pitzer, 1983). For example, calculations of the free energies of aqueous species to 1000 °C and 5 kb are part of
the widely-used code SUPCRT92 (Johnson et al., 1992).
In this code, (eH2 O ) is calculated from an empirical equation as a function of temperature and the density of water
(Johnson and Norton, 1991), which in turn was calculated
using an IAPWS formulation (Haar et al., 1984). The
latter has been superseded by a more recent IAPWS study
(Wagner and Prub, 2002) recommended to 1000 °C and
10 kb, and other treatments of the density of water valid
to much high temperatures and pressures (Zhang and
Duan, 2005, 2009).
In recent years, no new measurements of (eH2 O ) at elevated temperature and pressure have been reported. However, a number of advances have been made in studying
the properties of water under these conditions (see review
by Dolejš, 2013). An exhaustive survey of (eH2 O ) and a
broadly integrative equation of state for it, based on the
Kirkwood equation, has enabled predictions to 600 °C
and 12 kb (Fernández et al., 1995, 1997). Molecular dynamics methods have also been used to predict (eH2 O ) to 1000 °C
and 20 kb (Wasserman et al., 1995). Most recently, ab initio
molecular dynamics (AIMD) calculations have resulted in
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Fig. 1. High pressure and temperature limits on knowledge of the dielectric constant of water (eH2 O ): (A) Traditional limits on (eH2 O ) used in
the HKF equations of state for the standard Gibbs free energies of aqueous species (see Johnson et al., 1992). (B) Expanded range for (eH2 O ) in
the present paper and in AIMD calculations of Pan et al. (2013).

the prediction of (eH2 O ) at 727 and 1727 °C and three discrete pressures at 10, 58, 114 kb (Pan et al., 2013).
At the same time, dramatic advances have been made in
measuring the solubilities of minerals in the pressure range
5–20 kb (Manning, 1994, 2013; Newton and Manning,
2000, 2002b, 2008; Dolejš and Manning, 2010; Newton
et al., 2010; Manning et al., 2013) and in measuring in situ
aqueous speciation to pressures as high as 70 kb (Frantz
et al., 1994; Zotov and Keppler, 2000, 2002; Caciagli and
Manning, 2003; Martinez et al., 2004; Chou et al., 2008; Mibe
et al., 2008; Chou and Anderson, 2009; Mysen, 2009, 2010;
Petitgirard et al., 2009; Mysen and Yamashita, 2010; Pokrovski and Dubrovinsky, 2011; Mysen et al., 2013a; Facq et al.,
2014; Mysen et al., 2013b). Additional dramatic advances
have also been made in measuring the densities of electrolyte
solutions at unprecedented pressures (Mantegazzi et al.,
2012, 2013; Sanchez-Valle, 2013). Taken together, the above
studies emphasize the need for extension of the computational capabilities of the HKF equations to pressures above
the long-standing limit of 5 kb.
In the present study, we report an extension of the HKF
equations of state for the free energy of aqueous species to
60 kb and 1200 °C. We take advantage of a predictive equation for the dielectric constant at elevated pressures valid to
qH2 O < 1.1 g cm3 (Franck et al., 1990). By calibration with
experimental data from Heger et al. (1980) and Kirkwood
equation predictions from Fernández et al. (1997), the
Franck et al. equation can be extrapolated to much higher
pressures than the 5 kb limit in SUPCRT92. For example,
at 1000 °C the Franck equation can be used to about
25 kb. Beyond this pressure, we use an empirical correlation
of the dielectric constant and the density of water, i.e.
ln(eH2 O ) with ln(qH2 O ), to extrapolate to 60 kb and
1200 °C. This approach is analogous to the use of the Kirkwood equation for extrapolations to high temperatures, but
with the advantage that it can be tested at high pressures
using recent AIMD results. The extensive measurements
of mineral solubilities and aqueous speciation now available for elevated temperatures and pressures serve also as

a test of the estimated dielectric constants, as well as the
applicability of the HKF equations to extreme pressures.
2. DEVELOPMENT OF DIELECTRIC CONSTANT
ESTIMATES AT HIGH PRESSURES
2.1. Equation of state for the density of water (qH2 O )
The densities of water used in the present study were calculated with a recent equation of state for water based on a
comprehensive molecular dynamics study and calibrated
with an extensive survey of experimental data (Zhang and
Duan, 2005). This study was selected in preference to the
IAPS formulation for water (Wagner and Prub, 2002) that
gives recommended values to only 10 kb. These values were
used by Zhang and Duan (2005) in the development of their
equation of state, together with a substantial amount of
high pressure data for the density of water not considered
in the IAPS formulation (Brodholt and Wood, 1994;
Larrieu and Ayers, 1997; Withers et al., 2000; Abramson
and Brown, 2004). Consequently, the equation of state
for water used here is consistent with theory and experimental data referring to a very wide range of temperatures
and pressures (Zhang and Duan, 2005). Although improvements have subsequently been made for pressures
approaching 100 kb (Zhang and Duan, 2009), the treatment
by Zhang and Duan (2005) was adopted in the present
study because it is applicable to a geologically important
continuum of low and high pressures.
For example, comparisons of the calculated values of
the molar volume of water (V H2 O) with experimental data
are illustrated in Fig. 2A–C. It can be seen in Fig. 2A that
there is excellent agreement with experimental data referring to pressures of 1–8 kb (Burnham et al., 1969) and the
equation of state from Zhang and Duan (2005). As these
data were also previously used to constrain the equations
in SUPCRT92, our use of Zhang and Duan (2005) ensures
close agreement with the densities of water in SUPCRT92
for P P 1.0 kb. At much higher pressures, it can be seen
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Fig. 2. Comparison of experimentally derived volumes of water with the equations of state from IAPWS (Wagner and Prub, 2002) and Zhang
and Duan (2005). The equation state from Zhang and Duan (2005) ﬁts the data better because the data were considered as part of the
calibration over a very wide range of pressures and temperatures: (A) Points represent relatively low pressure experimental volumes of water
from Burnham et al. (1969). Curves represent calculations from the equation of state. (B) Points represent high pressure experimental volumes
of water from ﬂuid inclusion studies by Brodholt and Wood (1994) and Withers et al. (2000). Curves represent calculations with the equation
of state of Zhang and Duan (2005). (C) Points represent high pressure experimental volumes of water from ﬂuid inclusion studies by Brodholt
and Wood (1994) and Withers et al. (2000). Curves represent predictive extrapolations of the IAPWS equation of state (Wagner and Prub,
2002).

in Fig. 2B that overall good agreement exists with experimental ﬂuid inclusion data (Brodholt and Wood, 1994;
Withers et al., 2000) up to almost 1600 °C and 40 kb. Under
this wide range of conditions, the treatment of Zhang and
Duan (2005) is superior to other recent equations of state
for water (Wagner and Prub, 2002; Zhang and Duan,
2009). Comparison of values predicted by extrapolation
of the IAPWS formulation (Wagner and Prub, 2002) with
the ﬂuid inclusion data are shown in Fig. 2C. The calculated values are clearly not as accurate as those in
Fig. 2B. The older IAPS formulation from Haar et al.
(1984) used in SUPCRT92 up to 1000 °C performs very
poorly at the pressures shown in Fig. 2B and C.
The upper limit of applicability of the treatment by
Zhang and Duan (2005) may be about 60 kb, based on a
comparison of molecular dynamics and AIMD calculations

(Pan et al., 2013). At greater pressures, the treatment by
Zhang and Duan (2009) appears to be more accurate, but
is not appropriate for the lower pressures shown in
Fig. 2A. Overall, the equation of state from Zhang and
Duan (2005) appears to be the most accurate and useful
equation of state for water for 1.0 6 P 6 60.0 kb.
Calculated values are listed in Appendix 1.
2.2. Application of the Franck et al. (1990) equation to
predicting values of (eH2 O ) for qH2 O < 1.1 g cm3
Franck et al. (1990) demonstrated that an equation derived from statistical mechanics for the dielectric constant
of a hard-sphere ﬂuid was applicable to water and other ﬂuids at densities up to 1.1 g cm3. Below 400 °C and at densities higher than 1.1 g cm3 the Franck et al. equation is
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inadequate (Dolejš, 2013). The equation expressed (eH2 O ) in
terms of T (K) and qH2 O (g cm3) with only two molecular
parameters needed, the dipole moment (lH2 O ) and the
diameter of the water molcule (rH2 O ):
e1¼

3y
½1 þ ð1  a1 Þy þ a2 y 2 þ a3 y 3 
1  a1 y

ð1Þ

where
a1 ¼ 0:4341q2

ð2Þ
3

a2 ¼ ð0:05 þ 0:75q Þ
2

ð3Þ
4

a3 ¼ 0:026q þ 0:173q
2 

y ¼ ð4p=9Þl q

ð4Þ
ð5Þ

where
l2 ¼ l2H2 O =kT r3H2 O

ð6Þ

and
q ¼ qr3H2 O N A

ð7Þ

The calibration of Eq. (1) was carried out in the present
study using experimental data for and estimates of (eH2 O )
at the highest temperatures possible so that the upper limit
of the density of 1.1 g cm3 would correspond to the highest pressures. The range of pressures and temperatures used
can be seen in Fig. 3. The highest temperature experimental
data are at 550 °C (Heger et al., 1980). These data were
simultaneously regressed with estimates from a comprehensive assessment and ﬁtting procedure which extended to
927 °C (Fernández et al., 1997). The intermediate temperature of 727 °C was included because recent AIMD calculations were carried out at that temperature (Pan et al., 2013).
In the original implementation of Eqs. (1)–(7), Franck
et al. (1990) obtained values for lH2 O and rH2 O of 2.33 D
and 2.68 Å, respectively, based on ﬁtting data from Heger
et al. (1980) and a thesis by Deul (see Franck et al., 1990)
at 400 and 500 °C. Our calibration of Eq. (1) using the
much larger temperature range in Fig. 3 resulted in values
of 2.39 D and 2.34 Å, respectively, very similar to those

Fig. 3. Calibration of the Franck et al. (1990) equation for (eH2 O )
using experimental data from Heger et al. (1980) and values from a
synthesis by Fernandez et al. (1997). The curves represent
calculated values of (eH2 O ) using the calibrated Franck et al.
equation up to a density of 1.1 g cm3 at each temperature.
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of Franck et al. (1990). The use of a constant dipole moment, in accordance with the SPCE (Extended Simple Point
Charge) water model, is reasonable given the limited pressure and temperature ranges for the application of Eq.
(1). It can be seen in Fig. 3 that the theoretically calculated
curves agree with the data points within about 10%. For
example, at 550 °C the maximum discrepancy with the
experimental data of Heger et al. (1980) corresponds to
about 400 cal mol1 in the HKF equation for the standard
Gibbs free energy of an aqueous species with a typical Born
solvation coeﬃcient x (Appendix 1) of 1.0  105 cal mol1.
This would result in a discrepancy of about 0.1 log K units
for a reaction involving this aqueous species, which is comparable to small experimental uncertainties in solubility and
speciation measurements.
2.3. Extrapolation of dielectric constants to 60 kb
Although the application of Eqs. (1)–(7) greatly expands
the range of pressures over which the HKF equations could
be used, the upper limit of 1.1 g cm3 for Eq. (1) still imposes pressure limits at elevated temperatures that prevent
application to a broad range of upper mantle conditions
(e.g. Fig. 3). Previous studies of the dielectric constant of
water have emphasized that the available experimental data
closely follow linear correlations between ln(eH2 O ) versus
lnqH2 O up to 5 kb or more (e.g. Helgeson and Kirkham,
1974a; Marshall, 2008; Dolejš, 2013). The validity of such
empirical correlations can now be tested for much higher
pressures by using the results of recent AIMD calculations.
The points plotted in Fig. 4 represent results from Pan
et al. (2013). The values of ln(eH2 O ) from the calculations
are plotted versus values of lnqH2 O which are an exact feature of the calculations (i.e. known from the number of
molecules in the theoretical box used). Although there are
only three points, they show a very strong correlation, suggesting that the assumption of linearity holds to very high
pressures. This result in turn supports the use of such linear
correlations to extrapolate values of (eH2 O ).
In the present study, we assume that similar empirical
linear correlations hold over a wide range of pressures
and temperatures and can be used to extrapolate values

Fig. 4. Empirical correlation of AIMD results for (eH2 O ) at 727 °C
(Pan et al., 2013) with the corresponding densities in the simulations. The line represents a regression using the three points.
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of ln(eH2 O ) calculated with the Franck equation to densities
much greater than 1.1 g cm3. It can be seen in Fig. 5A that
values of ln(eH2 O ) are plotted from experimental studies
referring to temperatures from 25 to 550 °C (Cogan,
1958; Heger et al., 1980; Deul, 1984) and show a strong linear correlation with lnqH2 O . At the higher temperatures of
600 to 1000 °C, values of ln(eH2 O ) calculated with the
Franck equation (Eqs. (1)–(7)) using our values for lH2 O
and rH2 O of 2.39 D and 2.34 Å also show a strong correlation of ln(eH2 O ) versus lnqH2 O up to qH2 O = 1.1 g cm3. Values of qH2 O were calculated as discussed above with
equations in Zhang and Duan (2005).
It should be emphasized that the data points in Fig. 5A
at temperatures greater than 600 °C are based on the calibration of the Franck et al. equation with estimates made
using the Fernández et al. equations. For temperatures less
than 200 °C in Fig. 5A, the limited amount of data depicted
are not meant to represent a comprehensive survey of the
data available, as the main focus of this paper is elevated
temperatures and pressures. Instead, they are included to
ensure that the completely empirical equation of state for

(eH2 O ) being developed here has a sensible behavior
approaching 25 °C. We also emphasize that we used the
experimental data from Heger et al. (1980) as much as possible because that will give closer agreement with the values
of (eH2 O ) calculated in the code SUPCRT92 (Johnson et al.,
1992). However, as previously noted in the comprehensive
study by Fernández et al. (1997), it appears that not all
the Heger et al. data are consistent with the rest of the data
from the literature. Similarly, in our more empirical treatment, we found that the highest pressure data from Heger
et al. (1980) at 5.0 kb were not consistent with the Franck
equation and were omitted from Fig. 5A. This ultimately
resulted in small discrepancies with the Heger et al. data
at 5 kb (see Fig. 6B below). None of these discrepancies
can be resolved until new experimental measurements of
(eH2 O ) become available. Until then, the empirical correlations given in Fig. 5 serve as a ﬁrst approximation to
(eH2 O ) over a wider range of temperatures and pressures
than previously calculated.
The slopes and the intercepts of the lines in Fig. 5A are
plotted versus temperature in Fig. 5B and C, respectively.

Fig. 5. Regression of values of ln(eH2 O ) versus ln qH2 O over a wide range of temperatures and pressures: (A) Experimental values of (eH2 O ) were
used at temperatures from 300 to 550 °C (Heger et al., 1980); values calculated with the Franck et al. (1990) equation were used at
temperatures from 600 to 1000 °C. (B) Slopes of the regression lines in (A) versus the temperature. (C) Intercepts of the lines in (A) versus
temperature.
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Fig. 6. Comparison of the new empirical equation for the dielectric constant, based on empirical extrapolation of the Franck et al. (1990)
equation for (eH2 O ) with AIMD results at 9–10 and 50–58 kb, experimental data from Heger et al. (1980) at 300 to 550 °C, and estimates from
the synthesis of Fernandez et al. (1997) at 727 and 927 °C and Pitzer (1983) at 600, 800 and 1200 °C.

The smooth distribution of the points on these graphs provides support for the application of a power function ﬁt
that can be used to generate values of (eH2 O ) over wide
ranges of temperature and pressure. The full relation between the dielectric constant and the density of water can
be written as:
eH2 O ðq; T ½ CÞ ¼ expðb1 T þ b2 T 1=2 þ b3 Þqða1 T þa2 T
3

1=2 þa Þ
3

ð8Þ

where the density is in g cm and the temperature (T) is in
°C. The parameters ai and bi are listed in Table 1. We
emphasize that Eq. (8) is completely empirical and should
only be used between 100 and 1200 °C when the pressure
is at least 1.0 kb. It was selected because of its simplicity
and the relatively small number of ﬁt parameters, as well
as its ability to extrapolate smoothly to at least 1200 °C
at pressures from 1.0 to 60 kb. Extrapolations were not
made below 1.0 or above 60 kb in the present study because
of the likely inaccuracies of the density of water calculated

Table 1
Polynomial coeﬃcients for computing the dielectric constant of
water as a function of the density (q, g cm3) and the temperature
(T, °C) to be used for temperatures greater than 100 °C when the
pressure is greater than 1.0 kb.
Fit parameters for the equation:
^ 1 T þ a2 T 1=2 þ a3 Þ
eðq; T ½ CÞ ¼ expðb1 T þ b2 T 1=2 þ b3 Þqða
Slope

a
b

Intercept
1.576377  103
+6.810288  102
+7.548755  101

a1a
a2b
a3

b1a
b2b
b3

8.016651  105
6.871618  102
+4.747973  10+0

°C1.
°C0.5.

with the treatment of Zhang and Duan (2005) at such pressures (see above). Calculated values of (eH2 O ) and qH2 O are
given in Appendix 2.
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2.4. Comparison with ab initio molecular dynamics results
Recent ab initio molecular dynamics calculations have
presented predictions of the dielectric constant at elevated
temperatures and pressures as indicated above (Pan et al.,
2013). These results oﬀer a test of the high-pressure extrapolations of our new dielectric constant equation of state and
comparisons with other suggested estimations. Within the
range of applicability for our equation, there are data
points at 727 °C and pressures of 11 and 58 kb. These pressures represent the theoretically estimated pressures in the
AIMD calculations, which are subject to a signiﬁcant
uncertainty (in contrast to the densities which are known
exactly). For this reason, an independent estimate of the
pressures at the two densities based on the known temperature and density and the equation of state for water is also
plotted in Fig. 6A. Some of the experimental data and estimates used to calibrate the Franck equation (Fig. 2) and the
linear correlations (Fig. 5A) are also included as points in
Fig. 6A. The solid curves in Fig. 6A represent calculations
made using Eq. (8). At 727 °C, it can be seen that the predicted values of (eH2 O ) diﬀer from Pan et al. (2013) by 2.4%
at 11 kb and 6.7% at 58 kb. The latter discrepancy would
lead to uncertainty in the equilibrium constant of an aqueous species of about 0.06 units at this temperature assuming
a Born solvation coeﬃcient x of 1.0  105 cal mol1.
A more detailed comparison of the calculated values of
(eH2 O ) with the experimental data from Heger et al. (1980)
and the estimates generated by Pitzer (1983) are shown in
Fig. 6B. It can be seen in the ﬁgure that discrepancies start
to appear at temperatures greater than 500 °C and pressures
of less than 1.0 kb. Consequently, it is recommended that
Eq. (8) not be used at less than 1.0 kb for temperatures greater than 500 °C. It can also be seen in the ﬁgure that the present study produces values of (eH2 O ) at 800 and 1000 °C that
are systematically lower than those estimated by the Pitzer
approach. Which of the two approaches is more accurate
will have to await the availability of experimental data or
quantum chemical calculations at these very high temperatures and relatively low densities. Overall, the small discrepancies between the solid curves and the solid points at all
temperatures with pressures greater than 1.0 kb emphasize
the wide-ranging applicability of the present results.
Finally, a comparison of the dielectric constant calculated in the present study with extrapolations of the Fernández et al. (1997) and Franck et al. (1990) equations is given
in Fig. 6C. At 727 °C from 2.0 to over 50 kb, it is clear that
the Franck et al. (1990) equation (calibrated as discussed in
the present study) results in values too low compared to the
ab initio molecular dynamics calculations. However, the
Fernández et al. equation gives results that are too high
compared to the ab initio molecular dynamics calculations.
A similar result would be obtained with the empirical equation of Marshall (2008), which shows close agreement with
extrapolations of the Fernández et al. equation (Dolejš,
2013). Until experimental data become available, the results
of the present study appear to give the most reasonable
agreement with as much experimental data as possible
at low pressures together with the results of the ab initio
molecular dynamics calculations at very high pressures.

3. APPLICATION OF THE EXTENDED HKF
EQUATIONS TO MINERAL SOLUBILITIES AND
AQUEOUS SPECIATION AT HIGH PRESSURES
Extensive experimental work over the last twenty years
has been carried out to measure the aqueous speciation
and solubilities of various minerals at pressures up to about
20 kb and high temperatures. These advances have far
outpaced theoretical work with the HKF equations of state
which could be used to extract a fundamental thermodynamic characterization of the aqueous species involved at
high pressures and temperatures. Consequently, we have
applied our new equation for the dielectric constant in the
revised HKF equations of state to help analyze the speciation and solubility measurements. Two geogically important sets of data concern the speciation and solubility of
Si and Al.
3.1. Solubility of silica and aqueous silica speciation
3.1.1. Raman evidence for silica speciation and measurements
of quartz solubility
The solubility and speciation of aqueous silica at elevated temperatures and pressures has long been of interest
(Morey et al., 1962; Weill and Fyfe, 1964; Anderson and
Burnham, 1965; Crerar and Anderson, 1971; Walther and
Helgeson, 1977; Hemley et al., 1980; Walther and Orville,
1983; Shock et al., 1989; Manning, 1994; Rimstidt, 1997;
Zotov and Keppler, 2000, 2002; Newton and Manning,
2002a,b, 2003, 2008, 2009; Mysen, 2010; Mysen et al.,
2013b; Hunt et al., 2011; Hunt and Manning, 2012; Spiekermann et al., 2012), but until recently deﬁnitive evidence
of speciﬁc species has been lacking. Application of the HKF
equations of state to characterizing the properties of aqueous silica species have assumed that quartz solubility experiments could be interpreted in terms of a single silica species
– the silica monomer (Walther and Helgeson, 1977;
McKenzie and Helgeson, 1984; Shock et al., 1989). This
assumption is the basis for the HKF equation of state characterization of aqueous silica in SUPCRT92. However, it is
now clear that a dimer and possibly additional higher order
polymeric aqueous species of silica can exist in equilibrium
with quartz (Newton and Manning, 2000; Zhang and
Frantz, 2000; Zotov and Keppler, 2000, 2002; Mysen,
2010; Hunt and Manning, 2012; Spiekermann et al., 2012;
Mysen et al., 2013b). Consequently, a goal of the present
study was to develop new HKF equation of state characterizations of aqueous silica species consistent with recent
experimental data.
Solubility and speciation data for aqueous silica at high
pressures diﬀer between Zotov and Keppler (2002),
Manning (1994) and Mysen (2010). However, the speciation data of Mysen (2010) have been interpreted using
solubility data extrapolated from Manning (1994). Consequently, as a ﬁrst step in characterizing the HKF coeﬃcients for the aqueous silica monomer and dimer at high
pressures, we have used speciation data from Mysen
(2010) together with solubility data from Manning (1994).
Data from the Raman spectroscopic study of silica speciation by Mysen (2010) were used to constrain HKF equation
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of state representations of the aqueous monomer and dimer
of silica. The speciation data have been expressed here as
a-quartz solubility reactions represented by
SiOQtz:
þ 2H2 O ¼ SiðOHÞ04
2

ð9Þ

and
2SiOQtz:
þ 3H2 O ¼ Si2 OðOHÞ06
2

ð10Þ

for the monomer and the dimer, respectively. The data corresponding to Eqs. (9) and (10) are shown in Fig. 7A and B
using thermodynamic properties for a-quartz obtained
independently (Berman, 1988). Other characterizations
(Helgeson et al., 1978; Robie and Hemingway, 1995; Holland and Powell, 2011) of the thermodynamic properties
of quartz do not diﬀer signiﬁcantly over the pressure–temperature range of the experimental data treated here. Two
additional important constraints on the calculations to be
discussed were used: an experimental measurement of the
silica monomer–dimer equilibrium at 25 °C and 1 bar
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(Sjoberg, 1996), and a measurement of the solubility of
a-quartz assuming it was in equilibrium with the silica
monomer at 25 °C and 1 bar (Rimstidt, 1997). Combination of these two constraints gave the standard Gibbs
free energies of formation of the silica monomer and dimer
at 25 °C and 1 bar (Table 2). Activity coeﬃcients for all
neutral aqueous species are assumed to be unity in this
study.
It should be noted that the formally dehydrated monomer and dimer properties are given in Table 2. These are deﬁned by the reactions.
SiO02;aq þ 2H2 O ¼ SiðOHÞ04;aq

ð11Þ

and
Si2 O04;aq þ 3H2 O ¼ Si2 OðOHÞ06;aq

ð12Þ

Eqs. (11) and (12) merely represent a convention according
to which the properties of the hydrated species on the
right-hand side of each equation are calculated from the

Fig. 7. Experimental data points for the solubility of quartz compared with calculated curves constrained to ﬁt the experimental data. (A)
Solubility of quartz as the monomer species. (B) Solubility of quartz as the dimer species. (C) Total solubility of quartz versus temperature at
low pressures. (D) Total solubility of quartz versus temperature at high pressures.
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Table 2
Equation of state coeﬃcients for use in the revised HKF equations of state for aqueous species consistent with the equilibrium constants given in the Appendices. The parameters are based on
regression calculations and correlations (see text).
DG0f a

DH 0f a

S0b

C 0P b

V0c

a1  10d

a2  102 a,i

a3e,j

a4  104 f,k

c1b,l

c2  104 f,m

x  105

SiO02;aq
SiO2 O04;aq
AlO(OH)aq0
AlO
2
KOHaq
BOðOHÞ0aq
BO
2

199,560g
400,760g
207,500n
198,700n
102,800q
174,860r
162,240r

213,940
427,300
228,400
222,140
103,530
187,400
184,600r

5.3h
18.0h
6.5n
7.2n
37.7q
24.0s
8.9t

27.7h
49.0h
47.5o
9.5n
21.6q
3.8s
9.0t

18.0h
40.0h
13.0o
10.0n
13.5q
20.5s
16.0t

4.9h
10.1h
4.3p
4.3p
5.9p
5.5s
0.86t

1.41i
2.69i
0.20
2.50
1.34
1.38
2.60t

4.41
0.67
5.01
1.83
3.71
3.10
3.70

2.84
2.89
2.77
2.88
2.83
2.84
2.67

25.7
35.8
38.6
19.1
1.94
25.0s
17.1

2.6
7.0
6.6
6.2
5.8
10.0s
4.9

0.36h
0.10h
0.50o
1.74n
0.40q
0.10s
1.76t

a

cal mole1.
cal mole1 K1.
c
cm3 mole1.
d
cal mole1 bar1.
e
cal K mole1 bar1.
f
cal K mole1.
g
Calculated from logK = 3.74 for the solubility of quartz as the monomer at 25 °C and 1 bar (Rimstidt, 1997) and logK = 1.2 for the aqueous monomer–dimer equilibrium (Sjoberg, 1996).
h
Regression of Raman speciation and quartz solubility data in Figs. 7A–D and 8A.
i
Calculated from a1 and an estimate of r using Appendix Eqs. (5) and (8), unless otherwise noted.
0
j
Calculated from V , a1, a2, a4 and x using Appendix Eq. (1).
k
Calculated from a2 using Appendix Eq. (9).
l
Calculated from C 0P ; c2 and x using Appendix Eq. (2).
m
Calculated from C 0P using Appendix Eq. (10).
n
Pokrovskii and Helgeson (1995) and Shock and Helgeson (1988).
o
Regression of corundum solubility data in Fig. 10A and B.
p
Estimated from the new correlation with DV 0n for complexes and neutral species in Eq. (16).
q
Regression of experimental dissociation constants from Ho and Palmer (1997).
r
Shock and Helgeson (1988).
0
s
0
S was obtained from regression of experimental pK values of Mesmer et al. (1972) using the parameters for BO
2 , given in the table; C P was calculated from c1, c2 and x using Appendix Eq.
0
(2); c1, c2 and x were obtained by regression of experimental heat capacity data (Hnedkovsky et al., 1995); V calculated using Appendix Eqs. (3), (4), and (7) and values of r and n obtained from
0
regression of experimental values of V as a function of T (Ellis and McFadden, 1972; Ward and Millero, 1974) and x; the value of a1 was calculated using Eq. (16) and a value of DV 0n calculated
with Appendix Eq. (4).
0
t
C 0P was obtained from regression of experimental pK values of Mesmer et al. (1972) using the parameters for BOðOHÞ0aq given in the table; V calculated from the r and n values given by Shock
and Helgeson (1988) together with their value of x; the value of a1 was calculated using Appendix Eq. (5), r, and a value of a2 predicted from a value for D
j0n;BO2 = 39.6  104 cm3 mole1 bar1,
0BðOHÞ given by Shock and Helgeson (1988).
which in turn was calculated from the experimental value for the standard partial molal compressibility j
a

b

4
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sums of the properties of the species on the left-hand
side in each case. The dehydrated species SiO02;aq and
Si2 O04;aq are used because the standard partial molal properties of these species correlate with equation of state coefﬁcients developed by Shock and Helgeson (1988) and
Sverjensky et al. (1997). Such correlations are the basis
of prediction in the absence of experimental standard partial molal volumes and heat capacities and have been used
for most of the aqueous species in the data ﬁle for
SUPCRT92.
The solid curves shown in Fig. 7A–D were generated by
simultaneous regression of the Raman speciation data in
Fig. 7A and B and the experimentally measured solubilities
of a-quartz represented by the symbols in Fig. 7C and D. It
should be noted that the solid curves in Fig. 7A and B are
anchored at 25 °C and 1 bar by the constraints mentioned
above. The regression calculations were used to obtain
the standard partial molal properties S 0 ; C 0P and V 0 and
the equation of state coeﬃcients a1 and x for the dehydrated monomer and dimer species (Table 2). The values
of V 0 for each species were simultaneously linked to the
equation of state coeﬃcients a2, a3, a4, and the values of
C 0P were linked to c1 and c2 using correlations developed
for many aqueous ions and neutral species in Shock and
Helgeson (1988, 1990) and Shock et al. (1989) as summarized in Appendix 1.
The regression procedure was possible because of the
enormous range of temperatures and pressures covered by
the data represented in Fig. 7A–D. Certain of the ﬁtting
parameters are more important in some regions of T–P
space than others. For example, S 0 is most reliably obtained
from data between 25 and 200 °C. Values of C 0P are most
reliably obtained from data between 200 and 900 °C at Psat
and pressures greater than about 2 kb. Values of x are most
reliably obtained from data inﬂuenced by extreme behavior
in the T–P range surrounding the critical point, e.g. between 300 and 360 °C at Psat. and between 350 and
700 °C at pressures from 0.5 kb to 1 kb. Values of V 0 and
a1 are most reliably obtained from data at greater than
300 °C and pressures from 2 to 20 kb.
Estimated uncertainties in the above parameters retrieved from the high temperature and pressure speciation
and solubility data are as follows: S 0 (±0.5 cal mol1 K1),
C 0P
(±2 cal mol1 K1), V 0 (±1.0 cm-3 mol1), a1
(±0.1 cal mol1 bar1), and x  105 (±0.05 cal mol1).
Together with previous estimates of the uncertainties in
the calculation of standard Gibbs free energies at elevated
temperatures and pressures using the HKF equations of
state (Shock and Helgeson, 1988), our results are overall
consistent with uncertainties of ±0.3 – ±0.5 in equilibrium
constants for aqueous species at high temperatures and
pressures.
It is noteworthy that the value of xSiO2;aq ð105 Þ ¼
0:36=cal mol1 given in Table 2 is well within the overall
uncertainties of an experimentally derived value of
0.44 cal mol1 (Dandurand and Schott, 1987). Previously
0.13 was obtained in HKF treatments of aqueous silica
(Walther and Helgeson, 1977; Shock et al., 1989) which is
outside the uncertainty estimated for our value. Furthermore, the values of a1 for the monomer and dimer obtained
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in the present study compare very favorably within uncertainty with the correlation between a1 and DV 0n at 25 °C
and 1 bar for neutral aqueous organic species and aqueous
complexes described below. The value of a1 for the dimer
obtained in the present study is not consistent with the original correlation proposed by Shock and Helgeson (1988),
as can be seen in comparing the original and revised correlations discussed below.
It can be seen in Fig. 7A–D that close agreement exists
between the regression curves and the bulk of the Raman
speciation and solubility data. A more extensive comparison with high pressure solubilities is shown in Fig. 8A. Despite the overall close agreement between the calculations
and the data, however, systematic discrepancies are apparent at the highest temperatures. It can be seen in Fig. 8A
that at T = 900 °C and P P 7 kb the calculated curve is systematically lower than the data. This is to be expected because of the likely existence of higher order polymers of
aqueous silica independently inferred by a number of studies (Zotov and Keppler, 2000, 2002; Hunt et al., 2011; Hunt
and Manning, 2012). Apparently the solubility of quartz
under these conditions is so high that the formation of additional polymerized species is enhanced. Consequently, the
present equations should be expected to give minimum estimates for the solubilities of silica in mineral–ﬂuid assemblages in equilibrium with quartz at T > 800 °C.
A test of the above equation of state characterizations of
the aqueous silica monomer and dimer is provided by predicting the solubility of Si in equilibrium with the maﬁc
assemblage enstatite + forsterite. It can be seen in Fig. 8B
that close agreement exists between the experimental data
(Hemley et al., 1977; Newton and Manning, 2002b) and
the predicted curves. It is interesting to note that even at
900 °C the curve in Fig. 8B is slightly lower than the experimental solubilities. This result is consistent with the systematic underestimation in the corresponding quartz
system. However, in the enstatite + forsterite + H2O system, the solubility of Si is much lower than in the
quartz + H2O system. Consequently, it is less favorable
for the formation of silica polymers of higher order than
the dimer. As a result, the present equations for the monomer and the dimer can be used at temperatures up to at
least 900 °C for calculations relevant to mantle assemblages
free of a pure silica phase, such as the enstatite + forsterite + H2O system.
3.1.2. Prediction of aqueous silica speciation to 60 kb and
800 °C
An example of the advantage of developing the HKF
equations of state for the aqueous silica species is that they
can now be used to make predictions over wide regions of
T–P space. Aqueous silica speciation in equilibrium with
a-quartz is shown in Fig. 9A and B. It should be noted that
the percentage of the total dissolved Si is shown, not the
molalities of the monomer and the dimer. In this way, the
curves take into account the fact two moles of silica are
present per mole of the dimer. In addition, at the higher
pressures shown in Fig. 9B, a-quartz is not the stable polymorph of silica. Consequently the curves in Fig. 9B at the
highest pressures represent metastable extensions of the sol-
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Fig. 8. Experimental data points for the solubility of silica compared with predicted curves. (A) Total solubility of quartz as a function of
pressure. (B) Total solubility of enstatite + forsterite as a function of pressure.

ubility of quartz which will be greater than those for the
stable polymorph coesite.
It can clearly be seen in Fig. 9A that most of the silica in
solution is present as a monomer at temperatures less than
about 500 °C. Higher temperatures are predicted to
strongly favor the dimer, which is consistent with the Raman speciation data (Fig. 7A and B) and the trend towards
increased polymerization with temperature for many diﬀerent types of molecules (Shock, 1992, 1993). Changes with
pressure are illustrated in Fig. 9B where it can be seen that
these are much less dramatic than the changes with temperature. The relative proportions of monomer and dimer are
not very sensitive to pressure. Again, this is consistent with
the very small pressure dependences shown in the Raman
data (Fig. 7A and B).
Similar trends are apparent in the silica speciation in
equilibrium with enstatite + forsterite in Fig. 9C and D.
The major diﬀerence between these results and those for
the quartz is that the monomer is predicted to be much
more important than the dimer over larger regions of
T–P space for the enstatite + forsterite + H2O system. This
is particularly apparent in comparing Fig. 9B and D. In the
latter ﬁgure, it can be seen that the silica in solution is
predominantly present as monomer at all pressures greater
than about 10 kb in the enstatite + forsterite + H2O
system.
3.2. Solubility of corundum and aqueous aluminum speciation
3.2.1. Aqueous Al speciation and solubility studies at low
pressures
In contrast to aqueous silica, there are many studies of
the speciation of aqueous Al at Psat conditions (Palmer
and Wesolowski, 1992; Wesolowski, 1992; Pokrovskii and
Helgeson, 1995; Diakonov et al., 1996; Shock et al., 1997;
Tagirov and Schott, 2001). Furthermore, unlike the situation for aqueous silica, there are measurements of the standard partial molal heat capacities and volumes of the Al3+
and AlðOHÞ
4 species as functions of temperature (Hovey

and Tremaine, 1986) which are fundamental to the calibrations of the HKF equations of state for these species (Shock
and Helgeson, 1988). The two most comprehensive treatments of the thermodynamic properties of the aqueous
Al-species as functions of temperature and pressure are
those of Pokrovskii and Helgeson (1995) and Tagirov and
Schott (2001). In the present study, we build on the work
of Pokrovskii and Helgeson (1995) because the HKF equation of state representations of aqueous Al-species were
developed using the dehydrated versions of the aqueous
Al hydroxide complexes AlOðOHÞ0aq and AlO
2 (see below),
which are more appropriate for the estimation of the HKF
equation of state coeﬃcients (Shock et al., 1989).
3.2.2. Comparison with experimental solubilities at high
pressures
Previous analysis of aqueous Al speciation has indicated
that at elevated temperatures, in systems without added silica, the aqueous AlðOHÞ03;aq and AlðOHÞ
4 species can be expected to predominate, depending on the pH (Pokrovskii
and Helgeson, 1995). These species were also inferred in a
series of studies of the solubility of corundum at elevated
pressures and temperatures (Tropper and Manning, 2007;
Wohlers and Manning, 2009).
As in the case of aqueous silica discussed above, in the
present study the dehydrated versions of the aqueous Al
hydroxide complexes were used. These are denoted by
AlOðOHÞ0aq and AlO
2 and are related to the hydrated conventional hydroxide complexes by the equations
AlOðOHÞ0aq þ H2 O ¼ AlðOHÞ03;aq

ð13Þ

and

AlO
2 þ 2H2 O ¼ AlðOHÞ4

ð14Þ

The standard partial molal properties and the equation of
state parameters for AlOðOHÞ0aq and AlO
2 given in Table 2
were derived as follows.
For the neutral species AlOðOHÞ0aq the values of
DG0f ; DH 0f and S 0 were taken from Pokrovskii and Helgeson
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Fig. 9. Predicted speciation of aqueous silica in equilibrium with quartz or enstatite + forsterite as functions of temperature and pressure.

(1995) and combined with estimates of C 0P ; V 0 and x (Shock
et al., 1997) and linear correlations to estimate r from DV 0n ,
a4 from a2, and c2 from C 0P (Appendix 1, Eqs. (8)–(10)). The
value of a1 was estimated from a new correlation with DV 0n
for complexes and neutral species (see Eq. (16) below). The
value of a3 was obtained from V 0 ; a1 ; a2 ; a4 and x (Appendix, Eq. (1)). The estimates of C 0P ; V 0 and x were reﬁned by
prediction of the solubility of corundum over a wide range
of temperatures and pressures using solubility data (Becker
et al., 1983; Tropper and Manning, 2007) which extend over
a region of temperatures and pressures where AlOðOHÞ0aq is
the only important Al species. As in the case of the aqueous
silica species discussed above, estimated uncertainties in the
above parameters retrieved from the high temperature and
pressure speciation and solubility data are as follows:
S 0 (±0.5 cal mol1 K1), C 0P (±2 cal mol1 K1), V 0
(±1.0 cm3 mol1),
a1
(±0.1 cal mol1 bar1)
and
5
1
x  10 (±0.05 cal mol ).
It can be seen in Fig. 10A and B that the calculated
curves show close agreement with the experimental data.

The ﬁnal values for AlOðOHÞ0aq of C 0P and x
(47.5 cal mol1 K1 and 0.5 cal mol1, respectively) diﬀer
signiﬁcantly from those given by Pokrovskii and Helgeson
(41.3 cal mol1 K1 and 0.3 cal mol1, respectively). However, the ﬁnal value of V 0 for this species given in Table 2
(13 cm3 mol1 K1) diﬀers from the value obtained by
Pokrovskii and Helgeson (13.3 cm3 mol1 K1) within
uncertainty.
For the charged species AlO
the values of
2,
DG0f ; DH 0f ; S 0 ; C 0P ; V 0 ; r; c1 ; c1 and x were taken from Pokrovskii and Helgeson (1995) as originally published in
Shock and Helgeson (1988). The value of a1 was estimated
from the new correlation with DV 0n for complexes and neutral species (see below). The value of a3 was obtained from
V 0 ; a1 ; a2 ; a4 and x (Appendix Eq. (1)). The parameters in
Table 2 were used to predict the solubility of corundum
in alkaline solutions at 700 °C and 10 kb for comparison
with the data reported by Wohlers and Manning (2009).
Under conditions of increasingly alkaline solutions, the species AlO
2 contributes substantially to the overall solubility.
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Fig. 10. Experimental and calculated solubilities of corundum. (A) Solubility of corundum in water with temperature and pressure. (B)
Solubility of corundum in water as a function of pressure. (C) Solubility of corundum in KOH-solutions: Middle curve (K+ only) predicted
solubility in water without a KOH0 complex; Lower curve predicted solubility including a KOH0 complex; Upper curve calculated solubility
including KOH0 and KAlO20 complexes. (D) Comparison of density model calculations (Dolejš and Manning, 2010) with the present study.

Consequently, the experimental data shown in Fig. 10C
provide a good test of the reliability of the equation of state
characterization of this species.
As discussed in Wohlers and Manning (2009), the speciation of Al in KOH solutions can be complex at high K
concentrations. Accordingly, three calculated curves are depicted in Fig. 10C, corresponding to diﬀerent aqueous speciation models for the dissolved K. It can be seen in
Fig. 10C that the calculated curve for which K+ is the only
K-bearing aqueous species in the model shows quite close
agreement with the experimental data from Wohlers and
Manning (2009), even without taking into account additional possible complexing in the aqueous phase. A second
curve is shown for which the speciation model includes the
complex KOH0aq . The properties of this complex were based
on an equation of state ﬁt to published dissociation constant data (Ho and Palmer, 1997) and are summarized in
Table 2. It can be seen in Fig. 10C that this curve lies

signiﬁcantly below the experimental solubility data. This
is a consequence of lower pH values in the speciation model
when the KOH0aq complex becomes signiﬁcant relative to
K+. At the lower pH values, the AlO
2 species becomes less
important resulting in lower calculated solubilities. Under
these conditions it can be inferred that a KAlO02;aq species
might be important. The third curve shown in the ﬁgure ﬁts
the experimental data well over a very wide range of K
concentrations. It corresponds to a speciation model that
includes KOH0aq and KAlO02;aq with a log K = 2.18 at
700 °C and 10 kb corresponding to the reaction.
0
Kþ þ AlO
2;aq ¼ KAlO2;aq

ð15Þ

Overall, the close ﬁt of the calculated curves in Fig. 10A–C,
and the lower temperature and pressure data already ﬁtted
by Pokrovskii and Helgeson (1995), provides strong support to the equation of state characterization of the dissolved Al species AlOðOHÞ0aq and AlO
2.
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Fig. 10D provides a comparison of the corundum solubility in water calculated with the density model of Dolejš
and Manning (2010) with the solubility calculated in the
present study. Both curves have been extrapolated outside
the range of temperatures and pressures used to ﬁt the
experimental data of Tropper and Manning (2007).
Although both curves have a very similar predicted pressure
dependence, it can be seen that the temperature dependence
is signiﬁcantly diﬀerent at 600 and at 1100 °C.
3.2.3. Prediction of aqueous aluminum speciation to 50 kb
and 1000 °C
The standard partial molal properties and equation of
state coeﬃcients developed above for AlOðOHÞ0aq and
AlO
2 now enable prediction of the relative importance of
these species over wide ranges of pressure and temperature
in equilibrium with any Al-bearing mineral or mineral
assemblage. However, recent experimental solubility studies
of mixed Na–Al–Si assemblages strongly suggest that
AlOðOHÞ0aq and AlO
2 are not the only dissolved Al species
(Tagirov and Schott, 2001; Tagirov et al., 2004; Manning
et al., 2010; Wohlers et al., 2011). More complex species
are indicated by the experimental studies, and may exist
in deep ﬂuids in the Earth. The results of the present study
should provide a useful platform for analyzing the results of
these more complex systems.
In the meantime, it is useful to be able to display the speciation expected for AlOðOHÞ0aq and AlO
2 in equilibrium
with corundum over ranges of pressure and temperature
not yet studied by experiment. Some examples are shown
in Fig. 11A and B. It can be clearly seen in Fig. 11A that
at lower crustal temperatures and pressures both
AlOðOHÞ0aq and AlO
are important. However, in
2
Fig. 11B it can be seen that at very high temperatures
and/or high pressures the neutral species AlOðOHÞ0aq is predicted to dominate in equilibrium with corundum. In ﬂuids
with pH values buﬀered by aluminosilicate assemblages,
that may have lower pH values, these trends could be expected to be ampliﬁed. However, the role of more complex
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species involving Al and Si remains to be investigated in
more detail for systems relevant to deep ﬂuids in the Earth.
4. REVISED PREDICTIVE CORRELATIONS FOR
HKF EQUATION OF STATE COEFFICIENTS FOR
APPLICATION TO HIGH PRESSURES
A special feature of the HKF equations of state for
aqueous species is that in the absence of experimental heat
capacities and volumes as functions of temperature or
pressure it is possible to estimate the equation of state
coeﬃcients a1, a2, a3, a4, c1, c2 and x from correlations
with standard partial molal properties referring to 25 °C
and 1 bar (Shock and Helgeson, 1988, 1990; Shock
et al., 1989). The estimated coeﬃcients can then be used
to predict the temperature and pressure dependences of
the standard free energies of many hundreds of aqueous
species. In turn, these result in prediction of equilibrium
constants as functions of temperature and pressure.
Overall, this constitutes a highly useful predictive model
for aqueous geochemistry. The coeﬃcients are given in
the code SUPCRT92 (Johnson et al., 1992) that has been
widely used up to 1000 °C and 5.0 kb. Revisions to the
predictive correlations for the equation of state coeﬃcients
for neutral aqueous organic species were suggested by
Plyasunov and Shock (2001), who analyzed newer heat
capacity, volume and compressibility data as functions
of temperature and pressure.
During the course of the present study and a related
study of carbonate speciation to pressures of 60 kb (Facq
et al., 2014), it became apparent that at pressures greater
than about 10 kb, the standard free energies calculated with
the HKF equations become increasingly sensitive to the
pressure equation of state coeﬃcient a1. This sensitivity
arises from the fact that the change in the free energy of
an aqueous species with pressure from Pr to P (i.e.,
DGP r !P 0 ) is proportional to a1(P  Pr) . Consequently, a1
must be known or estimated to better than ±0.1 cal mol1 bar1 at elevated pressures and temperatures.

Fig. 11. Predicted speciation of aqueous aluminum in equilibrium with corundum as a function of temperature and pressure.
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Values of a1 have long been estimated from a predictive correlation with DV 0n at 25 °C and 1 bar (Shock and
Helgeson, 1988), based on analysis of experimental values
of the temperature dependence of DV 0n and D
j0n for Mg2+,
+
+


Na , K , Cl and Br (Fig. 12A). Although adequate for
predictions at pressures of several kb, this correlation can
result in highly misleading predictions of the pressure
dependence of aqueous protonation, complexing or solubility reactions at pressures of 20–60 kb (Facq et al.,
2014). It is now clear that a revision to this correlation
should involve a dependence on the charge of the ions
(Fig. 12B). Furthermore, theoretical analysis of the a1
values obtained from experimental values of DV 0n and
j0n for neutral organic species (Amend and Helgeson,
D
1997a,b; Plyasunov and Shock, 2001) clearly show that
these species also belong on a diﬀerent correlation to those
for simple ions.

In the present study, we build on the results for neutral
organic aqueous species of Plyasunov and Shock (2001) by
combining the values of a1 that they report that were based
on experimental volume and compressibility data as functions of temperature with results obtained in the present
study and from the literature. We included values of a1
for SiO02;aq and Si2 O04;aq from our analysis of the extensive
solubility and speciation data discussed above,

HCO
and NHþ
4 (from Shock and Helgeson, 1988,
3 ; HS
based on r and the correlation between D
j0n and a2 at
0
+
25 °C and 1 bar), NaCl and MgCl (based on a re-analysis
of data published in Sverjensky et al., 1997), and BO
2
(based on a re-analysis of the data presented by Shock
and Helgeson, 1988, see footnotes to Table 2).
The regression line depicted in Fig. 12C is based solely
on the results from Plyasunov and Shock (2001) and is consistent with the equation

Fig. 12. New correlations for predicting the HKF equation of state coeﬃcient a1 for aqueous species, which largely governs the pressure
dependence of the standard partial molal Gibbs free energy at elevated pressure. (A) Original correlation for aqueous ions from Shock and
Helgeson (1988). (B) Revised corelations for aqueous ions (Facq et al., 2014). (C) New correlation established in the present study for neutral
species and complexes (Table 2) and published values based on compressibility data for neutral aqueous organic species (Plyasunov and
Shock, 2001).
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a1 ðx10Þ ¼ 0:1942DV 0n þ 1:52
0
n

ð16Þ
3

1

where DV is in units of cm mol and a1 is in units of
cal mol1 bar1. It can be seen in Fig. 12C that the values
of a1 correlate very closely with DV 0n for all complexes and
neutral species, both organic and inorganic, typically within
the uncertainties represented by the error bars. It should be
noted that Eq. (16) was used in deﬁning the values of a1 for
the two aqueous Al-species AlOðOHÞ0aq and AlO
2 and is
clearly consistent with the experimental solubility data for
these species for pressures up to 20 kb. Although more high
pressure solubility data, as well as data deﬁning the temperature dependencies of both volumes and compressibilities
will be necessary to test this correlation, it serves as a useful
ﬁrst step for guiding calculations involving the prediction of
aqueous species standard free energies to very high pressures.
5. DEEP EARTH WATER (DEW) MODEL
The combination of the new equation of state for estimating the dielectric constant of water to high pressures,
the use of the equation of state for water density from
Zhang and Duan (2005), and the revisions to the prediction
of the HKF equation of state coeﬃcient a1 for aqueous species, now enables the predictive calculation of a wide range
of equilibrium constants involving many aqueous species to
pressures up to 60 kb. These advances have been incorporated into the Deep Earth Water (DEW) model available
on the website of the Deep Carbon Observatory as a downloadable spreadsheet.
The DEW model includes a data ﬁle for the equation of
state coeﬃcients for over 200 aqueous species. Many of
these are based on the data ﬁle for the code SUPCRT92
as updated in Shock et al. (1997). However, because most
of the latter were derived from estimation with predictive
correlations originally described in Shock and Helgeson
(1988), the equation of state coeﬃcients for species in the
DEW model data ﬁle were re-estimated using the revised
correlations described above.
Included in the DEW model are options to easily change
the values of the estimated equation of state coeﬃcients by
changing the values of the standard partial molal Gibbs free
energy, or the entropy, heat capacity or volume of an aqueous species at 25 °C and 1 bar. This feature of the DEW
model enables very fast and ﬂexible modeling of experimental solubility or speciation data: values of the standard partial molal entropy, heat capacity and volume of an aqueous
species at 25 °C and 1 bar can quickly be retrieved from
experimental data referring to very high temperatures and
pressures. In this way, it can be expected that there will
be a continuous evolution of our thermodynamic characterizations of aqueous species as functions of temperature and
pressure.
6. CONCLUDING REMARKS
A new equation of state for estimating the dielectric constant of water to 60 kb and 1200 °C has been developed by
extrapolating values estimated using an equation based on
statistical mechanics (Franck et al., 1990) which was
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calibrated using experimental data from Heger et al.
(1980) and estimates from Fernández et al. (1997). The
calculated values of (eH2 O ) depend on an equation for the
density of water valid from 1 to about 60 kb (Zhang and
Duan, 2005). Our predicted values of (eH2 O ) were tested
by comparison with the results of ab initio calculations
(Pan et al., 2013). Expected uncertainties in our predicted
values of (eH2 O ) should be minimal for values greater than
about 30 at high pressures and may be comparable to most
experimental uncertainties in solubility measurements
under these conditions.
The predicted values of (eH2 O ) have been used in a comprehensive analysis of aqueous carbonate/bicarbonate speciation in equilibrium with aragonite from 30 to 60 kb
(Facq et al., 2014). In the present study, the predicted values of (eH2 O ) were used in the revised HKF equations of
state to calculate the standard partial molal Gibbs free
energies of the aqueous silica monomer (SiO02;aq ) and dimer
(Si2 O04;aq ) and the aqueous Al-species AlOðOHÞ0aq and
AlO
2 . The standard free energies were in turn used to analyze a very wide range of experimental speciation and solubility data involving equilibria between quartz + H2O and
corundum + H2O.
During the course of this analysis, new equation of state
parameters were obtained for SiO02;aq and Si2 O04;aq . It is the
ﬁrst time in the long history of the application of HKF-type
equation of state treatments to the solubility of quartz and
the speciation of Si (Walther and Helgeson, 1977; McKenzie and Helgeson, 1984; Shock et al., 1989) that the equation of state coeﬃcients for aqueous silica species are
consistent with correlations with the standard partial molal
properties at 25 °C and 1 bar representing a wide variety of
experimental data for electrolytes.
Our equation of state characterization of silica species in
the presence of quartz is valid to temperatures of about
800 °C at high pressures. At higher temperatures our equations systematically underestimate the solubility of quartz,
suggesting the possible existence of higher order polymers
of aqueous silica consistent with independent evidence in
the literature (Zotov and Keppler, 2000, 2002; Hunt
et al., 2011; Hunt and Manning, 2012). However, our equations successfully predict the solubility of silica in equilibrium with enstatite + forsterite + H2O to 900 °C and
20 kb when compared with data from Newton and Manning (2002a,b). Consequently, our equations may be suﬃcient to characterize aqueous silica speciation in low silica
activity assemblages, at least in the absence of Al. In ﬂuids
in equilibrium with aluminosilicate assemblages, our results
will provide a useful basis for retrieving the thermodynamic
properties of more complex Al–Si species.
In the case of the aqueous Al species, AlOðOHÞ0aq and
AlO
2 , the equation of state coeﬃcients reported here are
based on the extensive analysis of lower pressure and temperature solubility data by Pokrovskii and Helgeson (1995)
revised to be consistent with more recent data for the solubility of corundum referring to high pressures and temperatures (Tropper and Manning, 2007; Wohlers and
Manning, 2009).
Finally, the results of the present study were used to constrain a new predictive correlation for the most important
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HKF coeﬃcient governing the pressure dependence of the
standard partial molal Gibbs free energy of aqueous species. At pressures greater than about 10 kb, the pressure
dependence of the free energy is dominated by the coeﬃcient a1 because DG0P r !P is proportional to a1(P  Pr).
The correlation previously used to estimate values of a1
based on ﬁve monatomic ions (Shock and Helgeson,
1988) is not appropriate for complex aqueous species at
high pressures. A new correlation was established using results of the regression calculations in the present study, and
those from an independent analysis of volumes and compressibilities in the literature (Plyasunov and Shock,
2001). The results show that the values of the coeﬃcient
a1 for SiO02;aq and Si2 O04;aq are consistent with a wide variety
of other neutral and complex species, both inorganic and
organic. As a consequence, this result enables prediction
of a1 for complex aqueous species if the standard partial
molal volume of the species at 25 °C and 1 bar is known
or can be estimated.
Overall, the results of the present study represent a ﬁrst
step forward in the quantitative geochemical prediction of
the properties of aqueous species in deep ﬂuids in the Earth.
Much more experimental data is needed on the properties of
water and dissolved electrolytes, and the solubilities and
aqueous speciation of all the chemical elements of interest
in the deep Earth. At the same time, intensive eﬀorts are
needed in the application of quantum chemical approaches
to understanding speciation in high temperature/pressure
ﬂuids. The present study provides a theoretical framework
for integrating past and future experimental and theoretical
studies, with the overall goal of being able to predict water–
rock interactions and the role of aqueous ﬂuids in the geochemical cycles of the elements in the deep Earth.
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and the Université Claude Bernard 1 (Lyon), as well as the stimulating environment of the Bistro Martine in Lyon (thank you Martine, Susanna and Annie). We also wish to acknowledge numerous
helpful discussions about the meaning and use of the dielectric constant with George Cody, Ron Cohen, Yingwei Fei, Dionysis Foustoukos, Chris Glein, Bob Hazen, Rus Hemley, Bjorn Mysen and
Craig Schiﬀries (CIW), Dennis Bird (Stanford), Giulia Galli, Ding
Pan and Leonardo Spanu (UC Davis), Mark Ghiorso (OFM Research), Craig Manning (UCLA), and Everett Shock (ASU). The
senior author would particularly like to acknowledge the singular
stimulus for this project provided by Isabelle Daniel (Université
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Dolejš D. (2013) Thermodynamics of aqueous species at high
temperatures and pressures: equations of state and transport
theory. Rev. Mineral. Geochem. 76, 35–79.
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