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Abstract

Fluids in the deep crust and upper mantle appear to have played roles in the long-term evolution of the subcratonic litho-
spheric mantle and the stabilities of the continents, in the geochemical cycles of the elements from subduction zones to Earth’s
surface environment, and in the formation of diamonds. Much evidence of the chemistry of deep fluids has accumulated from
studies of fluid inclusions in diamonds and xenoliths. But the origins of the fluids and their behavior are still unclear. In part,
this is due to the lack of a comprehensive theoretical model of aqueous, high-pressure fluids. Traditional models have used a
C-O-H-type of model, which contains no major rock-forming elements or aqueous ions or metal-complexes.

In the present study, we use experimentally measured solubility data for multicomponent K-free eclogite, K-free peridotite
and K-bearing peridotite rocks at upper mantle conditions from the literature to construct aqueous speciation solubility models
that enabled calibration of the thermodynamic properties of ions and metal-complex species involving the elements Na, K, Mg,
Ca, Fe, Al, Si, and C in an extended Deep Earth Water (DEW) model. New equilibrium constants were retrieved for the aque-
ous bisilicate anion, a silica trimer, silicate complexes of Ca, Fe, and Al, a silicate complex of Mg and bicarbonate, and formate
complexes of Fe and Ca. The aqueous speciation and solubility model also took account of decreases in the activity of water
and aqueous activity coefficients of neutral dissolved gases and included consideration ofH 2CO

0
3. Based on the temperature and

pressure dependences of the equilibrium constants, and supporting data covering a wide range of conditions, we then developed
aqueous equation of state characterizations of the ions and metal-complex species. Overall, the results form a basis for mod-
eling fluid-rock interactions under upper mantle conditions consistent with experimental solubility measurements.
� 2019 Elsevier Ltd. All rights reserved.
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1. INTRODUCTION

Melts and fluids in the upper mantle are the mobile
phases that facilitate the deep Earth geochemical cycles of
the elements and provide the physical link to Earth’s sur-
face environment (Dasgupta, 2013; Galvez et al., 2016).
Of the two mobile phases, fluids are the more enigmatic:
melts ultimately crystallize, with or without eruption, but
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fluids are only sampled directly in fluid inclusions
(Frezzotti and Ferrando, 2015). The passage of fluids is
indirectly recorded in isotopic, chemical, or mineralogical
alteration. Both melts and fluids are thought to cause meta-
somatic changes in the upper mantle and it is from these
changes that the relative contributions of the two are dis-
cussed in the literature (Carlson et al., 2005). At great
enough depths in the upper mantle, the physical distinction
between melts and fluids disappears (Kessel et al., 2005).

Mantle metasomatism refers to the general process
whereby melts or fluids modify their environment in the
mantle. It is thought to play an important role in the
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modification and destruction of the oceanic mantle (Galvez
et al., 2016; Keller et al., 2016; Weiss et al., 2016), the sub-
continental lithospheric mantle (Padrón-Navarta et al.,
2011; Wang et al., 2015, 2016; Weiss et al., 2016; Tumiati
et al., 2017; Regier et al., 2018; Tiraboschi et al., 2018),
the evolution of specific igneous rock suites (Menzies and
Murthy, 1980; Pilet et al., 2008; Ammannati et al., 2016;
Weiss et al., 2016), and the formation of diamonds
(Stachel and Harris, 2008; Shirey et al., 2013; Pearson
and Wittig, 2014; Sverjensky and Huang, 2015; Weiss
et al., 2016; Garber et al., 2018). Though the relative ratio
of primary and metasomatized lithospheric mantle rocks
is not clear, it is very likely there is little primary rock left
due to repeated metasomatic events over billions of years
(O’Reilly and Griffin, 2013). Metasomatic events affecting
the peridotitic environment fall into three categories: (1)
modal metasomatism – involving the addition of non-
primary mineral phases; (2) cryptic metasomatism – involv-
ing changes in the mineral compositions, especially trace
elements, without introducing new mineral phases; and
(3) stealth metasomatism – involving the addition of new
mineral phases that are indistinguishable from normal peri-
dotitic minerals (Harte, 1983; Andersen et al., 1984;
Dawson, 1984; Gréau et al., 2011; O’Reilly and Griffin,
2013). The main proxies in rocks reflecting mantle metaso-
matism are the major and trace element compositions
(Menzies and Hawkesworth, 1986; O’Reilly and Griffin,
1988; Simon et al., 2007) and the isotopic compositions
(O’Reilly and Griffin, 1988; Li et al., 2016; Deng et al.,
2017) in the mantle wall-rock usually brought up to the sur-
face by magmas as xenoliths or xenocrysts.

Here we focus on fluids in the upper mantle. The most
direct samples of metasomatic fluids are trapped as fluid
inclusions in diamonds or other xenocrysts (Frezzotti
et al., 2011; Weiss et al., 2015). The fluid compositions vary
from saline, to silicic, and to carbonatitic (Tomlinson et al.,
2006; Shirey et al., 2013), or they might be rich in CO2

(Frezzotti and Ferrando, 2015; Li, 2017) or hydrocarbon
species (Sverjensky et al., 2014b; Huang et al., 2017). Fluids
migrate in the deep Earth via cracks in rocks or along grain
boundaries (O’Reilly and Griffin, 2013). One major source
of deep Earth fluids is thought to result from the break-
down of minerals in subducting slabs (Frost and
McCammon, 2008; Weiss et al., 2015). However, the origins
of deep fluids are poorly constrained. Furthermore, tradi-
tional models of fluid chemistry cannot directly model the
potential role of fluids in mantle metasomatic processes
such as those discussed above.

Traditional models of water-rich fluids in the upper
mantle, known as C-O-H fluids, only consider dissolved
gas molecules such as CH4, C2H6, CO, CO2, H2O, H2

and O2 (Zhang and Duan, 2009). Variants of the C-O-H
fluid model have been widely used and shown to be very
useful in studying metamorphic processes in the crust,
where the fluids are dilute with respect to solutes other than
dissolved volatile species (Manning, 2004). However, the
fluid inclusion data cited above clearly show that deep crus-
tal and upper mantle fluids can contain large amounts of
solutes (e.g. Mg, Ca, Fe, Si, Al) in addition to volatile spe-
cies. Furthermore, decades of experimental studies of min-
eral solubilities (Manning, 1994; Newton and Manning,
2000, 2002a, 2002b, 2006, 2010; Hunt et al., 2011), rock sol-
ubilities (Kessel et al., 2005; Dvir et al., 2011; Hermann
et al., 2013; Adam et al., 2014; Kessel et al., 2015; Tsay
et al., 2016; Tsay et al., 2017; Elazar et al., 2019), and aque-
ous speciation studies at high temperatures and pressures
(Frantz et al., 1994; Zotov and Keppler, 2000, 2002;
Martinez et al., 2004; Jahn and Schmidt, 2010; Mysen
and Yamashita, 2010; Spiekermann et al., 2012; Louvel
et al., 2013; Mysen et al., 2013; Louvel et al., 2014;
Schmidt, 2014; Watenphul et al., 2014; Facq et al., 2014,
2016; Schmidt and Manning, 2017) have established that
aqueous fluids at upper mantle pressures can contain more
than 45 wt.% solutes of the rock-forming elements in the
form of aqueous ions, complexes, and neutral species.

In order to begin to account for the complexity of deep
Earth fluids and enable the development of quantitative
models of deep crustal and upper mantle metasomatic reac-
tions, the Deep Earth Water (DEW) model was developed
(Sverjensky et al., 2014a; Sverjensky, 2019). The model was
calibrated using aqueous speciation data derived from
Raman spectroscopic studies for bicarbonate and carbon-
ate species (Facq et al., 2014, 2016), sulfate species
(Frantz et al., 1994), and the silica monomer and dimer spe-
cies (Mysen, 2010), together with solubility data for single
minerals including quartz (Manning, 1994 and earlier stud-
ies) and corundum (Tropper and Manning, 2007; Becker
et al., 1983) or pairs of minerals, for example, forsterite plus
enstatite (Newton and Manning, 2002b). However, none of
the solubility measurements that were used extended
beyond 2.0 GPa nor did they include solubility data on
chemical systems more complex than one or two pure min-
erals. Consequently, without further calibration, calcula-
tions of chemical mass transfer could only predict
minimal values for most of the rock-forming chemical ele-
ments (Sverjensky and Huang, 2015; Galvez et al., 2016;
Debret and Sverjensky, 2017).

The main focus of the present study is to build on the
established foundations of the DEW model using experi-
mental solubility data for multicomponent systems from
the literature extending to pressures beyond 2.0 GPa. A
preliminary study of this type was published for a single
temperature and pressure (Sverjensky and Huang, 2015).
Here, we used experimental solubilities for synthetic, K-
free eclogite (Kessel et al., 2005), K-free peridotite (Dvir
et al., 2011), and K-bearing peridotite (Kessel et al., 2015)
in the system Na2O-K2O-MgO-CaO-Al2O3-SiO2-FeO-
H2O-CO2-H2 at 700–1000 �C and 4.0–5.0 GPa to calibrate
the thermodynamic properties of aqueous metal complexes
that could account for the high measured solubilities of
these rocks. The bulk compositions of the synthetic eclogite
and peridotites represent approximations to the composi-
tions of mafic and ultramafic environments, respectively,
in subduction zones and in the peridotite of the convecting
upper mantle.

Using the equilibrium constants for metal-OH, metal-Si
and metal-C complexes retrieved from fitting the experi-
mental solubility data, we have developed an equation of
state representation of each complex. The equation of state
representation allows extrapolation of behaviors over a
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wide range of pressures and temperatures, and demon-
strates consistency with low temperature and pressure data
where these are available in the literature. A new addition
to the model involved expanding the activity-composition
relationships for aqueous ions using previously developed
theory (Helgeson et al., 1981), for aqueous CO2, and for
the solvent H2O by transforming a previously built C-O-
H fluid model (Duan and Zhang, 2006), so that predictions
could be made over a much wider range of fluid composi-
tions than previously possible. In addition, we have
included a preliminary model for the abundance of the

aqueous species H 2CO
0
3 (see below). In this way, the

DEW model and associated aqueous speciation, solubility
and chemical mass transfer codes are no longer restricted
to water-rich compositions. As a result, it is now possible
to compute predictive models of upper mantle metasoma-
tism and diamond formation involving a wide range of fluid
compositions (Huang, 2017).

2. METHODS

2.1. Theoretical models, assumptions, and uncertainties

2.1.1. The Deep Earth Water (DEW) model

The DEW model uses the Helgeson-Kirkham-Flowers
(HKF) equations of state for aqueous species (Helgeson
et al., 1981; Shock and Helgeson, 1988, 1990; Tanger and
Helgeson, 1988; Shock et al., 1989; Shock et al., 1992,
1997; Plyasunov and Shock, 2001), together with revised
predictive correlations between the equation of state coeffi-
cients and the standard partial molal properties of aqueous
species (Facq et al., 2014; Sverjensky et al., 2014a;
Sverjensky, 2019) to calculate the apparent standard partial
molal Gibbs free energies of aqueous species at high pres-
sures and temperatures. It was designed to be consistent
with the basis for SUPCRT92 by using the same equations
of state for aqueous species and by merging at 2.0 kb with
the equations for the volume and dielectric constant of
water. The calculated apparent standard partial molal
Gibbs free energies of aqueous species are used to calculate
equilibrium constants for the reactions of interest. The
HKF approach was previously limited to an upper pressure
of 0.5 GPa due to a lack of knowledge of the dielectric con-
stant of water at higher pressures (Shock et al., 1992), but
now the approach has been extended to 6.0 GPa and
1200 �C owing to recent theoretical and experimental
advances (Facq et al., 2014; Pan et al., 2013; Sverjensky
et al., 2014a). A summary of the DEW model and its
revised predictive correlations for equation of state coeffi-
cients of aqueous species is given in Sverjensky (2019).

2.1.2. Aqueous speciation and solubility models

For the chemical system investigated here, involving the
components Na2O-K2O-MgO-CaO-Al2O3-SiO2-FeO-H2O-
CO2-H2, the existing DEW model species based on previ-
ously published data and predictive correlations are shown
in Table 1. It should be noted that chloride, sulfur, nitrogen,
and transition metal species other than those of iron are not
included in Table 1 as they are not part of the chemical sys-
tem investigated in the present study. However, these species
can be added as needed (Mikhail and Sverjensky, 2014;
Sverjensky et al., 2014b; Mikhail et al., 2017). As discussed
below, the species in Table 1 provide a basis for predictions,
but additional aqueous complexes and ionic species are
needed to fit the experimental solubilities.

For computational purposes, the aqueous speciation
and solubility model used in the present study can be envi-
sioned in two steps. First, the basic aqueous model consists
of a set of primary chemical species with known standard
Gibbs free energies that suffice to represent the link between
the aqueous model and the mineral components. Second,
combinations of the primary species can be used to define
complex aqueous species that increase the solubility of
one or more chemical elements in the fluid. As an example,
we give below the species and equations used in the present
study for a preliminary speciation and solubility model for
a mafic K-free eclogite experiment.

The primary chemical species from the list in Table 1 are

H 2O, Hþ, Naþ, Ca2þ, Mg2þ, Al3þ, SiðOHÞ04, Fe2þ, and CO2�
3 ,

to which we add O2ðgÞ for redox reactions. These ten, pri-

mary species are used in equilibria with chemical compo-
nents of the eclogitic minerals clinopyroxene, garnet,
coesite, and diamond in the experiments according to the
following seven reactions with known standard Gibbs free
energies:

CaMgSi2O6 þ 4Hþ ¼ Ca2þ þMg2þ þ Si OHð Þ04 ð1Þ
NaAlSi2O6 þ 4Hþ ¼ Naþ þ Al3þ þ Si OHð Þ04 ð2Þ
Mg3Al2Si3O12 þ 12Hþ ¼ 3Mg2þ þ 2Al3þ þ 3Si OHð Þ04 ð3Þ
Fe3Al2Si3O12 þ 12Hþ ¼ 3Fe2þ þ 2Al3þ þ 3Si OHð Þ04 ð4Þ
Ca3Al2Si3O12 þ 12Hþ ¼ 3Ca2þ þ 2Al3þ þ 3Si OHð Þ04 ð5Þ
SiO2;coesite þ 2H 2O ¼ Si OHð Þ04 ð6Þ
Cdiamond þ O2;ðgÞ þ H 2O ¼ CO2�

3 þ 2Hþ ð7Þ
It should be noted that not all the chemical components

of the eclogitic minerals are needed to determine the fluid
chemistry. For example, the hedenbergite component was
not used to constrain the fluid chemistry, but instead the
final computed state of saturation of the fluid with respect
to hedenbergite was used as a check on the accuracy of
the model (see below).

An eighth equation relates the concentrations of these
species to achieve charge balance in the fluid:
X

iCiþ
m ¼

X
jCj�

n ð8Þ
where Ciþ

m represents the concentration of positively

charged ion m and Cj�
n is the concentration of negatively

charged ion n in the model fluid, including charged
complexes.

A ninth equation expresses the activity of water in terms
of the mole fraction of water, which expresses the amount
of water relative to the concentrations of all the solute
species:

aH2O ¼ XH2O ð9Þ
The remaining variable to be specified is the fugacity of

oxygen (f O2) which is a fit parameter for the model.



Table 1
DEW model aqueous species previously studied (see text). These are
the species used to make the solubility predictions in Fig. 1.

ELEMENT SPECIES

H H2O, Hþ, OH�, H0
2

Na Naþ, NaðOHÞ0
K Kþ, KðOHÞ0
Ca Ca2þ, Ca OHð Þþ, CaCO0

3

Mg Mg2þ, Mg OHð Þþ, MgHCOþ
3 , MgCO0

3, MgOSiðOHÞþ3
Al Al3þ, AlðOHÞ03, AlOHÞ�4
Si SiðOHÞ04, Si2OðOHÞ06
Fe Fe2þ, Fe OHð Þþ, FeðOHÞ02, FeðOHÞ�3
C CO0

2, HCO3
�, CO3

2�, HCOOH0, HCOO�

CH3COOH0, CH3COO�, CH4
0
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In summary, mass action expressions corresponding to
Eqs. (1)–(7), Eqs. (8) and (9), and the f O2, provide ten con-
straints enabling knowledge of the concentrations of the ten

principal model species H 2O, Hþ, Naþ, Ca2þ, Mg2þ, Al3þ,

SiðOHÞ04, Fe2þ, CO2�
3 , and O2ðgÞ (provided that aqueous

activity coefficients are accounted for, see below). If these
were the only species in the model, their concentrations
alone would define the solubility of the eclogite in terms
of Na, Ca, Mg, Al, Si, Fe, and C. However, in practice,
additional known aqueous species, including some metal
complexes, were included in a preliminary model as shown
in Table 1.

The additional thirty-one aqueous species listed in
Table 1 can all be expressed as combinations of the princi-
pal species given above according to the equilibria,

H 0
2 þ 0:5O2;ðgÞ ¼ H 2O ð10Þ

OH� þ Hþ ¼ H 2O ð11Þ
Na OHð Þ0 þ Hþ ¼ Naþ þ H 2O ð12Þ
Ca OHð Þþ þ Hþ ¼ Ca2þ þ H 2O ð13Þ
Ca CO3ð Þ0 ¼ Ca2þ þ CO2�

3 ð14Þ
Mg OHð Þþ þ Hþ ¼ Mg2þ þ H 2O ð15Þ
Mg HCO3ð Þþ ¼ Mg2þ þ Hþ þ CO2�

3 ð16Þ
Mg CO3ð Þ0 ¼ Mg2þ þ CO2�

3 ð17Þ
Mg H 3SiO4ð Þþ þ Hþ ¼ Mg2þ þ H 4SiO4 aqð Þ ð18Þ
Fe OHð Þþ þ Hþ ¼ Fe2þ þ H 2O ð19Þ
FeðOHÞ02 þ 2Hþ ¼ Fe2þ þ 2H 2O ð20Þ
FeðOHÞ�3 þ 3Hþ ¼ Fe2þ þ 3H 2O ð21Þ
AlðOHÞ03 þ 3Hþ ¼ Al3þ þ 3H 2O ð22Þ
AlðOHÞ�4 þ 4Hþ ¼ Al3þ þ 4H 2O ð23Þ
Si2OðOHÞ60 þ H 2O ¼ 2SiðOHÞ40 ð24Þ
CO0

2 þ H 2O ¼ 2Hþ þ CO2�
3 ð25Þ

HCO�
3 ¼ Hþ þ CO2�

3 ð26Þ
HCOOH 0 þ 0:5O2 ¼ 2Hþ þ CO2�

3 ð27Þ
HCOO� þ 0:5O2 ¼ Hþ þ CO2�

3 ð28Þ
CH 3COOH 0 þ 2O2 ¼ 4Hþ þ 2CO2�

3 ð29Þ
CH 3COO
� þ 2O2 ¼ 3Hþ þ 2CO2�

3 ð30Þ
CH 0

4 þ 2O2 ¼ 2Hþ þ CO2�
3 þ H 2O ð31Þ

i.e. every additional species has an additional equilib-
rium constant that is used to constrain it. In addition, all
the new charged ions or complexes in Eqs. (10)–(31) must
be included in the charge balance equation (Eq. (8)). All
the mass action expressions corresponding to the equilibria
listed above have equilibrium constants that can be calcu-
lated with the DEW model. This is the basis of the prelim-
inary model of the present study used to make the initial
solubility predictions shown in Fig. 1. The predicted solu-
bilities come from knowledge of the concentrations of all
the above aqueous species and the mass balance equations
for Na, Ca, Mg, Al, Si, Fe, and C given below:

mt;Na ¼ Naþ þ Na OHð Þ0 ð32Þ
mt;Ca ¼ Ca2þ þ Ca OHð Þþ þ Ca CO3ð Þ0 ð33Þ
mt;Mg ¼ Mg2þ þMg OHð Þþ þMg HCO3ð Þþ

þMg CO3ð Þ0 þMg H 3SiO4ð Þþ ð34Þ
mt;Fe ¼ Fe2þ þ Fe OHð Þþ þ FeðOHÞ02 þ FeðOHÞ�3 ð35Þ
mt;Al ¼ Al3þ þ AlðOHÞ03 þ AlðOHÞ�4 ð36Þ
mt;Si ¼ SiðOHÞ40 þ 2Si2OðOHÞ6

0 ð37Þ
mt;C ¼ CO0

2 þ HCO�
3 þ CO2�

3 þ HCOOH 0 þ HCOO�

þ 2CH 3COOH 0þ2CH 3COO
� þ CH 0

4 ð38Þ
where mt;Na;mt;Ca, mt;Mg mt;Fe, mt;Al, mt;Si, and mt;C represent
the total dissolved molalities that can be compared with
the experimentally measured concentrations of Na, Ca,
Mg, Al, Si, and Fe as discussed below (C was not measured
experimentally).

In practice, the equilibrium constants discussed above
were calculated with the DEW model and incorporated
in the Fortran code EQ3NR (Wolery, 1992) used in the
present study for computing aqueous speciation and solu-
bility models. The code was modified in order to perform
calculations at high pressures up to 6.0 GPa and tempera-
tures up to 1000 �C. The EQ3 code computes the equilib-
rium aqueous speciation of a fluid based on equilibrium
with the given solid-solution components at specified tem-
peratures, pressures, and oxygen fugacities as described in
the above equations. The speciation model determines the
total dissolved concentrations of each element and the
state of saturation of the fluid with respect to all other
minerals in the chemical system of interest that were not
specified as input constraints. By comparing the model
results against measured solubilities, additional new equi-
librium constants of the main complexes responsible for
the solubility can be determined. The activity coefficient
models for ions and neutral species, and the solvent are
discussed next.

2.1.3. Activity-concentration models for aqueous ions and

neutral species, water, and minerals.

The individual ionic activity coefficients (c
�
j:P ;T ) of the jth

aqueous species at elevated temperatures and pressures



Fig. 1. The predictions made by the DEW model using the species and parameters given in Table 1. Solubility data of (a) K-free eclogite at
800 �C and 5 GPa (Kessel et al., 2005), (b) K-free peridotite at 800 �C and 5 GPa (Dvir et al., 2010) and (c) K-bearing peridotite at 850 �C and
5 GPa (Kessel et al., 2015). Error bars on X-axis are 1 standard deviation reported by experimental studies and Y-axis are overall estimated
uncertainties of the model.
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were calculated using the following equation (Helgeson
et al., 1981):

logc
�
j;P;T ¼ ArZ2

j I
�
0:5

1þ akBcI
�
0:5

þ bc;k I
�þCc ð39Þ

In Eq. (39), the first term on the right hand side is the
Debye-Hückel term, which takes into account the long-
range electrostatic interactions between ions: Ac and Bc are
functions of temperature, and the density and dielectric con-
stant of pure water; Zj refers to the charge of the aqueous

ion j; the ionic strength, I
� ¼ 1

2

P
imiZ2

i , where mi is the molal-

ity of the ith species; ak represents an ion-size parameter for
the kth salt in solution; bc;k is an extended-term parameter
for the kth electrolyte that takes into account the solvation
dependence on ionic strength and the short-range interac-
tions of ions as a function of pressure and temperature,
and Cc ¼ � 0:0180153ð Þlogð1þ m�Þ, where m� refers to the
sum of molalities of all aqueous species in the solution
(Helgeson et al., 1981). The extended-term parameter
bc;NaCl has been evaluated for temperatures and pressures
up to 800 �C and 0.5 GPa (Oelkers and Helgeson, 1990)
and showed trends with increasing pressure indicating that
bc;NaCl approaches zero at 0.5 GPa. Currently in our model
bc;k is assumed to be zero due to a lack of experimental data
describing solvation as a function of ionic strength at tem-
peratures and pressures greater than 800 �C and 0.5 GPa.
This assumption is supported by previous discussions of sol-
ubility measurements (Manning, 2013).

For the activity coefficients of neutral species (logc
�
n;P ;T ),

because the formal charge on the species (ZjÞ is zero, Eq.
(39) can be replaced by
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logc
�
n;P ;T ¼ bc;n þ Cc ð40Þ

where Cc is the same as in Eq. (39), and bc;n is a function of
temperature (�C) and pressure. For neutral species consist-

ing of complexes such as NaCl0 it was assumed that logc
�
n;P ;T

is equal to zero. Despite the paucity of data for the non-
ideality of such species at elevated temperatures and pres-
sures, our assumption is consistent with an evaluation of
bc;NaCl0 for temperatures and pressures up to 800 �C and

0.5 GPa indicated that bc;NaCl0 approaches zero at pressures

of 0.5 GPa (Oelkers and Helgeson, 1991). For the neutral
silica species, Eq. (40) was used with bc;n ¼ 0:0 and Cc cal-
culated from the total dissolved solute in the fluid. This
effect is important in the present study only in coesite-
saturated eclogitic fluids at 5.0 GPa and 900 and 1000 �C.
However, for neutral dissolved gases, specifically CO0

2 and

CH 0
4, it can be expected that bc;n will not be zero based on

the extensive literature on metamorphic CO2-H 2O fluid-
mixing relations.

In the present study, we transformed the C-O-H fluid
model activities of CO2 (Duan and Zhang, 2006) from the
pure fluid standard state for CO2 to the hypothetical

1.0 m standard state of the aqueous species CO0
2. As a first

approximation, we then used empirical polynomial fits to
the aqueous standard state activities as functions of pres-
sure and temperature from 600 to 1000 �C at 4.0 and
5.0 GPa up to mole fractions of CO2 of about 0.6 to obtain

bc;CO2
¼ �6:0803þ 0:012754T � 4:5714

� 10�6T 2 ð4:0 GPaÞ ð41Þ
bc;CO2

¼ �8:4495þ 0:01775T � 7:5004

� 10�6T 2 ð5:0 GPaÞ ð42Þ
All other neutral dissolved gas species were assumed to

have the same activity coefficients as CO0
2. The approxima-

tions represented by Eqs. (41) and (42) relate the large cal-

culated model activities of dissolved gases such as CO0
2 that

result from using standard Gibbs free energies of formation
referring to the hypothetical 1.0 m standard state to geolog-

ically reasonable concentrations of CO0
2. An alternate

approach (Galvez et al., 2016), uses the dielectric constant

of mixed CO0
2-H 2O fluids. However, the present approach

keeps the non-ideality of such fluids in the extended term
of the Debye-Hückel equation, which is the most appropri-
ate place given the hypothetical 1.0 molal standard state
used here.

As an additional complication for COH-fluid models, it
should be noted that recent ab initio molecular dynamics

calculations predict that CO0
2 is a very minor species com-

pared with H 2CO
0
3 at 727 �C and 10.0 GPa (Pan and

Galli, 2016). No experimental geochemical studies at ele-
vated temperatures and pressures have yet taken this tran-
sition into account, but the ab initio calculations indicate its
importance. There should be regions of temperature-

pressure space where CO0
2, H 2CO

0
3, and H 2O will co-exist

in a fluid phase. In the present study, as a first approxima-
tion, we have used a preliminary equation of state fit to the

ab initio ratios of CO0
2 and H 2CO

0
3 from Pan and Galli
(2016) together with data referring to 5–45 �C (Wissbrun
et al., 1954). The equilibrium constants and equation of
state coefficients are summarized below with other com-

plexes studied here. The effect of including H 2CO
0
3 in the

present regressions of solubility data is minor: it raises the
total dissolved oxidized carbon species at a given fugacity
of oxygen, depending on the activity of water. However,
it can be expected that under more oxidizing conditions
than investigated in the present study, the inclusion of this
species will significantly boost the total carbon carried by
high temperature-pressure fluids.

The activity model of water in the present study assumed
ideal mixing, calculated from the mole fraction of water rel-
ative to all the solutes. For example, on a molality basis,
one kilogram of water has 55.51 moles, and if we assume
the sum of all the solutes is 15.0 moles per kg H2O, the

activity of water is calculated to be 55:51
55:51þ15:0

= 0.787.

Because only one fluid phase is considered in the model,
all dissolved gas and neutral organic species are treated
without considering immiscibility.

The activities of the mineral components in the solid
solutions from the experiments were calculated from the
reported chemical analyses assuming ideal-site mixing.
Although this assumption is not adequate for the purposes
of geothermometry and geobarometry, because such calcu-
lations are sensitive to the non-ideality of solid solutions,
the goal of the present study is the characterization of min-
eral solubilities in terms of aqueous complexes. In the pre-
sent study, where the temperatures and pressures are
known from the experimental conditions, by far the largest
source of uncertainty lies in the identity and the standard
free energies of the aqueous complexes. Consequently,
ideal-site mixing is a reasonable first approximation. In
the data files of the EQ3 code, the assumption of ideal
site-mixing was achieved by expressing the formulae of each
endmember mineral normalized to one cation per mixing
site. For example, the olivine solid solution, (Mg, Fe)2SiO4,
is treated as (Mg, Fe)Si0.5O2. The standard Gibbs free ener-
gies of formation of the end-member mineral components
were calculated with the modified Berman thermodynamic
database (Berman, 1988; Sverjensky et al., 1991) because
it is more closely consistent with measured mineral solubil-
ities from the literature (e.g. Sverjensky et al., 1991). The
overall approach of the present study is supported by the
applicability of the results to the chemistry of fluid inclu-
sions in natural diamonds (Sverjensky and Huang, 2015;
Huang, 2017).

2.2. Experimental mineral and fluid compositions used in the

present study

As indicated above, the main purpose of this paper is to
use high temperature and pressure experimental solubility
data for multicomponent systems from the literature to cal-
ibrate the properties of aqueous species in the DEW model.
We focused on the solubility measurements of a K-free
eclogite (Kessel et al., 2005), a K-free peridotite (Dvir
et al., 2011), and a K-bearing peridotite (Kessel et al.,
2015). For convenience, these are referred to as KFE,
KFP, and KBP, respectively. The eclogite has a mafic bulk
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composition and the peridotites have a lherzolite composi-
tion. Detailed bulk compositions of the starting materials in
the experiments can be found in the corresponding papers.
The experiments were performed with a rocking, multi-
anvil apparatus using the diamond trap technique, where
the aqueous fluids are frozen and trapped after quenching.
For each experiment, the fluids were analyzed by laser abla-
tion into an inductively-coupled-plasma mass-spectrometer
(ICP-MS). The solid products were identified using a scan-
ning electron microscope (SEM) and the chemical composi-
tions were measured with an electron microprobe. The
mineral compositions used to constrain the fluid chemistry
in our models are summarized in Appendix A according to
the following assumptions:

(1) All Fe in the minerals is treated as Fe2+ in the solid
solutions.

(2) Garnets are treated as solid solutions of pyrope,
almandine, and grossular.

(3) Clinopyroxene compositions in the eclogite bulk
composition are treated as solid solutions of diop-
side, hedenbergite, and jadeite.

(4) Clinopyroxene compositions in the two peridotitic
bulk compositions are treated as solid solutions of
diopside, hedenbergite, and clinoenstatite.

The fluid compositions measured in the experiments are
summarized in Appendix B. The original chemical analyses
of the fluids that were reported as weight percent of oxides
and the measured mass of water by Kessel and co-workers
were used calculate total dissolved elemental concentrations
in molalities, which are more appropriate for aqueous spe-
ciation models.

2.3. Overall modeling approach and uncertainties in the

thermodynamic models

The solubilities of the seven chemical elements Na, K,
Mg, Ca, Fe, Al, and Si reported by Kessel and co-
workers for the three different bulk rock compositions in
water vary significantly. In many cases, dramatic differences
in solubility were observed. Overall, it can be expected that
the fluid chemistry, particularly the pH, and the aqueous
speciation, should be very different for different bulk com-
positions of rock plus fluid. Therefore, the solubilities
should also be different. In the present study, we take
advantage of this to calibrate a variety of different aqueous
complexes, the relative importance of which differ for the
three different bulk compositions. For example, in the case
of the eclogite (KFE) plus water, coesite is part of the
experimental equilibrium mineral assemblage which results
in relatively high concentrations of silica. Therefore metal-
silicate complexes tend to be more important in the KFE
fluids than in the KFP or KBP fluids.

Given experimental solubilities involving three different
fluid chemistries, it follows that a maximum of three differ-
ent complexes for each chemical element could be obtained
by regression of the solubility data, i.e. a maximum of
3� 7 ¼ 21 complexes. In practice, only one or two new
complexes for Na, Ca, Mg, Fe, Al, and Si were needed.
In total, twelve new species were needed to fit the solubility
data (Table 2).

Repeated trial regression calculations were made to fit
the solubility data in attempts to minimize the number of
complexes that were needed. The choice of complex was
dictated by consideration of the likely major ligands avail-
able in the fluids, and consistency with published equilib-
rium constants for complexes or solubilities at lower
temperatures and pressures. In the systems investigated
here, possible ligands could include hydroxide, silicate,
bicarbonate, carbonate, and organic carbon-bearing
anions. The C-bearing species were considered here because
preliminary calculations failed to account for the differences
in fluid chemistry between the three different bulk composi-
tions with only hydroxide or silicate complexes. It was
inferred that C-species must be entering the fluids by equi-
libration with the very fine-grained diamond powder used
in the diamond trap experiments, although it should be
emphasized that there are no direct measurements of the
carbon contents of the fluids in these experiments. Accord-
ing to Kessel et al. (2015), the total carbon in the fluid
should correspond to an approximate upper limit of about
XCO2

< 0:1, which would correspond to a total C concentra-
tion in the fluid of less than 6.2 molal. By assuming that the
fluids were in chemical equilibrium with diamond, it was
possible to include aqueous C-speciation and solubility in
our models. This, in turn, meant that the logf O2

of each

experiment was important. Because the oxidation states
were not controlled by a buffer in the experiments, a best
fit value of logf O2

for each experiment was included as an

additional variable in the regression procedure. It can be
seen in Table 3 and Appendix C that model C concentra-
tions in the present study are less than 6.2 molal in nine
out of the thirteen experiments, but range from 8.0 to
18.0 m for four of the peridotite experiments. Although
the latter are higher than the approximate upper limit sug-
gested by Kessel and co-workers, the overall agreement is
reasonable if we consider uncertainties in the logf O2

of

the models and in the CO2 � CH 4 � H 2O activity-
concentration relations. More recently, experiments have
been reported with C added to the peridotite system (Dvir
and Kessel, 2017). Such experiments can be used in the
future to define the model C-activity-concentration ratios
more precisely.

Several additional constraints were placed on the regres-
sion procedure:

(1) The calculated model solubilities were required to
vary smoothly with temperature and pressure where suffi-
cient data were available. For example, the experimental
solubilities of the KFE at 5.0 GPa show some scatter with
temperature from 700 to 1000 �C which was smoothed out
during the regression procedure (see below).

(2) The equilibrium constants retrieved from the solubil-
ity data for different rock compositions at the same temper-
ature and pressure were weighted to be as close as possible
in numerical value. With very few exceptions this was typ-
ically achieved.

(3) The equilibrium constants obtained by fitting the sol-
ubility data should vary smoothly with temperature and
pressure. This is a reasonable requirement as true thermo-



Table 2
New logK values of hydrated complexes in Eqs. (43)–(54) determined in the present study by fitting the experimental solubility data in Figs. 2–4 supplemented by independently predicted values.
The logK values in bold represent regression of solubility data, whereas values in italics were estimated by calculation using the equations of state fitted to the values in bold when sufficient
experimental data were not available (see text and Table 3). Values in plain text were taken from the regression results of either the K-free eclogite solubility experiments (KFE) or the K-free
peridotite solubility experiments (KFP) or the K-bearing peridotite solubility experiments (KBP) when experimental data were available for any two rock types at the same temperature and
pressure. For the silica trimer only two regression results could be obtained, the others are predicted from an equation of state fit.

Complex in Eqs. (43)–(54) 5.0 GPa & 700 �C 5.0 GPa & 800 �C 5.0 GPa & 850 �C 5.0 GPa & 900 �C 5.0 GPa & 1000 �C

KFE KFP KBP KFE KFP KBP KFE KFP KBP KFE KFP KBP KFE KFP KBP

H2CO0
3 �0.87 �0.96 �0.96 �1.01 �1.04 �1.12 �1.12

NaðHCO3Þ0 �1.51 �2.10 �2.10 �2.09 �2.28 �2.5 �2.8
Ca HCO3ð Þþ �3.79 �4.34 �4.34 �4.60 �4.86 �5.37 �5.37

CaOSiðOHÞ3þ 1.9 1.5 1.5 1.12 0.90 0.20 0.2
Ca HCOOð Þþ �3.72 �4.24 �4.24 �4.7 �4.76 �4.7 �4.7

MgOSiðOHÞ2 HCO3ð Þþ �7.3 �7.6 �8.0 �8.1 �8.0 �8.5 �8.5

MgðOHÞ20 5.21 4.82 4.82 4.67 4.55 4.4 4.4
FeOSiðOHÞ3þ �0.50 �0.7 �0.7 �0.95 �1.17 �1.7 �1.7
Fe HCOOð Þþ �6.66 �7.4 �7.4 �7.6 �7.8 �8.1 �8.1

AlðOHÞ3OSiðOHÞ3� 2.8 2.0 1.6 1.6 1.6 1.1 1.1
SiOðOHÞ3� �5.0 �5.2 �4.8 �5.1 �5.2 �5.70 �5.70

Si3O2ðOHÞ80 1.61 1.25 1.25 1.08 1.04 0.60 0.60

Complex 4.0 GPa & 700 �C 4.0 GPa & 800 �C 4.0 GPa & 850 �C 4.0 GPa & 900 �C

KFE KFP KBP KFE KFP KBP KFE KFP KBP KFE KFP KBP

H2CO0
3 �0.71 �0.71 �0.81 �0.81 �0.85 �0.89

NaðHCO3Þ0 �1.80 �1.8 �2.14 �2.14 �2.17 �2.36

Ca HCO3ð Þþ �4.0 �4.0 �4.54 �4.54 �4.81 �5.07

CaOSiðOHÞ3þ 1.2 1.2 1.0 1.0 0.87 0.63

Ca HCOOð Þþ �3.86 �3.86 �4.2 �4.2 �4.66 �4.91

MgOSiðOHÞ2 HCO3ð Þþ �7.65 �7.65 �8.1 �8.1 �8.2 �8.5

MgðOHÞ20 5.0 5.0 4.6 4.6 4.50 4.38

FeOSiðOHÞ3þ �1.0 �1.0 �1.2 �1.2 �1.45 �1.64

Fe HCOOð Þþ �7.5 �7.5 �8.4 �8.4 �8.3 �8.5

AlðOHÞ3OSiðOHÞ3� 2.5 2.8 1.9 1.7 1.8 1.3

SiOðOHÞ3� �5.4 �5.4 �5.66 �5.66 �5.70 �5.8

Si3O2ðOHÞ80 1.53 1.53 1.24 1.24 1.00 0.85
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Table 3
Comparison of predominant speciation in models of eclogitic and peridotitic fluids. Numbers in parentheses represent the percentage of the species out of the total dissolved element in the first
column (see Appendix C for total dissolved concentrations).

5.0 GPa, 800 �C 5.0 GPa, 1000 �C

ELEMENT K-free eclogitic fluid K-free peridotitic fluid K-free eclogitic fluid K-bearing peridotitic fluid

Na Naþ(93), Na OHð Þ0ð4Þ, Naþð3Þ NaHCO3
0(78), Naþ(19), NaðOHÞ0(3) Naþ(76),NaHCO3

0(14), Na OHð Þ0ð10) NaHCO3
0(68), Naþ(26), NaðOHÞ0(6)

K – – – Kþ(76), KðOHÞ0(24)
Ca CaOSiðOHÞ3þ(67),

Ca HCOOð Þþ(31),
Ca HCO3ð Þþ(1)

Ca HCOOð Þþ(80),
Ca HCO3ð Þþ(13)
CaOSiðOHÞ3þ(6)

CaOSiðOHÞ3þ(91), Ca HCOOð Þþ(8) Ca HCOOð Þþ(59),
CaOSiðOHÞ3þ(33),
Ca HCO3ð Þþ(8)

Mg MgOSiðOHÞ2 HCO3ð Þþ(81),
MgðOHÞ02(18)

MgOSiðOHÞ2 HCO3ð Þþ(89),
MgðOHÞ02(10)

MgOSiðOHÞ2 HCO3ð Þþ(94),
MgðOHÞ02(5)

MgOSiðOHÞ2 HCO3ð Þþ(91),
MgðOHÞ02(9)

Al AlðOHÞ3OSiðOHÞ3�(98),
AlðOHÞ4�(1), AlðOHÞ30(1)

AlðOHÞ3OSiðOHÞ3�(96),
AlðOHÞ4�(4)

AlðOHÞ3OSiðOHÞ3�(97),
AlðOHÞ4�(2), AlðOHÞ30(1)

AlðOHÞ3OSiðOHÞ3�(90),
AlðOHÞ4�(8), AlðOHÞ30(2)

Si SiðOHÞ40(41),
Si2OðOHÞ60(17),
AlðOHÞ3OSiðOHÞ3�(14),
SiOðOHÞ3�(12),
Si3O2ðOHÞ80(4)

MgOSiðOHÞ2 HCO3ð Þþ(77),
SiO OHð Þ3� 12ð Þ,
AlðOHÞ3OSiðOHÞ3�(8),
SiðOHÞ40(2)

Si3O2ðOHÞ80(48),
SiðOHÞ40(17),
AlðOHÞ3OSiðOHÞ3�(10),
CaOSiðOHÞ3þ(9),
Si2OðOHÞ60(8),
SiO OHð Þ3� 6ð Þ

MgOSiðOHÞ2 HCO3ð Þþ(69),
AlðOHÞ3OSiðOHÞ3�(9),
CaOSiðOHÞ3þ(8)
SiO OHð Þ3� 7ð Þ,
SiðOHÞ40(6)

Fe Fe HCOOð Þþ(81), FeOSiðOHÞ3þ(19) Fe HCOOð Þþ(100) FeOSiðOHÞ3þ(<1) Fe HCOOð Þþ(74), FeOSiðOHÞ3þ(26) Fe HCOOð Þþ(98), FeOSiðOHÞ3þ(2)
C CH4

0(34), MgOSiðOHÞ2 HCO3ð Þþ(18),
Fe HCOOð Þþ(14),
Ca HCOOð Þþ(10)

MgOSiðOHÞ2 HCO3ð Þþ(47),
HCOO�(17),
H2CO0

3(16)
Ca HCOOð Þþ(7),
CO3

2� (4) Fe HCOOð Þþ(3)

H2CO0
3(41), CH4

0(15),
HCOO�(12), MgOSiðOHÞ2 HCO3ð Þþ(11),
NaHCO3

0(7), Fe HCOOð Þþ(5);Ca HCOOð Þþ(3)

H2CO0
3(54), HCOO

�(15),
MgOSiðOHÞ2 HCO3ð Þþ(14),
NaHCO3

0(6), Ca HCOOð Þþ(3),
Fe HCOOð Þþ(4)

logfO2
�13.6 �12.1 �10.7 �9.8

DQFM �3.1 �1.6 �3.3 �2.4
pH 4.45 5.18 4.81 5.27
aH2O 0.94 0.83 0.83 0.81
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dynamic equilibrium constants can only depend on temper-
ature and pressure, given the standard states used.

(4) The equilibrium constants obtained were expected to
extrapolate to lower and higher temperatures consistent
with previously determined equilibrium constants where
these were available.

The overall uncertainties of this approach are difficult to
estimate directly, considering error propagations from
experiments, theoretical assumptions, and correlations.
However, by comparing predicted solubilities with experi-
mental results, it is estimated that the calculated equilib-
rium constants of aqueous species at high pressures and
temperatures have overall uncertainties of ±0.3 log units
(Sverjensky et al., 2014a), shown in the figures as error bars.

3. RESULTS

3.1. Preliminary model predictions without new complexes

Firstly, the experimentally measured mineral composi-
tions were used to predict the fluid compositions using only
the aqueous species given in Table 1 and constraints using
Eqs. (1)–(42), i.e. without any additional metal complexes.
This approach can be informative of the need for additional
complexes, particularly in the absence of spectroscopic data
on speciation (Manning, 2007; Wohlers and Manning,
2009; Manning et al., 2010; Cruz and Manning, 2015). Rep-
resentative results can be seen for 800 �C and 0.5 GPa for
each of the three rock types (Fig. 1). The predicted model
fluid concentrations are plotted versus the experimentally
measured fluid concentrations in terms of the logarithms
of the molalities. The solid line on each plot represents per-
fect agreement between the predicted and measured solubil-
ities. Clearly, the large scatter of the data below the solid
line in each plot indicates that the species in Table 1 are,
in general, inadequate to provide high enough solubilities
in the model. However, the discrepancies are informative.

For example, for the eclogitic fluid (Fig. 1a), although
the predicted Na and Si agree well with the experimental
data, the predicted concentrations of Al, Mg, Fe, and Ca
are 1.0 to 6.0 log units too low. The agreement of the model
prediction for Na suggests that the predicted predominant
model species, i.e. Naþ, is accurate. In the case of Si, the
agreement represents a successful extrapolation of the prop-

erties of the silica monomer, SiðOHÞ40, and dimer,

Si2OðOHÞ60, that were previously calibrated with quartz
solubilities referring to less than 2.0 GPa. However, the
low model concentrations predicted for Fe and Al, and
the extremely low values for Mg and Ca strongly suggest
that additional complexes of these elements are needed in
the model. Furthermore, the fact that Fe and Mg behave
so differently in Fig. 1a suggests that the complexing for
the two elements is different.

For both peridotitic fluids (Fig. 1b and c), the Na and K
values lie on the 1:1 line because the experimental values
were used in the model. These elements could not be con-
strained by a mineral solid solution in the peridotitic min-
eral assemblages. But in the cases of the other elements, it
can be seen in Fig. 1b that the predicted model Si, Al,
Mg, and Fe fall progressively below the 1:1 line. Here,
again, Mg and Fe behave very differently, but this time,
instead of Mg having the worst discrepancy, Fe has the
worst. Again, this points to the possibility that the main
complexes of Mg and Fe in the fluid are different. In con-
trast, in Fig. 1c, it can be seen that both Mg and Fe have
the largest discrepancies between experiment and model.
Interestingly, in all three fluids, only Al is systematically
low with about the same discrepancy.

Overall, the results shown in Fig. 1a–c thus strongly sug-
gest that additional metal complexes must be present in the
fluids and should be added to the model to increase the cal-
culated solubilities. Also, it is apparent in the figures that
the elements with the greatest discrepancies between pre-
dicted and measured concentrations are different for the
three different rock types. For example, the very low model
values of Fe in the peridotitic fluids compared compared to
the eclogitic fluid. Such differences suggest that more than
one species of the Fe is an important contributor to the
overall solubility. However, in the case of Al, the discrepan-
cies are so similar it can be expected that it has the simplest
speciation, i.e. involving only one major complex. Particu-
larly intriguing are the very large experimental solubilities
of Mg in the peridotitic fluids. Mg solubilities greater than
1.0 m under upper mantle temperatures and pressures are
an enormous contrast to the known behavior of Mg in crus-
tal hydrothermal systems, such as the mid-ocean ridge
hydrothermal systems, where Mg is so insoluble it behaves
as a trace element in the fluids.

3.2. Model calculations with new ions, neutral species, and

metal-complexes

In the absence of direct experimental evidence of the
speciation under these very high temperatures and pres-
sures, deciding which metal-complexes to include in the
model is clearly subject to considerable uncertainty. Until
definitive evidence of the speciation in these fluids at ele-
vated temperatures and pressures is available, we have
developed a speciation model by taking the following
approach. First, we consider for the chemical systems of
interest here what are the most likely ligands to complex
with the elements Mg, Ca, Fe, and Al. Possibilities include
silicate, hydroxide, or oxidized/reduced carbon species such
as organic acid anions (Sverjensky et al., 2014b). Second,
the variety of experimental fluid chemistries offers an
opportunity to calibrate a model that must be able to
account for all three fluid chemistries imposed by the differ-
ent bulk compositions. Finally, a useful guide is the avail-
able information on metal complexes in the literature.
For example, the dissociation constant of the aqueous silica
monomer has been studied previously as a function of tem-
perature (Busey and Mesmer, 1977; Seward, 1974) and
extrapolated theoretically with pressure (Sverjensky et al.,
1997). Based on such studies, it can be expected that the dis-

sociation of the aqueous silica monomer, SiðOHÞ40,
increases markedly with pressure, which implies that the sil-
icate anion, SiOðOHÞ3�, might become a significant ligand
in high pressure fluids, depending on the pH and total silica
concentration. Interestingly, at temperatures up to 300 �C
and low pressures, two different Al-silicate complexes have
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been established in acidic and in alkaline solutions, respec-
tively, based on solubility studies of boehmite and on NMR
spectra at ambient conditions (Tagirov and Schott, 2001).
Furthermore, at 800 �C and 10 kb, experimental measure-
ment of the solubility of the assemblage corundum and
kyanite provides further direct evidence of Al-silicate com-

plexing, interpreted as HAlSiO4
0(Manning, 2007). However,

it should be noted that the pH values of fluids in equilib-
rium with corundum and kyanite are lower than those of
the present study, which resulted in our choice of the nega-
tively charged Al-silicate complex (i.e. deprotonated) deter-
mined by Tagirov and Schott (2001). In the cases of Mg-
and Ca-silicate complexes, logK values of positively
charged complexes have previously been quantified at 25 �
C and 1.0 bar (Santschi and Schindler, 1974). These consid-
erations enable us to refine estimates of the silicate anion
stability and to establish preliminary estimates of the equi-
librium constants of silicate complexes for Al, Mg, Ca, and
Fe by fitting the experimental solubilities.

In the eclogitic fluids, at temperatures of 900 and 1000 �C
at 5.0 GPa, the very high Si concentrations were accounted
for by calibrating the equilibrium constant of a silica trimer
previously quantified in studies of quartz solubility (Cruz
and Manning, 2015; Hunt and Manning, 2012), and also
suggested from Raman studies of fluids in equilibrium with
coesite (Mysen et al., 2013). In the peridotitic fluids of the
present study, the concentration of the trimer was found
to be negligable, consistent with previous findings for
forsterite plus enstatite (Mysen et al., 2013). However, in
the peridotitic fluids (KFP and KBP), silicate complexes
contributed a major part of the solubility, but the fluid
chemistry of each is sufficiently different from each other
and from the KFE system that additional complexes are
required to fit the experimental data. In particular, the very
high concentrations of Mg and Si in the peridotitic fluids,
and the drop in the concentrations of these elements from
the KFP to the KBP (Fig. 1b and c) required the presence
in the model of a charged Mg-silicate-bicarbonate complex.

The new complexes quantified in the present study are
discussed in more detail below. They are listed as hydrated
species, e.g. SiOðOHÞ3�. The final list of twelve equilibria
involving metal complexes, the aqueous silicate anion, the
aqueous silica trimer, and carbonic acid includes the
following:

H 2Oþ CO2;aq ¼ H 2CO3;aq ð43Þ
NaHCO3

0 ¼ Naþ þ HCO�
3 ð44Þ

Ca HCO3ð Þþ ¼ Ca2þ þ HCO�
3 ð45Þ

CaOSiðOHÞ3þ þHþ ¼ Ca2þ þ Si OHð Þ40 ð46Þ
Ca HCOOð Þþ ¼ Ca2þ þ HCOO� ð47Þ
MgOSiðOHÞ2 HCO3ð Þþ þ H 2O

¼ Mg2þ þ SiðOHÞ40 þ HCO�
3 ð48Þ

MgðOHÞ20 þ 2Hþ ¼ Mg2þ þ 2H 2O ð49Þ
FeOSiðOHÞ3þ þHþ ¼ Fe2þ þ Si OHð Þ40 ð50Þ
Fe HCOOð Þþ ¼ Fe2þ þ HCOO� ð51Þ
AlðOHÞ3OSiðOHÞ3� þ 4Hþ ¼ Al3þ þ 3H 2Oþ SiðOHÞ40
ð52Þ

SiðOHÞ40 ¼ Hþ þ SiO OHð Þ3� ð53Þ
Si3O2ðOHÞ80 þ 2H 2O ¼ 3SiðOHÞ40 ð54Þ

It should be noted that the above equilibria are written
in terms of the hydrated silicate anion and hydrated metal-
silicate and hydroxide complexes, and that it is these equi-
libria that are included in the regression model. As a conse-
quence, the equilibrium constants obtained by regression
have values that depend on the activity model used for
the solutes and water. The values of logK for the twelve
complexes and other species that were retrieved by fitting
the experimental solubilities are given in Table 2. The calcu-
lated concentrations of all the elements in the three different
fluids corresponding to these equilibrium constants are
plotted versus the measured values in Figs. 2–6 and listed
in Appendix C together with the model values of logf O2

,

DQFM , pH, and aH2O. A comparison of the model fluid spe-
ciation results for all three rock types is given in Table 3.
Particular efforts were taken to avoid overfitting the exper-
imental data in terms of too many complexes. For example,
it is explicitly noted in Table 2 that where two rock compo-
sitions were studied at the same temperature and pressure,
e.g. KFE and KFP at 800 �C and 5.0 GPa, a maximum of
only two equilibrium constants for a given chemical ele-
ment were established by regression of the solubility data.
The solubility results for each bulk rock composition are
discussed in detail below.

3.3. The K-free eclogite (KFE) solubility

Garnet and clinopyroxene are the two principal mineral
phases in all the K-free eclogite experiments. Minor
amounts of coesite, kyanite, and rutile (less than about
3%) were reported for some but apparently not all the
experiments, mostly as inclusions (Kessel et al., 2005). We
assumed the fluid was in equilibrium with garnet, clinopy-
roxene, coesite, and diamond. The compositions of these
minerals are more than sufficient to constrain the fluid com-
position in the model (Eqs. (1)–(7)). On this basis, all the
fluid models gave a sensible result in that they were pre-
dicted to be slightly under-saturated with respect to kyan-
ite. It is possible that the minor amounts of kyanite
detected in the run products represent a quench phase.
We did not include aqueous Ti species in our model. There-
fore, we did not consider rutile. Inclusion of the speciation
of aqueous Ti could be an extension of the current study by
taking advantage of independent measurements of rutile
solubility in the literature.

The grossular and pyrope components of garnet
reported by Kessel et al. (2005) increase from 0.27 to 0.32
and 0.33 to 0.36, respectively, and almandine decreases
from 0.40 to 0.32 with increasing temperature at 5.0 GPa
(Appendix A). Similar trends with temperature occur at
4.0 GPa (Appendix A). The diopside, jadeite and hedenber-
gite components of the clinopyroxene do not change with
temperature significantly, but the diopside component at
4.0 GPa is higher than that at 5.0 GPa (Appendix A).



Fig. 2. Calculated solubilities of the elements versus the experimentally measured concentrations for the K-free eclogite in water (log
molality): (a) and (b) refer to 4.0 GPa at 700 and 800 �C; (c)–(f) refer to 5.0 GPa from 700 to 1000 �C. Error bar information the same as
Fig. 1. Fitted logKs and complexes are listed in Table 2.
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Fig. 3. Calculated versus experimental solubilities of the elements and their model speciation for the K-free eclogite in water from 700 to
1000 �C at 5.0 GPa: (a), (b) Na; (c), (d) Ca, (e), (f) Mg. Error bars as in Fig. 1.
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Fig. 4. Calculated versus experimental solubilities of the elements and their model speciation for the K-free eclogite in water from 700 to
1000 �C at 5.0 GPa: (a), (b) Al; (c), (d) Si, (e), (f) Fe. Error bars as in Fig. 1.
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Fig. 5. Calculated solubilities of the elements versus the experimentally measured concentrations for the K-free peridotite in water (log
molality): (a) and (b) refer to 4.0 GPa at 700 and 800 �C; (c) refers to 5.0 GPa at 800 �C. Error bar information the same as Fig. 1. Fitted
logKs and complexes are listed in Table 2.
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The eclogite solubility data are the most extensive in
terms of a range of temperatures at a given pressure
(Appendix B). For example, at 5.0 GPa, experiments were
reported for 700 to 1000 �C. At higher temperatures melt-
ing occurred, which is outside the scope of our study. Much
smaller ranges of temperature are available for the peri-
dotites at either 4.0 or 5.0 GPa. All the eclogite data we
have analyzed are reported as log–log plots in Fig. 2 in a
manner analogous to the presentation in Fig. 1, i.e. the
log of model fluid concentrations vs. the log of experimen-
tal data. However, in order to make optimal use of the
extensive temperature range for the eclogite fluid chemistry
at 5.0 GPa, and to ensure that the model solubilities of each
element change smoothly with temperature, we have also
plotted the measured molalities of each element as a func-
tion of temperature in Figs. 3 and 4, together with the rel-
ative abundances of the principal aqueous species of each
chemical element.

It can be seen in Fig. 2a - f that, with a couple of excep-
tions, the model concentrations of all the elements agree
very well with the measured experimental values within
the uncertainties of the experiments and the model. At
5.0 GPa and 700 �C, the Si concentration is overestimated,
but this is the only such instance for Si that lies outside the
estimates of uncertainties. It is possible that our assumption
that all the fluids were in equilibrium with coesite is not cor-
rect for this particular temperature and pressure. A second
discrepancy between model and experiment involves Fe at
800 �C and 4.0 GPa (Fig. 2b), but the model value is close
to being within uncertainty of the data.



Fig. 6. Calculated solubilities of the elements versus the experimentally measured concentrations for the K-bearing peridotite in water (log
molality): (a) and (b) refer to 4.0 GPa at 850 and 900 �C; (c) and (d) refer to 5.0 GPa at 850 and 1000 �C. Error bar information the same as
Fig. 1. Fitted logKs and complexes are listed in Table 2.
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The model trends of solubility for each element as a func-
tion of temperature at 5.0 GPa shown in Figs. 3 and 4 were
deliberately chosen to smooth out scatter in the experimen-
tal data. For the most part, the model results agree closely
with the experimental data. Overall, the solubilities of Na,
Ca, Mg, Al, Si, and Fe all increase with increasing tempera-
ture, and increase rapidly as the melting temperature of the
rock is approached (between 1000 and 1050 �C at 5.0 GPa,
Kessel et al., 2005). This behavior is most dramatically
shown for Na, Al, and Si. The Si concentrations of the
KFE fluids become extremely high. Specifically, at 1000 �C
and 5.0 GPa, the Si concentration reaches 11.2 molal –
much higher than any measurement in the other two rock
systems. The high measured silica solubilities at 900 and
1000 �C and 5.0 GPa required introduction of an additional
silica species in the aqueous speciation and solubility model.
We used a silica trimer (H8Si3O10) because such species, or
higher-order polymers of silica, have been thought to be
important at these temperatures (Cruz and Manning,
2015; Hunt and Manning, 2012; Mysen et al., 2013). Even
the solubility of Al, which has traditionally been regarded
as an immobile element with respect to fluids under most
crustal conditions, reaches concentrations of more than
1.0 molal at 1000 �C. In marked contrast, although Mg
and Fe solubilities increase with temperature, they only
reach about 0.2 to 0.4 molal at 1000 �C. Calcium has a
behavior that is intermediate between Mg and Fe versus
Al and Si. Trends in the model speciation of the major spe-
cies for each chemical element are also shown in Figs. 3 and
4. These trends will be discussed below.
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3.4. The K-free peridotite (KFP) solubility

Olivine, orthopyroxene, clinopyroxene, and either chlo-

rite, a 10-A
o
phase, or garnet were the main minerals reported

in the K-free peridotite system. Owing to a lack of thermo-

dynamic data for the 10-A
o
phase, we only used experiments

where the 10-A
o
phase was not detected. At experimental

conditions of 700–850 �C and 4.0–5.0 GPa, the olivine was
composed of forsterite (0.90 to 0.91) and fayalite (0.10 to
0.09), and the orthopyroxene was composed of enstatite
(0.91 to 0.92) and ferrosilite (0.09 to 0.08) (Appendix A).
Both are stable through all pressure and temperature condi-
tions considered in the experiments. As noted above, the
clinopyroxene compositions were approximated by diopside
(0.47 to 0.62), hedenbergite (0.09), and clinoenstatite (0.29
to 0.42). The chlorite was represented by clinochlore (0.94)
and chamosite (0.06). At 5.0 GPa and 800 �C, the chlorite
was replaced by garnet composed of pyrope (0.62), alman-
dine (0.19) and grossular (0.19).

All the KFP solubility data we have analyzed are
reported as log-log plots in Fig. 5a–c in a manner analogous
to the presentations above. Compared with the KFE fluids
in Fig. 2a–f, Si is also abundant in the KFP fluids, but so is
Mg. These fluids are Mg-Si-rich fluids. In fact, when com-
pared at the same temperature and pressure, e.g. 800 �C
and 5.0 GPa, the KFP fluids in equilibrium with ultramafic
rock have even higher Si contents than the KFE fluids in
equilibrium with mafic, coesite-saturated rock. In the mod-
els, this is accounted for by differences in speciation
(Table 3). Different proportions of the Mg-Si-C complex
vs. the Mg(OH)2 complex and the silica trimer are pre-
dicted. The latter is predicted to be completely unimportant
in the ultramafic fluids.

Only Ca shows major discrepancies between measured
and model concentrations in Fig. 5. Although Ca at 700 �
C and 4.0 GPa shows good agreement within the stated
uncertainties (Fig. 5a), large discrepancies are apparent in
Fig. 5b and c. The reason for the discrepancies in the Ca
concentrations at these conditions might well be due to
inappropriate Ca-complexes in the model. However, the
good agreement of the Ca results at 5.0 GPa for the K-
bearing peridotite (see below) suggests that possibly the
experimental data for Ca are anomalously low, perhaps
because of a phase formed during quench, or that possibly
the solid-solution models involving Ca and Mg in the
pyroxenes are insufficiently accurate. In contrast, the results
for model Fe and Al solubilities in Fig. 5a – c agree extre-
mely well with the experimental data with only one complex
accounting for more than 90% of each of the dissolved Fe
and Al (Table 3).

3.5. The K-bearing peridotite (KBP) solubility

The experiments here refer to a K-bearing lherzolitic
rock chemistry. Olivine, clinopyroxene, orthopyroxene
and garnet were the main minerals in this system. Olivine
was composed of forsterite (0.93) and fayalite (0.07);
clinopyroxene has a diopside component from 0.76 to
0.83, hedenbergite 0.06 to 0.07 and clinoenstatite 0.11 to
0.17; orthopyroxene was composed of enstatite (0.93 to
0.94) and ferrosilite (0.07 to 0.06); garnet was composed
of pyrope (0.66 to 0.74), almandine (0.13 to 0.15) and
grossular (0.18 to 0.19) (Appendix A). The main mineralog-
ical consequence of including K in the peridotitic composi-
tion is the possibility of the precipitation of phlogopite.
However, no phlogopite was detected in the experimental
run products, possibly because of the relatively high water
content in the experiments (16 wt%). Our calculations indi-
cated supersaturation with respect to phlogopite at 4.0 GPa
and 850 and 900 �C (log Q/K values of 0.7 and 0.4, respec-
tively). Disequilibrium seems unlikely in experiments at
these elevated temperatures, where great care was taken
to rock the apparatus to ensure fluid mixing throughout
the capsule. However, at 5.0 GPa and 850 and 1000 �C,
the model fluids were calculated to be much closer to equi-
librium with phlogopite (log Q/K values of 0.24 and of
�0.29, respectively). It is possible that our results at 4.0
GPa are insufficiently accurate owing to the lack of K-

bearing aqueous species additional to Kþ and KðOHÞ0 cur-
rently in the model (Table 4), e.g. a species such as KAlO0

2

(Wohlers and Manning, 2009). If so, such additional species
does not appear to be important at 5.0 GPa, which would
imply an unusually large pressure dependence for the equi-
librium constant compared to the other complexes quanti-
fied in the present study.

All the KBP solubility data we have analyzed are
reported as log–log plots in Fig. 6a–d in a manner analo-
gous to the presentations above. As in the case of the
KFP fluids, the regression concentrations of all the ele-
ments for the KBP fluids agree with the measurements
within the stated uncertainties with the exception of the
Ca at 850 and 900 �C and 4.0 GPa (Fig. 6a and b), where
no reasonable equilibrium constants for Ca-complexes in
the model could account for the extremely low experimental
Ca concentrations. The reason for these discrepancies
between model and experiment for the Ca concentrations
at 4.0 GPa is again unclear. However, the experimental
data for Ca in KBP fluids at 4.0 GPa appear to be anoma-
lously low compared to the experimental data at 850 and
1000 �C and 5.0 GPa (Fig. 6a and b relative to 6c and d).

3.6. Equation of state representation of equilibrium constants

of new metal-complexes and other aqueous species retrieved

from the solubility measurements

The values of the equilibrium constants at 700–1000 �C
and 4.0–5.0 GPa, established in the present study (Table 2),
are depicted in Figs. 7–9 together with equilibrium con-
stants referring to lower temperatures and pressures from
the literature or obtained in the present study. In a few
instances in Table 2, two values of the same equilibrium
constant at a given temperature and pressure are listed. In
these cases, the average of the two values is depicted in
Figs. 7–9. The solid curves in the figures represent regres-
sion of the data points shown. Data points at low pressure
and temperature were obtained from previous experiments,
and the high pressure and temperature ones were retrieved
by fitting the experimental data from Kessel et al. It should
be noted that in these figures the anhydrous aqueous silicate



Table 4
Standard partial molal properties at 25 �C and 1.0 bar and quation of state coefficients for aqueous species based on regression of the equilibrium constants involving hydrated species (Table 2)
retrieved from experimental solubilities (Figs. 2–4), independent predictions, and previously published correlations (see text). Note that the equilibrium constants for the hydrated and dehydrated
reactions are identical (Appendix D). In this table, the individual dehydrated species are tabulated in order to express their standard partial molal properties and equation of state coefficients
without conventional water properties.

SPECIES DG0
f
a DH 0

f
a S0b C0

P
b V 0c a1 � 10d a2 � 10�2a,i a3

e,j a4 � 10�4f c1
b c2 � 10�4f x� 10�5a

H2CO0
3
i �145,400 �164,229 43.0 86.5 46.0 10.3102 5.5332 0.1986 �3.0077 54.0971 14.5855 �0.3

NaHCO0
3 �203,100 �219,552 32.0 62.0 39.0 9.4783 4.7412 0.8627 �2.9750 49.8727 9.5948 0.80

Ca HCO3ð Þþ �273,830 �294,350. 26.0 51.0 30.0 7.4225 2.7838 2.5039 �2.8941 37.5110 7.3541 0.1580
Ca HSiO3ð Þþ �376,299 �397,525 16.8 72.0 36.0 8.6546 3.9569 1.5204 �2.9426 51.1018 11.6318 0.2973
Ca HCOOð Þþ �217,930 –232,236 11.0 68 17.5 5.1038 0.5762 4.3550 �2.8028 49.5668 10.8170 0.3851
MgSiCþg �454,300 �479,123 53.5 78.5 53.0 11.8226 6.9770 �1.0120 �3.0674 50.5582 12.9559 �0.1752
MgO0

aq �137,500 �139,804 24.6 �24.5 6.2 2.8684 �1.5521 6.1396 �2.7148 �5.4281 �8.0253 0.3000
Fe HSiO3ð Þþ �277,500 �298,539 14.0 77.0 38.2 9.1022 4.3830 1.1630 �2.9602 55.4228 12.6503 0.3397
Fe HCOOð Þþ �111,800 �112,263 59.0 30.0 27.0 6.6001 2.0008 3.1604 �2.8617 20.5995 3.0764 �0.3418
AlO2 SiO2ð Þ� �403,500 �440,456 4.0 32.0 34.8 9.0313 4.3155 1.2196 �2.9574 39.3711 3.4838 1.5685
HSiO�

3 �242,855 �276,479 �3.5 16.0 21.2 6.4445 1.8526 3.2847 �2.8556 31.0405 0.2246 1.6821
Si3O0

6
h �590,200 �656,130 13.0 119.0 67.7 15.1481 10.1393 �3.6636 �3.1982 85.1208 21.2057 1.0

a cal mole�1.
b cal mole�1 K�1.
c cm�3 mole�1.
d cal mole�1.bar�1.
e cal K mole�1 bar�1.
f cal K mole�1.
g Abbreviation for the species Mg SiO2ð Þ HCO3ð Þþ.
h Equation of state fit to the logK values in Table 2 for KFE at 900 and 1000 �C at 5.0 GPa as well as logK values of 0.79, 0.50, and 0.612 obtained by fitting the solubility of quartz at 800 and

900 �C and 1.0 GPa and 900 �C at 2.0 GPa, respectively. Solubilities were reported by Manning (1994) and Hunt & Manning (2012). The logK values here were corrected using Eq. (40), see text
and plotted in Fig. 7c.

i Equation of state fit to the logK values ratios of H2CO3 and CO2 reported by Wissbrun et al. (1954) and Pan and Galli (2016) shown in Fig. 7d.
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Fig. 7. Regression and extrapolation of the log K values of aqueous bisilicate, the silica trimer, and carbonic acid over a wide range of
pressure and temperatures. Symbols at 4.0 and 5.0 GPa in a. - c represent equilibrium constants retrieved in the present study from the
experimental solubilities of eclogite and peridotite (Table 2). Symbols at 1.0 and 2.0 GPa for the silica trimer represent regression quartz
solubility data from Manning (1994) and Hunt and Manning (2012), see Table 4. The curves in Fig. 7d. represent a preliminary regression of
published experimental and ab initio calculations (see text).
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and metal-silicate and hydroxide complexes are depicted,
i.e. waters of hydration have been removed. For example,
the bisilicate anion SiOðOHÞ3� is represented by HSiO�

3 .
This makes no difference to the numerical values of the
equilibrium constants in a balanced reaction because the
water appears on both sides of the reaction. This approach
was developed in a series of papers by Shock and co-
workers (Shock and Helgeson, 1988, 1990; Shock et al.,
1989; Shock et al., 1997; Sverjensky et al., 1997;
Sverjensky et al., 2014a). Using the dehydrated species
has the advantage that their standard partial molal proper-
ties at 25 �C and 0.1 MPa and HKF equation of state coef-
ficients are consistent with linear correlations that can be
used for predictive purposes, as discussed next.

Regression of the experimentally derived equilibrium
constants shown in Figs. 7–9 as a function of temperature
and pressure was carried out as described previously
(Sverjensky et al., 1997; Facq et al., 2014, 2016;
Sverjensky et al., 2014a) by taking advantage of correla-
tions developed between the equation of state coefficients
of the species of interest and the standard partial molal
properties at 25 �C and 0.1 MPa. In the regression, the vari-

ables are the S0, Cp
0, and V 0 of the species referring to 25 �C

and 0.1 MPa. The values of S0 and Cp
0, are determined by

the temperature dependence of the data, and the value of V 0

is determined by the pressure dependence of the data. Ide-
ally, this approach requires data referring to a wide range of
temperatures (at least 300 �C) and at least two pressures dif-
fering by at least 1.0 GPa. It is also assumed that there is an
experimentally derived value, or an estimate, of the logK at
25 �C and 0.1 MPa. If such a value is not available, then the

standard Gibbs free energy of formation (DGf
0) of the spe-

cies at 25 �C and 0.1 MPa also becomes a regression param-
eter, which adds to the uncertainty in determining the
equation of state representation of a complex.



Fig. 8. Regression and extrapolation of the log K values of aqueous metal silicate complexes over a wide range of pressure and temperatures.
Symbols at 4.0 and 5.0 GPa represent equilibrium constants retrieved in the present study from the experimental solubilities of eclogite and
peridotite (Table 2).
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The results of the regression calculations are represented
by the curves in Figs. 7–9 and the parameters given in
Table 4. Calculated values of logK for each complex over
a wide range of temperatures and pressures are given in
Appendix D. The curves in Figs. 7–9 show overall an excel-
lent agreement with the experimentally derived data points
in the figures. The advantage of using the HKF equation of
state is that interpolations and predictions can be made
over very wide ranges of temperature and pressure, up to
1100 �C in the figures. In some cases, the new high pressure
experimentally-derived data points enabled a choice to be
made between previously measured data that were inconsis-
tent with each other. For example, in Fig. 7a and b, the
temperature dependence of the dissociation of aqueous sil-
ica previously measured by Busey and Mesmer (1977) up to
300� C at Psat (pressure of liquid water–vapor saturation) is
more closely consistent with the equilibrium constants
obtained in the present study than the trend of the equilib-
rium constants reported by Seward (1974). This result,
together with the discussion in Busey and Mesmer (1977),
strongly suggests that the dissociation constants for

NaOSiðOHÞ30 reported in Seward (1974) are in error. In
any case, the very strong pressure dependence of the disso-
ciation of aqueous silica shown in Fig. 5, emphasized by the
experimentally derived logK values at Psat and at 5.0 GPa,
is an important new feature of the present study. It indi-
cates that the bisilicate anion should be expected to be a
major anion in silica-rich fluids at lower crustal and upper
mantle conditions. As a result, metal-bisilicate complexes
under these conditions should enable increased solubility
and transport of the rock-forming elements, and perhaps
many trace elements as well.

In Fig. 7c are preliminary regression curves for the silica
trimer. In the case of the silica trimer, logK values derived
from the eclogite solubility data at 800 �C and 4.0 GPa and
900 and 1000 �C at 5.0 GPa were regressed together with
equilibrium constants obtained in the present study
(Table 2) by regression of quartz solubility data referring
to 800 and 900 �C and 1.0 GPa and 900 �C and 2.0 GPa
(Manning, 1994, Hunt and Manning, 2012). The apparent



Fig. 9. Regression and extrapolation of the log K values of aqueous metal hydroxide, bicarbonate, and formate complexes over a wide range
of pressure and temperatures. Symbols at 4.0 and 5.0 GPa represent equilibrium constants retrieved in the present study from the experimental
solubilities of eclogite and peridotites (Table 2).
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compatibility of all these equilibrium constants derived
from single mineral solubilities and multiphase assemblages
provides supports for the model. The same equilibrium con-
stants predict negligable quantities of the trimer in peri-
dotitic fluids.

In contrast to the solubility constraints on the equilib-
rium constants for the silica trimer, the calculated logK
curves for carbonic acid association shown in Fig. 7d repre-
sent a preliminary representation of low temperature and
pressure experimental data (Wissbrun et al., 1954) and the
results of ab initio molecular dynamics calculations (Pan
and Galli, 2016). Although very preliminary, the results

strongly suggest that H 2CO
0
3 will predominate over CO0

2 in
fluids at geologically important conditions. for example,
at pressures greater than about 2.0 GPa and temperatures
greater than about 500 �C.

Metal-silicate complexes are an important new feature
of the present study (Fig. 8). The bisilicate complexes of
Al, Ca, and Fe, and the mixed Mg-bisilicate-bicarbonate
complex all appear to play significant roles in the high-
pressure fluids investigated in the present study (Table 3).
The Al-bisilicate anion shown in Fig. 8a is a thoroughly
studied metal-bisilicate complex at temperatures greater
than ambient. The data points from 25 to 300 �C at Psat
were derived from regression of the solubilities of AlOOH
(Salvi et al., 1998; Tagirov and Schott, 2001) and, with
the exception of 300 �C, are closely consistent with the data
obtained in the present study from the eclogite and peri-
dotite solubilities. It is interesting that this one Al-
bisilicate complex was virtually the only important aqueous
Al-species under the conditions investigated here. The

AlO OHð Þ0 and AlO�
2 species (Table 1), which are important

in the solubility of corundum in water and in the NaOH-
water system (Sverjensky et al., 2014a) are predicted to be
minor species in the more complex chemical systems studied
here. It is surprising because the aqueous chemistry of Al is
much more complex at ambient and shallow crustal
conditions.
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In contrast to the Al-bisilicate species, the Ca- and Fe-
bisilicate complexes and the Mg-bisilicate-bicarbonate com-
plex shown in Fig. 8b – d have been much less studied pre-
viously. The equilibrium dissociation constant of the

Ca H 3SiO4ð Þþ species was established at 25 �C and
0.1 MPa (Santschi and Schindler, 1974). This provides the
lowest temperature constraint in Fig. 8b. An additional
constraint is provided by an equilibrium constant at 800 �
C and 1.0 GPa retrieved in the present study from the
experimentally measured solubility of wollastonite in water
(Newton and Manning, 2006). It can be seen in Fig. 8b that
the logK at 800 �C and 1.0 GPa is consistent with the equi-
librium constants retrieved in the present study at 4.0 and
5.0 GPa, which provides strong support for the results of
the present study. However, no previous studies have

reported the Fe H 3SiO4ð Þþ complex and the Mg-bisilicate-
bicarbonate complex species shown in Fig. 6c and d. Con-
sequently, the regression calculations represented by the
smooth curves in these two figures are only a first approx-
imation to characterizing these species.

The equilibrium constants for the hydroxide complex

MgðOHÞ02, depicted in Fig. 9a as MgO0, also represent just
a first approximation to the properties of this species. How-
ever, it can be seen in Fig. 9a that the logK values at 4.0 and
5.0 GPa obtained in the present study are consistent with a
value at 800 �C and 1.0 GPa obtained by regression of the
solubility of forsterite + enstatite + graphite in water
(Tiraboschi et al., 2018; Tumiati et al., 2017). The value

of logK at 25 �C and 0.1 MPa for MgðOHÞ02 is similar to
but smaller than estimates by analogy with data for

SrðOHÞ02 and Sr OHð Þþ (Arcis et al., 2014) relative to

Mg OHð Þþ.
Finally, the equation of state representation of the equi-

librium constants for the Ca HCOOð Þþ and Fe HCOOð Þþ
complexes depicted in Fig. 9c and d represent a first
approximation to regression of the equilibrium constants
at high temperatures and pressures. Much more experimen-
tal data is needed to test the viability of these and other
complexes proposed in the present study.
4. DISCUSSION

The results summarized above represent the first attempt
to produce a detailed speciation model of fluids in equilib-
rium with multicomponent mineral assemblages at upper
mantle conditions. None of this would be possible without
the experimental data for the solubilities of K-free eclogite,
K-free peridotite, and K-bearing peridotite (Kessel et al.,
2005; Dvir et al., 2011; Kessel et al., 2015). A novel feature
of the experimental data is the very high solubilities of the
rock-forming elements under upper mantle conditions at
700–1000 �C and 4.0–5.0 GPa. As a consequence, the main
task in developing the speciation models was the character-
ization of aqueous metal-complexes that could account for
these high solubilities, and for the dramatic differences
between the fluid chemistries in equilibrium with different
bulk rock compositions.

Broad differences between the mafic eclogitic fluids and
the ultramafic peridotitic fluids are clear from the solubility
data themselves (Figs. 2, 5 and 6). In the eclogitic fluids, Mg
and Fe have comparable solubilities and are almost always
the least soluble elements. In contrast, in the peridotitic
fluids, Mg typically has solubilities about ten times that
of Fe. Furthermore, Mg and Si are the most abundant
non-alkali elements in the fluids. This is a remarkable
change in the behavior of Mg relative to Fe in particular.
It is all the more remarkable if we recall that in crustal
hydrothermal fluids, e.g. in the mid-ocean ridge systems,
Mg is just a trace constituent and Fe is actually much
greater in abundance (Von Damm, 1990). Of course, in
the mid-ocean ridge systems, Cl� is an important ligand
for metals, particularly Fe above about 300 �C, which
greatly enhances the solubility of Fe relative to Mg (Von
Damm, 1990). It should be remembered that all the exper-
imental data analyzed in the present manuscript refer to
Cl�-free fluids. The effects of metal-chloride complexes at
upper mantle conditions are still poorly known from an
experimental standpoint.

The main difference between the two peridotitic fluids,
i.e. KFP and KBP fluids, is that the Mg and Si concentra-
tions in the fluids in equilibrium with KFP are significantly
higher than in the KBP system. KBP fluids have intermedi-
ate Si concentrations between KFP and KFE fluids (com-
pare Figs. 2, 5 and 6). Mg and Si are still two of the most
abundant elements in the KBP fluids, and they become
the most abundant by 1000 �C and 5.0 GPa. These differ-
ences between the two peridotitic fluids are well-
accounted for by the model calculations. Another signifi-
cant difference between the two peridotitic fluids is that
the elements Al and Fe are much lower in solubility than
Mg and Si in the KFP, whereas they are much closer in sol-
ubility in the KBP fluid. These differences between the two
peridotitic fluids are also well-accounted for by the model
calculations and illustrate the complexities of solubilities
in fluids in equilibrium with rock types with different bulk
compositions at upper mantle conditions.

The dramatic changes in fluid chemistry at high pres-
sures become understandable if we recognize several impor-
tant features of the model speciation of the high-pressure
fluids (Figs. 3 and 4 and Table 3). One major feature of
deep crustal and upper mantle fluids appears to be the
strong dissociation of the aqueous silica monomer at high
pressures (e.g. > 2.0 GPa). Consequently, in the absence
of Cl�, metal-silicate complexes become an important con-
tributor to the overall elemental solubilities in Si-rich fluids.
The elements Mg, Ca, Al, and Fe are all affected by such
complexes. A second feature is that equilibrium aqueous
speciation models predict the co-existence of a wide range
of aqueous C-species in different oxidation states

(Sverjensky et al., 2014b). These include not only CO0
2,

HCO3
�, CO3

2�, CO0, and CH 4
0, but also H 2CO

0
3 and the

organic acid anions such as formate, acetate, and propi-
onate (Table 1). Therefore, in addition to metal-silicate
complexes, high concentrations of organic acid anions such
as formate lead to metal-formate species becoming impor-
tant contributors to the overall elemental solubilities. The
elements Ca and Fe form metal-formate complexes in the
present study. Finally, a charged Mg-silicate-bicarbonate
complex was used in the present study to help account for
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the differences in chemistry between the two peridotitic
fluids.

A detailed depiction of the predominant aqueous speci-
ation in the eclogitic fluids at 5.0 GPa as a function of
temperature can be seen in Figs. 3 and 4. In these fluids,
Mg and Fe have low and similar concentrations dominated

by the MgOSiðOHÞ2 HCO3ð Þþ and the Fe-formate and Fe-
silicate complexes. The aqueous C-bearing complexes con-
tain carbon in relatively oxidized states (+IV and + II,
respectively), but these species are kept low and comparable
in abundances by the low logf O2

values of the systems

(DQFM of �2.5 to �3.3, Appendix C) which decreases the
importance of the HCO3

� and HCOO� complexes. How-
ever, in the peridotitic fluids at 5.0 GPa the Mg solubility
is much greater than that of Fe, and correlates with high
Si because the higher logf O2

(DQFM of �1.4 to �2.3,

Appendix C) strongly favors the MgOSiðOHÞ2 HCO3ð Þþ
complex which enhances the solubility of both Mg and Si
relative to Fe. The logf O2

values for the eclogitic fluids

obtained by regression in the present study are only about
1.0 unit lower than those measured directly using a metal
sensor for the eclogite-H 2O-CO2 system (Elazar et al.,
2019). In the latter experiments, C as carbonate was added
to the starting materials resulted in the total dissolved C
being significantly higher than calculated in the present
study, which can be expected to result in higher logf O2

val-

ues in equilibrium with diamond.
The different Mg and Si concentrations between the two

peridotitic fluids is also primarily a function of the logf O2

difference between the KFP and the KBP fluids. At 5.0
GPa, the KFE fluid has DQFM of �2.2, which strongly

favors the MgOSiðOHÞ2 HCO3ð Þþ complex, whereas the
KBP fluid has �2.6 to �2.9, which weakens the relative
importance of this complex. Furthermore, the effect of the
high Kþ species concentration in the KBP fluid tends to

suppress the MgOSiðOHÞ2 HCO3ð Þþ which itself is also pos-
itively charged. Overall, these two effects result in lower
concentrations of Mg and Si in the KBP fluids relative to
the KFP fluids, but Mg and Si are still the most abundant
non-alkali elements in both fluids.

The complexities of Mg-Si-C speciation in the peridotitic
fluids which are a function of temperature, pressure, oxida-
tion state, and bulk rock composition form a stark contrast
to the remarkably simple predicted model Al speciation in
all the fluids studied here. It can be seen in Figs. 4 and 5
and Table 4 that more than 90% of the dissolved Al in all
the fluids under all conditions is contributed by a single spe-
cies, the AlðOHÞ3OSiðOHÞ3� complex. The Al-hydroxide

complexes AlðOHÞ30 and AlðOHÞ4� are predicted to be very
minor species. Furthermore, no additional Al-complexes
appear to be necessary for the ranges of temperature, pres-
sure, and bulk composition studied here. This is a surpris-
ing result, because a number of studies of mineral
solubility involving much simpler chemical systems than
the ones studied here provide indications of additional
aqueous species not needed in the present study (Manning
et al., 2010). Further experimental data on both solubility
and speciation are needed to help understand this result.
5. CONCLUSIONS

The experimental solubilities of K-free eclogite, K-free
peridotite, and K-bearing peridotite (Kessel et al., 2005;
Dvir et al., 2011; Kessel et al., 2015) at 4.0–5.0 GPa
and 700–1000 �C were analyzed to help understand the
controls on solubilities of Na, K, Mg, Ca, Fe, Al, Si,
and C in complex fluids at upper mantle temperatures
and pressures. Aqueous speciation and solubility models
were developed based on predicted equilibrium constants
for a number of species and the retrieval of the dissocia-
tion equilibrium constants for twelve new species. The
new species included the association of H 2O and CO2

to form H 2CO3, the dissociation of aqueous silica to

H 3SiO
�
4 , a silica trimer (Si3O2ðOHÞ80), Al- Ca- and Fe-

silicate complexes, a silicate complex of Mg and bicar-

bonate (MgOSiðOHÞ2 HCO3ð Þþ), and Mg-hydroxide, and
Ca- and Fe-formate complexes. The dissociation con-
stants were fitted with equations of state over wide ranges
of temperature and pressure. The constants were consis-
tent with available dissociation constant data at lower
pressures and temperatures and are consistent with pre-
dictive correlations between the standard partial molal
properties and equation of state coefficients. The results
enable widespread prediction of equilibrium constants
and therefore solubilities and aqueous speciation. Some
interesting conclusions that can be drawn include the
following:

(1) The dissociation of the aqueous silica monomer at
pressures greater than about 2.0 GPa results in the
bisilicate anion becoming an important ligand in
Cl-free fluids under lower crustal and upper mantle
conditions.

(2) Metal silicate complexes become an important means
of transport of the rock-forming elements Mg, Ca,
Fe, and Al in Cl-free fluids under lower crustal and
upper mantle conditions. However, no evidence of
Na- or K-bisilicate complexes was found.

(3) The speciation of Na and K in deep fluids may be
quite simple. The Na+ and K+ ions appear to play
important roles in water–rock interactions because
they strongly affect the electrical charge balance in
water. For example, the introduction of K in the peri-
dotitic system (KFP vs KBP) severely decreases the
Mg, Si and Al concentrations and increases the Ca
and Na concentrations, possibly because K can
change the charge balance and/or the pH of the
fluids.

(4) The solubilities of upper mantle rocks increase
strongly with increasing temperature under sub-
solidus conditions. At temperatures approaching
1000 �C, the KFE system is highly enriched in Si
(up to about 11 molal) but Mg and Fe are the lowest
abundance elements with similar concentrations. In
contrast, the KFP and KBP fluids become highly
enriched in Mg and/or Si with increasing temperature
and Fe is more than a factor of ten lower in abun-
dance than Mg.
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(5) The pHs of the model upper mantle fluids increase
with increasing temperature, which results in higher
concentrations of the metal-OH complexes. Simi-
larly, the logf O2

values of these fluids decrease with

decreasing temperature, which results in a decrease
in the metal-C complexes. The logf O2

values are

controlled by equilibrium with diamond and the
mixture of organic and inorganic C-species in the
fluids.

(6) The Al-bisilicate complex, AlðOHÞ3OSiðOHÞ3�,
becomes by far the most important Al-complex at
upper mantle conditions in the Cl-free fluids investi-
gated in the present study. It has a very limited pres-
sure dependence and a strong temperature
dependence.

(7) Mg speciation is generally dominated by the mixed

complex MgOSiðOHÞ2 HCO3ð Þþ in both the eclogitic
and peridotitic fluids. As a result, the Mg and Si sol-
ubilities are strongly influenced by the oxygen fugac-

ity of the system. In contrast, MgðOHÞ02 is a Mg-
species that is largely influenced by the pH and

becomes equal to the MgOSiðOHÞ2 HCO3ð Þþ under
some conditions.

(8) CaOSiðOHÞ3þ is the main Ca species in eclogitic flu-

ids and Ca HCOOð Þþ in peridotitic fluids depending
on the pH and logf O2

values.

(9) FeOSiðOHÞ3þ is the main Fe-species in eclogitic fluids

at 5.0 GPa and at low logf O2
, but Fe HCOOð Þþ is the

main Fe species in eclogitic fluids at 4.0 GPa and at
high logf O2

and in the peridotitic fluids.
APPENDIX A. MODEL SOLID SOLUTION COMPOSITION

AND K-FREE PERIDOTITE (KESSEL ET AL., 2005; D

K-free Eclogite 4.0 GPa

Minerals 700 �Ci 800 �C

Garnet Grossular 0.258 0.258

Pyrope 0.371 0.371

Almandine 0.371 0.371

Clinopyroxene Jadeite 0.442 0.442

Diopside 0.432 0.432

Hedenbergite 0.126 0.126

K-bearing Peridotite 4.0 GPa

Minerals 850 �C

Olivine Forsterite 0.927

Fayalite 0.073

Garnet Grossular 0.188

Pyrope 0.685

Almandine 0.127
In summary, the solubility of the major rock-forming
elements in upper mantle fluids is greatly enhanced at
extreme conditions because of the stability of complexes
that appear to involve silicate, hydroxide, formate, and
bicarbonate species. The results of the present study pro-
vide a quantitative, thermodynamic basis for helping to
interpret experimental studies of solubility and speciation,
as well as enabling the modeling of important processes
in the upper mantle including subduction zone mass trans-
fer (Connolly and Galvez, 2018), metasomatism of the sub-
lithospheric cratonic mantle and the fluid-rock interactions
involved in the precipitation of diamond (Huang, 2017).
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S OF K-FREE ECLOGITE, K-BEARING PERIDOTITE

VIR ET AL., 2011; AND KESSEL ET AL., 2015).

5.0 GPa

700 �Ci 800 �C 900 �C 1000 �C

0.271 0.271 0.307 0.325

0.333 0.333 0.356 0.354

0.396 0.396 0.336 0.321

0.530 0.530 0.534 0.513

0.370 0.370 0.360 0.381

0.100 0.100 0.106 0.106

5.0 GPa

900 �C 850 �C 1000 �C

0.927 0.930 0.933

0.073 0.070 0.067

0.175 0.185 0.136

0.683 0.663 0.735

0.142 0.152 0.129



APPENDIX A (continued)

K-bearing Peridotite 4.0 GPa 5.0 GPa

Minerals 850 �C 900 �C 850 �C 1000 �C

Clinopyroxene Enstatite-Clii 0.170 0.108 0.167 0.142

Diopside 0.763 0.829 0.768 0.793

Hedenbergite 0.068 0.063 0.064 0.064

Orthopyroxene Enstatite 0.930 0.929 0.932 0.938

Ferrosilite 0.070 0.071 0.068 0.062

K-free Peridotite 4.0 GPa 5.0 GPa

Minerals 700 �C_1 700 �C_2 800 �C 800 �C

Olivine Forsterite 0.904 0.898 0.902 0.909

Fayalite 0.096 0.102 0.098 0.091

Chlorite Clinochlore 0.940 0.935 NDiii 0.194 (Grs)iv

Chamosite 0.060 0.065 NDiii 0.618 (Prp)iv

0.188 (Alm)iv

Clinopyroxene Enstatite-Clii 0.394 0.420 0.288 0.343

Diopside 0.500 0.466 0.615 0.573

Hedenbergite 0.106 0.114 0.098 0.085

Orthopyroxene Enstatite 0.914 0.916 0.925 0.922

Ferrosilite 0.086 0.084 0.075 0.078

i. Mineral compositions KFE at 700 �C and 4 GPa & 5 GPa are taken from 800 �C at the same pressure when not reported to
have been measured.

ii. Enstatite-Cl is a clinopyroxene endmember with a composition of Mg2Si2O6.
iii. ND = Not detected.
iv. Garnet replaced chlorite to be the stable phase. Grs = Grossular; Prp = Pyrope; Alm = Almandine.

APPENDIX B. EXPERIMENTALLY MEASURED FLUID COMPOSITIONS (KESSEL ET AL., 2005; DVIR ET AL.,

2011; AND KESSEL ET AL., 2015) IN EQUILIBRIUM WITH KFE (K-FREE ECLOGITE), KFP (K-FREE

PERIDOTITE), AND KBP (K-BEARING PERIDOTITE) EXPRESSED IN MOLALITY UNITS.

KFE 4.0 GPa 5.0 GPa

Solubility 700 800 700 800 900 1000

Si 1.30 1.84 0.57 2.29 5.87 11.23

Al 0.21 0.34 0.09 0.40 0.43 1.21

Fe 0.07 0.05 0.05 0.10 0.09 0.21

Mg 0.23 0.20 0.09 0.24 0.16 0.35

Ca 0.32 0.31 0.19 0.12 0.50 1.04

Na 0.54 0.64 0.31 0.65 0.86 1.41

H2O 0.09 0.08 0.09 0.08 0.07 0.05

4.0 GPa 5.0 GPa

Uncertainties 700 800 700 800 900 1000

Si 0.859 0.201 0.098 0.452 0.746 1.17

Al 0.215 0.030 0.046 0.121 0.048 0.10

Fe 0.071 0.034 0.025 0.064 0.024 0.01

Mg 0.237 0.051 0.024 0.096 0.018 0.02

Ca 0.309 0.319 0.169 0.153 0.080 0.58

Na 0.331 0.106 0.024 0.121 0.061 0.06
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KFP 4.0 GPa 5.0 GPa

Solubility 700 800 800

Si 0.69 2.96 5.57

Al 0.02 0.62 0.54

Fe 0.13 0.85 0.43

Mg 1.23 5.29 4.32

Ca 0.09 0.07 0.03

Na 0.03 0.24 0.10

H2O 0.09 0.07 0.06

4.0 GPa 5.0 GPa

Uncertainties 700 800 800

Si 0.065 0.254 0.181

Al 0.004 0.023 0.114

Fe 0.009 0.123 0.081

Mg 0.118 0.456 0.386

Ca 0.010 0.067 0.014

Na 0.011 0.053 0.066

KBP 4.0 GPa 5.0 GPa

Solubility 850 900 850 1000

Si 1.41 2.48 2.76 3.81

Al 0.14 0.55 0.40 0.45

Fe 0.13 0.37 0.27 0.69

Mg 0.99 1.77 1.68 3.31

Ca 0.02 0.01 0.75 0.74

Na 2.31 2.48 1.33 1.67

K 1.19 1.19 1.09 0.88

H2O 0.07867 0.0709 0.0709 0.063

4.0 GPa 5.0 GPa

Uncertainties 850 900 850 1000

Si 0.419 0.230 0.681 0.486

Al 0.020 0.036 0.094 0.056

Fe 0.142 0.133 0.065 0.073

Mg 0.180 0.147 0.385 0.272

Ca 0.020 0.013 0.332 0.093

Na 0.234 0.660 0.164 0.220

K 0.078 0.249 0.189 0.172
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APPENDIX C. BEST FIT COMPUTED MODEL FLUID COMPOSITIONS (FIGS. 2–6) IN EQUILIBRIUM WITH KFE

(K-FREE ECLOGITE), KFP (K-FREE PERIDOTITE), AND KBP (K-BEARING PERIDOTITE) EXPRESSED IN

MOLALITY UNITS AS WELL AS THE MODEL VALUES OF logfO2
, DQFM , pH , AND aH2O. NUMBERS IN ITALICS

FOR NA AND K IN THE PERIDOTITES WERE FIXED IN THE MODEL AT THE EXPERIMENTAL VALUES (SEE

TEXT AND APPENDIX A).

K-free eclogite 4.0 GPa 5.0 GPa

700 800 700 800 900 1000

Na 0.22 0.46 0.33 0.55 0.95 1.48

Ca 0.14 0.15 0.091 0.19 0.49 0.99

Mg 0.27 0.14 0.078 0.14 0.18 0.37

Al 0.22 0.33 0.093 0.33 0.49 1.1

Si 1.68 2.5 1.27 2.42 5.2 10.9

Fe 0.050 0.14 0.049 0.10 0.15 0.21

C 0.64 1.7 0.31 0.58 1.2 3.0

logfO2
�15.8 �14.4 �15.8 �13.60 �12.0 �10.4

DQFM �2.5 �3.2 �3.3 �3.1 �3.2 �3.0

pH 4.62 4.74 4.38 4.45 4.57 4.81

aH2O 0.96 0.93 0.97 0.94 0.90 0.83

K-free peridotite 4.0 GPa 5.0 GPa

700 800 800

Na 0.036 0.24 0.10

Ca 0.091 0.21 0.67

Mg 2.0 3.8 4.4

Al 0.035 0.47 0.38

Si 1.7 4.2 5.1

Fe 0.11 0.78 0.28

C 3.5 13.0 8.4

logfO2
�14.8 �12.6 �12.1

DQFM �1.5 �1.4 �1.6

pH 5.23 5.34 5.18

aH2O 0.92 0.79 0.83

K-bearing peridotite 4.0 GPa 5.0 GPa

850 900 850 1000

Na 2.30 2.48 1.33 1.67

K 1.19 1.19 1.05 0.88

Ca 0.16 0.38 0.74 0.90

Mg 0.87 1.8 2.0 2.8

Al 0.18 0.31 0.30 0.28

Si 1.1 2.2 2.5 3.7

Fe 0.11 0.43 0.30 0.65

C 4.8 12.0 5.8 18.0

logfO2
�12.6 �11.5 �11.7 �9.5

DQFM �2.3 �2.0 �2.1 �2.1

pH 5.39 5.41 5.21 5.23

aH2O 0.86 0.78 0.84 0.71
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APPENDIX D

H2O þ CO2;aq ¼ H2CO3;aq

Name DGf
o DHf

o So Vo Cp a1 � 10 a2 � 10�2 a3 a4 � 10�4 c1 c2 � 10�4 x � 10�5 Z

cal
mol�1

cal
mol�1

cal
mol�1

K�1

cm3

mol�1
cal
mol�1

K�1

cal
mol�1

bar�1

cal mol�1 cal K
mol�1

bar�1

cal K
mol�1

cal
mol�1

K�1

cal K
mol�1

cal
mol�1

CO2.aq �92250 �98900 28.100 32.8 52.1 7.7900 3.1400 2.2100 �2.9100 37.0000 6.5000 �0.2000 0

H2CO3,aq �145400 �164229 43.000 46.0 86.5 10.3102 5.5332 0.1986 �3.0077 54.0971 14.5855 �0.3000 0

Log K Pressure (GPa)

1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0 5.5 6.0

Temperature (�C) 300 �0.76 �0.55 �0.37 �0.21 �0.07 0.05 0.16 0.26 0.34 0.42 0.48

350 �0.64 �0.44 �0.26 �0.11 0.02 0.14 0.25 0.34 0.42 0.49 0.55

400 �0.54 �0.34 �0.17 �0.02 0.11 0.22 0.32 0.41 0.49 0.56 0.62

450 �0.45 �0.25 �0.08 0.06 0.19 0.30 0.39 0.48 0.56 0.63 0.69

500 �0.36 �0.17 �0.01 0.13 0.26 0.37 0.46 0.55 0.62 0.69 0.75

550 �0.28 �0.09 0.07 0.21 0.33 0.43 0.53 0.61 0.69 0.75 0.82

600 �0.20 �0.02 0.14 0.27 0.39 0.50 0.59 0.67 0.75 0.81 0.88

650 �0.13 0.05 0.21 0.34 0.46 0.56 0.65 0.74 0.81 0.88 0.93

700 �0.07 0.11 0.26 0.40 0.51 0.62 0.71 0.79 0.87 0.93 0.99

750 �0.01 0.17 0.32 0.45 0.57 0.67 0.76 0.84 0.92 0.98 1.04

800 0.04 0.22 0.37 0.50 0.62 0.71 0.81 0.89 0.96 1.03 1.08

850 0.09 0.27 0.42 0.55 0.66 0.76 0.85 0.93 1.01 1.07 1.13

900 0.15 0.32 0.47 0.59 0.71 0.81 0.89 0.97 1.04 1.10 1.17

950 0.19 0.37 0.51 0.64 0.75 0.85 0.93 1.01 1.08 1.15 1.21

1000 0.24 0.41 0.56 0.68 0.79 0.89 0.98 1.05 1.12 1.19 1.25

1050 0.29 0.46 0.60 0.73 0.84 0.93 1.02 1.10 1.17 1.23 1.29

1100 0.34 0.51 0.65 0.78 0.89 0.98 1.07 1.14 1.22 1.28 1.34

AlO2 SiO2ð Þ� þ 4Hþ ¼ Al3þ þ 2H2O þ SiO2;aq ðDehydratedÞ
Al OHð Þ3OSi OHð Þ�3 þ 4Hþ ¼ Al3þ þ 3H2O þ Si OHð Þ04 ðHydratedÞ

Name DGf
o DHf

o So Vo Cp a1 � 10 a2 � 10�2 a3 a4 � 10�4 c1 c2 � 10�4 x � 10�5 Z

cal
mol�1

cal
mol�1

cal
mol�1

K�1

cm3

mol�1
cal
mol�1

K�1

cal
mol�1

bar�1

cal mol�1 cal K
mol�1

bar�1

cal K
mol�1

cal
mol�1

K�1

cal K
mol�1

cal
mol�1

AlO2(SiO2)
� �403500 �440456 4.000 34.8 32.0 9.0313 4.3155 1.2196 �2.9574 39.3711 3.4838 1.5685 �1

H+ 0 0 0.000 0.0 0.0 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 1

Al3+ �115609 �126834 �77.700 �44.4 �31.0 �3.3802 �17.0071 14.5185 �2.0758 10.7000 �8.0600 2.7530 3

SiO2,aq �199557 �213937 5.300 18.0 27.7 4.8998 1.4090 4.4066 �2.8372 25.7171 2.6079 0.3600 0
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Log K Pressure (GPa)

1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0 5.5 6.0

Temperature

(�C)
300 6.7755 7.0691 7.3339 7.5954 7.8631 8.1410 8.4305 8.7324 9.0465 9.3726 9.7103

350 5.7063 5.9889 6.2397 6.4856 6.7363 6.9961 7.2664 7.5478 7.8405 8.1441 8.4583

400 4.8132 5.0873 5.3255 5.5567 5.7915 6.0341 6.2863 6.5486 6.8213 7.1040 7.3966

450 4.0557 4.3244 4.5518 4.7699 4.9900 5.2168 5.4522 5.6970 5.9512 6.2148 6.4876

500 3.4027 3.6690 3.8875 4.0940 4.3009 4.5134 4.7335 4.9621 5.1995 5.4457 5.7003

550 2.8304 3.0975 3.3090 3.5054 3.7005 3.8999 4.1060 4.3200 4.5420 4.7722 5.0103

600 2.3236 2.5943 2.8007 2.9885 3.1732 3.3609 3.5545 3.7551 3.9632 4.1789 4.4019

650 1.8732 2.1504 2.3534 2.5342 2.7098 2.8872 3.0696 3.2583 3.4538 3.6563 3.8658

700 1.4715 1.7577 1.9591 2.1342 2.3020 2.4704 2.6427 2.8207 3.0049 3.1956 3.3929

750 1.1111 1.4085 1.6097 1.7803 1.9415 2.1020 2.2654 2.4338 2.6078 2.7879 2.9740

800 0.7850 1.0955 1.2978 1.4651 1.6207 1.7741 1.9297 2.0894 2.2542 2.4246 2.6007

850 0.4871 0.8122 1.0167 1.1815 1.3323 1.4797 1.6282 1.7801 1.9367 2.0984 2.2653

900 0.2118 0.5528 0.7603 0.9234 1.0703 1.2123 1.3545 1.4995 1.6486 1.8023 1.9610

950 �0.0455 0.3122 0.5233 0.6855 0.8291 0.9664 1.1030 1.2417 1.3840 1.5304 1.6815

1000 �0.2890 0.0857 0.3011 0.4628 0.6036 0.7368 0.8684 1.0015 1.1376 1.2774 1.4215

1050 �0.5224 �0.1304 0.0895 0.2512 0.3897 0.5192 0.6463 0.7742 0.9047 1.0385 1.1763

1100 �0.7487 �0.3399 �0.1152 0.0467 0.1833 0.3096 0.4326 0.5559 0.6811 0.8094 0.9413

Ca HCO3ð Þþ ¼ Ca2þ þHCO�
3

Name DGf
o DHf

o So Vo Cp a1 � 10 a2 � 10�2 a3 a4 � 10�4 c1 c2 � 10�4 x � 10�5 Z

cal
mol�1

cal
mol�1

cal
mol�1

K�1

cm3

mol�1
cal
mol�1

K�1

cal mol�1

bar�1
cal mol�1 cal K mol�1

bar�1
cal K
mol�1

cal
mol�1

K�1

cal K
mol�1

cal
mol�1

Ca
(HCO3)

+
�273830 �294350 26.000 30.0 51.0 7.4225 2.7838 2.5039 �2.8941 37.5110 7.3541 0.1580 1

Ca2+ �132120 �129800 �13.500 �18.4 �7.5 �0.2450 �7.2520 5.0000 �2.4800 9.0000 �2.5200 1.2366 2

HCO3
– �140282 �164898 23.530 24.2 �8.5 7.6500 0.9200 0.6000 �2.8200 11.0000 �3.8000 1.2733 �1

Log K Pressure (GPa)

1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0 5.5 6.0

Temperature

(�C)
300 �2.3759 �2.0530 �1.8281 �1.6579 �1.5224 �1.4110 �1.3172 �1.2367 �1.1668 �1.1053 �1.0508

350 �2.8085 �2.4675 �2.2332 �2.0572 �1.9177 �1.8031 �1.7066 �1.6238 �1.5518 �1.4883 �1.4319

400 �3.2262 �2.8637 �2.6185 �2.4358 �2.2917 �2.1737 �2.0745 �1.9895 �1.9154 �1.8502 �1.7921

450 �3.6323 �3.2449 �2.9873 �2.7971 �2.6479 �2.5262 �2.4242 �2.3368 �2.2607 �2.1938 �2.1341

500 �4.0291 �3.6137 �3.3422 �3.1437 �2.9890 �2.8633 �2.7582 �2.6684 �2.5903 �2.5215 �2.4603

550 �4.4185 �3.9721 �3.6855 �3.4780 �3.3173 �3.1873 �3.0789 �2.9864 �2.9062 �2.8356 �2.7728

600 �4.8018 �4.3218 �4.0189 �3.8017 �3.6346 �3.5000 �3.3880 �3.2928 �3.2103 �3.1378 �3.0734

650 �5.1800 �4.6640 �4.3437 �4.1163 �3.9423 �3.8029 �3.6873 �3.5891 �3.5043 �3.4298 �3.3637

700 �5.5537 �4.9995 �4.6610 �4.4229 �4.2418 �4.0973 �3.9779 �3.8767 �3.7894 �3.7129 �3.6451

750 �5.9232 �5.3292 �4.9718 �4.7225 �4.5342 �4.3843 �4.2609 �4.1567 �4.0668 �3.9882 �3.9186

800 �6.2888 �5.6536 �5.2767 �5.0161 �4.8201 �4.6649 �4.5374 �4.4300 �4.3375 �4.2567 �4.1852

850 �6.6504 �5.9730 �5.5764 �5.3041 �5.1005 �4.9398 �4.8082 �4.6974 �4.6023 �4.5193 �4.4460

900 �7.0079 �6.2879 �5.8712 �5.5873 �5.3759 �5.2096 �5.0738 �4.9598 �4.8620 �4.7768 �4.7015

950 �7.3609 �6.5982 �6.1616 �5.8659 �5.6468 �5.4750 �5.3350 �5.2176 �5.1172 �5.0297 �4.9525

1000 �7.7090 �6.9041 �6.4477 �6.1404 �5.9137 �5.7364 �5.5922 �5.4715 �5.3684 �5.2787 �5.1996

1050 �8.0518 �7.2056 �6.7298 �6.4111 �6.1768 �5.9941 �5.8458 �5.7219 �5.6161 �5.5242 �5.4433

1100 �8.3888 �7.5025 �7.0079 �6.6782 �6.4366 �6.2486 �6.0963 �5.9692 �5.8608 �5.7668 �5.6840
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Ca HCOOð Þ� ¼ Ca2þ þHCOO�

Name DGf
o DHf

o So Vo Cp a1 � 10 a2 � 10�2 a3 a4 � 10�4 c1 c2 � 10�4 x � 10�5 Z

cal
mol�1

cal
mol�1

cal
mol�1

K�1

cm3

mol�1
cal
mol�1

K�1

cal
mol�1

bar�1

cal mol�1 cal K
mol�1

bar�1

cal K
mol�1

cal
mol�1

K�1

cal K
mol�1

cal
mol�1

Ca
(HCOO)+

�217930 �232236 11.000 17.5 68.0 5.1038 0.5762 4.3550 �2.8028 49.5668 10.8170 0.3851 1

Ca2+ �132120 �129800 �13.500 �18.4 �7.5 �0.2450 �7.2520 5.0000 �2.4800 9.0000 �2.5200 1.2366 2

HCOO– �83862 �101680 21.700 26.2 �20.2 5.2684 7.6836 3.4706 �3.0966 17.0000 �12.4000 1.3003 �1

Log K Pressure (GPa)

1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0 5.5 6.0

Temperature

(�C)
300 �2.2837 �2.0854 �1.9511 �1.8514 �1.7733 �1.7099 �1.6571 �1.6123 �1.5737 �1.5400 �1.5104

350 �2.6295 �2.4063 �2.2570 �2.1468 �2.0606 �1.9905 �1.9318 �1.8819 �1.8385 �1.8005 �1.7668

400 �2.9801 �2.7302 �2.5657 �2.4451 �2.3511 �2.2748 �2.2110 �2.1565 �2.1091 �2.0674 �2.0303

450 �3.3338 �3.0552 �2.8748 �2.7438 �2.6422 �2.5599 �2.4912 �2.4325 �2.3816 �2.3366 �2.2966

500 �3.6893 �3.3799 �3.1830 �3.0414 �2.9321 �2.8440 �2.7706 �2.7080 �2.6536 �2.6057 �2.5630

550 �4.0458 �3.7036 �3.4895 �3.3370 �3.2201 �3.1261 �3.0481 �2.9817 �2.9241 �2.8734 �2.8281

600 �4.4028 �4.0259 �3.7939 �3.6302 �3.5056 �3.4058 �3.3232 �3.2530 �3.1922 �3.1388 �3.0912

650 �4.7597 �4.3464 �4.0960 �3.9209 �3.7883 �3.6827 �3.5955 �3.5216 �3.4577 �3.4016 �3.3516

700 �5.1162 �4.6648 �4.3955 �4.2088 �4.0682 �3.9567 �3.8649 �3.7873 �3.7203 �3.6616 �3.6094

750 �5.4718 �4.9811 �4.6924 �4.4939 �4.3453 �4.2278 �4.1315 �4.0502 �3.9802 �3.9188 �3.8644

800 �5.8259 �5.2951 �4.9867 �4.7763 �4.6196 �4.4962 �4.3952 �4.3103 �4.2372 �4.1733 �4.1167

850 �6.1782 �5.6065 �5.2783 �5.0560 �4.8912 �4.7619 �4.6564 �4.5677 �4.4917 �4.4252 �4.3664

900 �6.5281 �5.9153 �5.5673 �5.3331 �5.1602 �5.0250 �4.9149 �4.8227 �4.7436 �4.6747 �4.6137

950 �6.8750 �6.2212 �5.8535 �5.6075 �5.4266 �5.2856 �5.1711 �5.0753 �4.9933 �4.9219 �4.8588

1000 �7.2182 �6.5240 �6.1369 �5.8793 �5.6906 �5.5439 �5.4250 �5.3256 �5.2408 �5.1669 �5.1017

1050 �7.5572 �6.8236 �6.4176 �6.1486 �5.9523 �5.7999 �5.6767 �5.5740 �5.4863 �5.4101 �5.3428

1100 �7.8913 �7.1196 �6.6953 �6.4153 �6.2116 �6.0538 �5.9265 �5.8204 �5.7299 �5.6514 �5.5822

Ca HSiO3ð Þþ þHþ ¼ Ca2þ þH2O þ SiO2;aqðDehydratedÞ
CaOSi OHð Þþ3 þHþ ¼ Ca2þ þ Si OHð Þ04ðHydratedÞ

Name DGf
o DHf

o So Vo Cp a1 � 10 a2 � 10�2 a3 a4 � 10�4 c1 c2 � 10�4 x � 10�5 Z

cal
mol�1

cal
mol�1

cal
mol�1

K�1

cm3

mol�1
cal
mol�1

K�1

cal mol�1

bar�1
cal mol�1 cal K

mol�1

bar�1

cal K
mol�1

cal
mol�1

K�1

cal K
mol�1

cal
mol�1

Ca
(HSiO3)

+
�376299 �397525 16.800 36.0 72.0 8.6546 3.9569 1.5203 �2.9426 51.1018 11.6318 0.2973 1

H+ 0 0 0.000 0.0 0.0 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 1

Ca2+ �132120 �129800 �13.500 �18.4 �7.5 �0.2450 �7.2520 5.0000 �2.4800 9.0000 �2.5200 1.2366 2

SiO2,aq �199557 �213937 5.300 18.0 27.7 4.8998 1.4090 4.4066 �2.8372 25.7171 2.6079 0.3600 0
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Log K Pressure (GPa)

1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0 5.5 6.0

Temperature (�C) 300 4.0349 4.2842 4.5034 4.7123 4.9191 5.1273 5.3388 5.5545 5.7747 5.9998 6.2296

350 3.4426 3.6865 3.8965 4.0945 4.2890 4.4841 4.6817 4.8828 5.0878 5.2970 5.5104

400 2.9219 3.1635 3.3663 3.5548 3.7387 3.9222 4.1074 4.2954 4.4869 4.6820 4.8809

450 2.4570 2.6990 2.8964 3.0772 3.2519 3.4252 3.5994 3.7760 3.9554 4.1380 4.3240

500 2.0351 2.2803 2.4742 2.6486 2.8154 2.9798 3.1444 3.3107 3.4794 3.6509 3.8254

550 1.6468 1.8976 2.0896 2.2589 2.4190 2.5756 2.7318 2.8890 3.0481 3.2097 3.3738

600 1.2860 1.5448 1.7363 1.9018 2.0562 2.2062 2.3549 2.5040 2.6547 2.8073 2.9623

650 0.9494 1.2185 1.4107 1.5735 1.7234 1.8676 2.0098 2.1519 2.2950 2.4398 2.5865

700 0.6344 0.9155 1.1098 1.2708 1.4170 1.5563 1.6929 1.8288 1.9653 2.1030 2.2424

750 0.3379 0.6326 0.8300 0.9901 1.1334 1.2687 1.4004 1.5308 1.6614 1.7929 1.9257

800 0.0571 0.3669 0.5683 0.7282 0.8692 1.0011 1.1286 1.2542 1.3795 1.5054 1.6324

850 �0.2105 0.1154 0.3214 0.4818 0.6212 0.7502 0.8740 0.9955 1.1161 1.2370 1.3587

900 �0.4671 �0.1244 0.0869 0.2482 0.3865 0.5132 0.6338 0.7515 0.8680 0.9844 1.1014

950 �0.7148 �0.3547 �0.1378 0.0249 0.1625 0.2872 0.4051 0.5195 0.6323 0.7447 0.8573

1000 �0.9552 �0.5776 �0.3547 �0.1903 �0.0532 0.0699 0.1855 0.2970 0.4065 0.5152 0.6239

1050 �1.1898 �0.7948 �0.5659 �0.3996 �0.2626 �0.1407 �0.0273 0.0817 0.1882 0.2936 0.3988

1100 �1.4199 �1.0079 �0.7729 �0.6046 �0.4675 �0.3468 �0.2351 �0.1285 �0.0247 0.0778 0.1797

Fe HCOOð Þ� ¼ Fe2þ þHCOO�

Name DGf
o DHf

o So Vo Cp a1 � 10 a2 � 10�2 a3 a4 � 10�4 c1 c2 � 10�4 x � 10�5 Z

cal
mol�1

cal
mol�1

cal
mol�1

K�1

cm3

mol�1
cal
mol�1

K�1

cal
mol�1

bar�1

cal mol�1 cal K
mol�1

bar�1

cal K
mol�1

cal
mol�1

K�1

cal K
mol�1

cal
mol�1

Fe
(HCOO)+

�111800 �112263 59.000 27.0 30.0 6.6001 2.0008 3.1604 �2.8617 20.5995 3.0764 �0.3418 1

Fe2+ �21870 �22050 �25.300 –22.2 �7.9 �1.0416 �9.0072 9.6653 �2.4066 14.9634 �4.6439 1.4574 2

HCOO– �83862 �101680 21.700 26.2 �20.2 5.2684 7.6836 3.4706 �3.0966 17.0000 �12.4000 1.3003 �1

Log K Pressure (GPa)

1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0 5.5 6.0

Temperature (�C) 300 �7.5354 �6.8068 �6.1790 �5.6063 �5.0682 �4.5537 �4.0564 �3.5720 �3.0977 �2.6315 �2.1719

350 �8.0638 �7.3317 �6.7142 �6.1578 �5.6393 �5.1462 �4.6715 �4.2105 �3.7602 �3.3185 �2.8837

400 �8.5359 �7.7935 �7.1817 �6.6378 �6.1353 �5.6604 �5.2051 �4.7645 �4.3352 �3.9150 �3.5020

450 �8.9660 �8.2070 �7.5966 �7.0618 �6.5721 �6.1123 �5.6736 �5.2506 �4.8396 �4.4381 �4.0442

500 �9.3647 �8.5832 �7.9705 �7.4415 �6.9619 �6.5146 �6.0899 �5.6820 �5.2868 �4.9017 �4.5246

550 �9.7397 �8.9304 �8.3119 �7.7860 �7.3140 �6.8769 �6.4641 �6.0690 �5.6875 �5.3166 �4.9542

600 �10.0968 �9.2547 �8.6275 �8.1024 �7.6358 �7.2068 �6.8039 �6.4199 �6.0502 �5.6918 �5.3423

650 �10.4400 �9.5610 �8.9225 �8.3960 �7.9330 �7.5105 �7.1157 �6.7411 �6.3817 �6.0341 �5.6959

700 �10.7726 �9.8529 �9.2008 �8.6712 �8.2102 �7.7926 �7.4045 �7.0379 �6.6873 �6.3492 �6.0209

750 �11.0966 �10.1331 �9.4656 �8.9313 �8.4709 �8.0569 �7.6744 �7.3145 �6.9716 �6.6417 �6.3222

800 �11.4137 �10.4037 �9.7193 �9.1791 �8.7182 �8.3067 �7.9286 �7.5744 �7.2380 �6.9154 �6.6036

850 �11.7246 �10.6664 �9.9638 �9.4167 �8.9543 �8.5444 �8.1698 �7.8204 �7.4897 �7.1733 �6.8684

900 �12.0299 �10.9223 �10.2007 �9.6458 �9.1812 �8.7721 �8.4002 �8.0548 �7.7289 �7.4182 �7.1193

950 �12.3299 �11.1722 �10.4311 �9.8679 �9.4004 �8.9914 �8.6216 �8.2795 �7.9579 �7.6520 �7.3585

1000 �12.6245 �11.4168 �10.6559 �10.0840 �9.6131 �9.2038 �8.8356 �8.4962 �8.1783 �7.8767 �7.5880

1050 �12.9133 �11.6565 �10.8758 �10.2950 �9.8204 �9.4105 �9.0433 �8.7063 �8.3915 �8.0937 �7.8093

1100 �13.1959 �11.8914 �11.0913 �10.5016 �10.0232 �9.6122 �9.2458 �8.9108 �8.5988 �8.3044 �8.0238
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Fe HSiO3ð Þþ þHþ ¼ Fe2þ þH2O þ SiO2;aqðDehydratedÞ
FeOSi OHð Þþ3 þHþ ¼ Fe2þ þ Si OHð Þ04ðHydratedÞ

Name DGf
o DHf

o So Vo Cp a1 � 10 a2 � 10�2 a3 a4 � 10�4 c1 c2 � 10�4 x � 10�5 Z

cal
mol�1

cal
mol�1

cal
mol�1

K�1

cm3

mol�1
cal
mol�1

K�1

cal mol�1

bar�1
cal mol�1 cal K

mol�1

bar�1

cal K
mol�1

cal
mol�1

K�1

cal K
mol�1

cal
mol�1

Fe
(HSiO3)

+
�277500 �298539 14.000 38.2 77.0 9.1022 4.3830 1.1630 �2.9602 54.4228 12.6503 0.3397 1

H+ 0 0 0.000 0.0 0.0 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 1

Fe2+ �21870 �22050 �25.300 –22.2 �7.9 �1.0416 �9.0072 9.6653 �2.4066 14.9634 �4.6439 1.4574 2

SiO2,aq �199557 �213937 5.300 18.0 27.7 4.8998 1.4090 4.4066 �2.8372 25.7171 2.6079 0.3600 0

Log K Pressure (GPa)

1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0 5.5 6.0

Temperature

(�C)
300 �0.6883 �0.1859 0.2744 0.7177 1.1544 1.5894 2.0253 2.4637 2.9053 3.3506 3.7997

350 �1.0422 �0.5589 �0.1219 0.2962 0.7065 1.1142 1.5222 1.9318 2.3441 2.7595 3.1782

400 �1.3600 �0.8911 �0.4737 �0.0775 0.3094 0.6929 1.0758 1.4599 1.8460 2.2347 2.6263

450 �1.6503 �1.1911 �0.7899 �0.4127 �0.0462 0.3158 0.6765 1.0378 1.4006 1.7656 2.1330

500 �1.9201 �1.4664 �1.0784 �0.7174 �0.3688 �0.0257 0.3153 0.6563 0.9984 1.3421 1.6880

550 �2.1751 �1.7231 �1.3454 �0.9982 �0.6652 �0.3388 �0.0152 0.3077 0.6311 0.9559 1.2824

600 �2.4180 �1.9642 �1.5944 �1.2588 �0.9393 �0.6277 �0.3196 �0.0128 0.2940 0.6018 0.9110

650 �2.6498 �2.1910 �1.8268 �1.5009 �1.1931 �0.8943 �0.6000 �0.3076 �0.0155 0.2770 0.5707

700 �2.8712 �2.4047 �2.0441 �1.7261 �1.4284 �1.1409 �0.8588 �0.5792 �0.3004 �0.0215 0.2582

750 �3.0837 �2.6071 �2.2484 �1.9368 �1.6477 �1.3702 �1.0989 �0.8306 �0.5638 �0.2971 �0.0300

800 �3.2887 �2.8000 �2.4417 �2.1352 �1.8535 �1.5848 �1.3231 �1.0651 �0.8089 �0.5533 �0.2976

850 �3.4878 �2.9852 �2.6262 �2.3237 �2.0483 �1.7873 �1.5341 �1.2854 �1.0389 �0.7933 �0.5479

900 �3.6822 �3.1646 �2.8038 �2.5044 �2.2344 �1.9801 �1.7347 �1.4942 �1.2564 �1.0199 �0.7839

950 �3.8732 �3.3397 �2.9763 �2.6791 �2.4138 �2.1655 �1.9269 �1.6939 �1.4640 �1.2358 �1.0084

1000 �4.0617 �3.5118 �3.1452 �2.8497 �2.5883 �2.3454 �2.1130 �1.8867 �1.6641 �1.4434 �1.2238

1050 �4.2487 �3.6823 �3.3121 �3.0177 �2.7598 �2.5216 �2.2947 �2.0746 �1.8586 �1.6449 �1.4325

1100 �4.4349 �3.8523 �3.4783 �3.1846 �2.9297 �2.6957 �2.4739 �2.2595 �2.0495 �1.8421 �1.6363

H2O þ SiO2;aq ¼ HSiO�
3 þHþðDehydratedÞ

Si OHð Þ04 ¼ SiO OHð Þ�3 þHþðHydratedÞ

Name DGf
o DHf

o So Vo Cp a1 � 10 a2 � 10�2 a3 a4 � 10�4 c1 c2 � 10�4 x � 10�5 Z

cal
mol�1

cal
mol�1

cal
mol�1

K�1

cm3

mol�1
cal
mol�1

K�1

cal
mol�1

bar�1

cal mol�1 cal K
mol�1

bar�1

cal K
mol�1

cal
mol�1

K�1

cal K
mol�1

cal
mol�1

SiO2,aq �199557 �213937 5.300 18.0 27.7 4.8998 1.4090 4.4066 �2.8372 25.7171 2.6079 0.3600 0

H+ 0 0 0.000 0.0 0.0 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 1

HSiO3
� �242855 �276479 �3.500 21.2 16.0 6.4445 1.8526 3.2847 �2.8556 31.0405 0.2246 1.6821 �1
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Log K Pressure (GPa)

1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0 5.5 6.0

Temperature

(�C)
300 �7.0651 �6.5194 �6.0500 �5.6297 �5.2448 �4.8874 �4.5521 �4.2355 �3.9348 �3.6481 �3.3737

350 �7.0895 �6.5510 �6.0949 �5.6902 �5.3217 �4.9808 �4.6620 �4.3615 �4.0766 �3.8052 �3.5457

400 �7.1389 �6.6023 �6.1553 �5.7623 �5.4068 �5.0792 �4.7739 �4.4867 �4.2149 �3.9563 �3.7093

450 �7.2076 �6.6684 �6.2271 �5.8429 �5.4975 �5.1808 �4.8864 �4.6102 �4.3493 �4.1015 �3.8650

500 �7.2908 �6.7452 �6.3067 �5.9289 �5.5914 �5.2833 �4.9979 �4.7309 �4.4791 �4.2403 �4.0127

550 �7.3846 �6.8294 �6.3914 �6.0178 �5.6864 �5.3852 �5.1072 �4.8477 �4.6035 �4.3723 �4.1522

600 �7.4874 �6.9198 �6.4803 �6.1094 �5.7825 �5.4869 �5.2149 �4.9617 �4.7240 �4.4992 �4.2855

650 �7.5992 �7.0169 �6.5744 �6.2048 �5.8813 �5.5901 �5.3231 �5.0752 �4.8429 �4.6236 �4.4155

700 �7.7196 �7.1207 �6.6738 �6.3045 �5.9834 �5.6957 �5.4328 �5.1894 �4.9618 �4.7473 �4.5440

750 �7.8476 �7.2305 �6.7782 �6.4082 �6.0887 �5.8037 �5.5442 �5.3046 �5.0810 �4.8706 �4.6715

800 �7.9816 �7.3449 �6.8864 �6.5150 �6.1963 �5.9135 �5.6568 �5.4204 �5.2002 �4.9934 �4.7980

850 �8.1200 �7.4627 �6.9972 �6.6239 �6.3056 �6.0243 �5.7699 �5.5362 �5.3190 �5.1153 �4.9230

900 �8.2609 �7.5825 �7.1095 �6.7338 �6.4153 �6.1351 �5.8826 �5.6512 �5.4365 �5.2356 �5.0462

950 �8.4027 �7.7029 �7.2221 �6.8435 �6.5246 �6.2452 �5.9941 �5.7647 �5.5522 �5.3537 �5.1668

1000 �8.5437 �7.8224 �7.3337 �6.9520 �6.6324 �6.3534 �6.1036 �5.8758 �5.6653 �5.4689 �5.2842

1050 �8.6823 �7.9399 �7.4432 �7.0583 �6.7377 �6.4590 �6.2101 �5.9837 �5.7749 �5.5804 �5.3977

1100 �8.8171 �8.0541 �7.5494 �7.1613 �6.8396 �6.5610 �6.3129 �6.0877 �5.8804 �5.6876 �5.5067

MgOaq þ 2Hþ ¼ Mg2þ þH2OðDehydratedÞ
MgðOHÞ2;aq þ 2Hþ ¼ Mg2þ þ 2H2OðHydratedÞ

Name DGf
o DHf

o So Vo Cp a1 � 10 a2 � 10�2 a3 a4 � 10�4 c1 c2 � 10�4 x � 10�5 Z

cal
mol�1

cal
mol�1

cal
mol�1

K�1

cm3

mol�1
cal
mol�1

K�1

cal
mol�1

bar�1

cal mol�1 cal K
mol�1

bar�1

cal K
mol�1

cal
mol�1

K�1

cal K
mol�1

cal
mol�1

MgOaq �137500 �139804 24.600 6.2 �24.5 2.8684 �1.5521 6.1396 �2.7148 �5.4281 �8.0253 0.3000 0

H+ 0 0 0.000 0.0 0.0 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 1

Mg2+ �108505 �111367 –
33.000

�21.5 �5.3 �0.8217 �8.5990 8.3900 �2.3900 20.8000 �5.8920 1.5372 2

Log K Pressure (GPa)

1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0 5.5 6.0

Temperature (�C) 300 8.2759 8.4466 8.6002 8.7515 8.9056 9.0647 9.2298 9.4012 9.5788 9.7626 9.9523

350 7.3682 7.5362 7.6825 7.8240 7.9667 8.1132 8.2647 8.4216 8.5840 8.7518 8.9249

400 6.6368 6.8051 6.9462 7.0798 7.2132 7.3492 7.4892 7.6339 7.7833 7.9376 8.0966

450 6.0398 6.2110 6.3489 6.4764 6.6020 6.7292 6.8595 6.9937 7.1321 7.2748 7.4217

500 5.5461 5.7227 5.8589 5.9818 6.1011 6.2207 6.3427 6.4679 6.5967 6.7294 6.8659

550 5.1325 5.3166 5.4527 5.5722 5.6863 5.7996 5.9144 6.0318 6.1523 6.2761 6.4034

600 4.7827 4.9766 5.1137 5.2310 5.3409 5.4489 5.5575 5.6681 5.7814 5.8975 6.0167

650 4.4859 4.6913 4.8308 4.9467 5.0534 5.1570 5.2605 5.3652 5.4721 5.5815 5.6936

700 4.2333 4.4519 4.5948 4.7103 4.8146 4.9146 5.0136 5.1133 5.2146 5.3181 5.4240

750 4.0173 4.2505 4.3977 4.5135 4.6161 4.7131 4.8084 4.9038 5.0003 5.0986 5.1990

800 3.8315 4.0804 4.2327 4.3494 4.4509 4.5456 4.6377 4.7293 4.8217 4.9154 5.0109

850 3.6704 3.9360 4.0939 4.2121 4.3129 4.4059 4.4953 4.5837 4.6723 4.7620 4.8531

900 3.5294 3.8124 3.9763 4.0964 4.1971 4.2886 4.3758 4.4614 4.5468 4.6329 4.7202

950 3.4047 3.7054 3.8758 3.9981 4.0989 4.1894 4.2748 4.3579 4.4405 4.5233 4.6071

1000 3.2932 3.6116 3.7886 3.9134 4.0147 4.1043 4.1882 4.2692 4.3492 4.4293 4.5100

1050 3.1919 3.5280 3.7116 3.8391 3.9410 4.0301 4.1126 4.1919 4.2697 4.3472 4.4251

1100 3.0988 3.4520 3.6422 3.7724 3.8750 3.9638 4.0453 4.1229 4.1987 4.2739 4.3493
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MgðSiO2ÞHCOþ
3 ¼ Mg2þ þ SiO2;aq þHCO�

3 ðDehydratedÞ
MgOSi OHð Þ2 HCO3ð Þþ þH2O ¼ Mg2þ þ Si OHð Þ04 þHCO�

3 ðHydratedÞ

Name DGf
o DHf

o So Vo Cp a1 � 10 a2 � 10�2 a3 a4 � 10�4 c1 c2 � 10�4 x � 10�5 Z

cal
mol�1

cal
mol�1

cal
mol�1

K�1

cm3

mol�1
cal
mol�1

K�1

cal
mol�1

bar�1

cal mol�1 cal K
mol�1

bar�1

cal K
mol�1

cal
mol�1

K�1

cal K
mol�1

cal
mol�1

Mg
(SiO2)
HCO3

+

�454300 �479123 48.000 53.5 78.5 11.8266 6.9770 �1.0120 �3.0674 50.5582 12.9559 �0.1752 1

Mg2+ �108505 �111367 –33.000 �21.5 �5.3 �0.8217 �8.5990 8.3900 �2.3900 20.8000 �5.8920 1.5372 2

SiO2,aq �199557 �213937 5.300 18.0 27.7 4.8998 1.4090 4.4066 �2.8372 25.7171 2.6079 0.3600 0

HCO3
– �140282 �164898 23.530 24.2 �8.5 7.6500 0.9200 0.6000 �2.8200 11.0000 �3.8000 1.2733 �1

Log K Pressure (GPa)

1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0 5.5 6.0

Temperature (�C) 300 �6.8106 �6.3831 �6.0975 �5.8910 �5.7350 �5.6138 �5.5181 �5.4418 �5.3807 �5.3320 �5.2933

350 �7.2719 �6.8104 �6.5028 �6.2791 �6.1082 �5.9733 �5.8646 �5.7758 �5.7024 �5.6415 �5.5907

400 �7.6954 �7.1974 �6.8681 �6.6286 �6.4448 �6.2986 �6.1795 �6.0808 �5.9979 �5.9278 �5.8680

450 �8.0915 �7.5538 �7.2023 �6.9476 �6.7518 �6.5956 �6.4676 �6.3607 �6.2701 �6.1926 �6.1257

500 �8.4676 �7.8869 �7.5123 �7.2423 �7.0351 �6.8695 �6.7335 �6.6195 �6.5223 �6.4386 �6.3658

550 �8.8294 �8.2021 �7.8034 �7.5179 �7.2994 �7.1250 �6.9815 �6.8609 �6.7579 �6.6687 �6.5907

600 �9.1806 �8.5037 �8.0797 �7.7783 �7.5486 �7.3654 �7.2148 �7.0881 �6.9796 �6.8855 �6.8030

650 �9.5243 �8.7946 �8.3443 �8.0268 �7.7857 �7.5939 �7.4363 �7.3037 �7.1901 �7.0915 �7.0047

700 �9.8624 �9.0773 �8.5998 �8.2657 �8.0131 �7.8127 �7.6483 �7.5100 �7.3915 �7.2885 �7.1979

750 �10.1963 �9.3534 �8.8481 �8.4970 �8.2329 �8.0239 �7.8527 �7.7088 �7.5856 �7.4784 �7.3840

800 �10.5267 �9.6244 �9.0905 �8.7224 �8.4467 �8.2291 �8.0511 �7.9017 �7.7738 �7.6626 �7.5647

850 �10.8539 �9.8911 �9.3283 �8.9430 �8.6556 �8.4294 �8.2448 �8.0900 �7.9575 �7.8424 �7.7410

900 �11.1781 �10.1541 �9.5623 �9.1597 �8.8607 �8.6260 �8.4348 �8.2746 �8.1377 �8.0187 �7.9140

950 �11.4990 �10.4138 �9.7931 �9.3734 �9.0628 �8.8197 �8.6220 �8.4566 �8.3153 �8.1926 �8.0846

1000 �11.8160 �10.6704 �10.0212 �9.5846 �9.2626 �9.0113 �8.8071 �8.6366 �8.4910 �8.3647 �8.2535

1050 �12.1287 �10.9240 �10.2468 �9.7936 �9.4606 �9.2012 �8.9908 �8.8153 �8.6656 �8.5357 �8.4214

1100 �12.4361 �11.1743 �10.4701 �10.0010 �9.6572 �9.3899 �9.1735 �8.9931 �8.8394 �8.7060 �8.5888

NaHCO3;aq ¼ Naþ þHCO�
3

Name DGf
o DHf

o So Vo Cp a1 � 10 a2 � 10�2 a3 a4 � 10�4 c1 c2 � 10�4 x � 10�5 Z

cal
mol�1

cal
mol�1

cal
mol�1

K�1

cm3

mol�1
cal
mol�1

K�1

cal
mol�1

bar�1

cal mol�1 cal K
mol�1

bar�1

cal K
mol�1

cal
mol�1

K�1

cal K
mol�1

cal
mol�1

NaHCO3,aq �203100 �219552 32.000 39.0 62.0 9.4783 4.7412 0.8627 �2.9750 49.8727 9.5948 0.8000 0

Na+ �62591 �57433 13.960 �1.1 9.1 1.8390 �2.2850 3.2560 �2.7260 18.1800 �2.9810 0.3306 1

HCO3
– �140282 �164898 23.530 24.2 �8.5 7.6500 0.9200 0.6000 �2.8200 11.0000 �3.8000 1.2733 �1
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Log K Pressure (GPa)

1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0 5.5 6.0

Temperature

(�C)
300 �0.2447 �0.1036 �0.0073 0.0637 0.1183 0.1616 0.1964 0.2249 0.2482 0.2675 0.2834

350 �0.4925 �0.3472 �0.2485 �0.1758 �0.1196 �0.0747 �0.0382 �0.0081 0.0171 0.0382 0.0560

400 �0.7403 �0.5894 �0.4879 �0.4133 �0.3555 �0.3092 �0.2714 �0.2399 �0.2134 �0.1908 �0.1716

450 �0.9867 �0.8289 �0.7240 �0.6472 �0.5878 �0.5402 �0.5011 �0.4685 �0.4408 �0.4172 �0.3968

500 �1.2307 �1.0648 �0.9560 �0.8768 �0.8157 �0.7667 �0.7265 �0.6928 �0.6641 �0.6395 �0.6181

550 �1.4720 �1.2968 �1.1835 �1.1017 �1.0388 �0.9884 �0.9470 �0.9122 �0.8826 �0.8571 �0.8349

600 �1.7102 �1.5247 �1.4065 �1.3218 �1.2569 �1.2051 �1.1625 �1.1267 �1.0962 �1.0699 �1.0469

650 �1.9451 �1.7484 �1.6249 �1.5371 �1.4702 �1.4168 �1.3730 �1.3362 �1.3048 �1.2776 �1.2539

700 �2.1768 �1.9679 �1.8389 �1.7478 �1.6786 �1.6237 �1.5786 �1.5408 �1.5085 �1.4805 �1.4561

750 �2.4050 �2.1834 �2.0485 �1.9540 �1.8825 �1.8259 �1.7795 �1.7407 �1.7075 �1.6788 �1.6536

800 �2.6298 �2.3949 �2.2539 �2.1558 �2.0820 �2.0237 �1.9760 �1.9361 �1.9020 �1.8725 �1.8467

850 �2.8511 �2.6026 �2.4552 �2.3535 �2.2773 �2.2172 �2.1682 �2.1272 �2.0922 �2.0619 �2.0354

900 �3.0688 �2.8063 �2.6526 �2.5472 �2.4685 �2.4067 �2.3564 �2.3143 �2.2784 �2.2474 �2.2202

950 �3.2828 �3.0064 �2.8462 �2.7371 �2.6560 �2.5924 �2.5407 �2.4976 �2.4608 �2.4290 �2.4011

1000 �3.4930 �3.2028 �3.0362 �2.9234 �2.8399 �2.7745 �2.7215 �2.6773 �2.6396 �2.6071 �2.5785

1050 �3.6993 �3.3955 �3.2227 �3.1062 �3.0203 �2.9532 �2.8989 �2.8536 �2.8151 �2.7818 �2.7526

1100 �3.9015 �3.5846 �3.4057 �3.2856 �3.1974 �3.1286 �3.0730 �3.0267 �2.9873 �2.9533 �2.9235

Si3O6;aq ¼ 3SiO2;aqðDehydratedÞ
Si3O2 OHð Þ08 þ 2H2O ¼ 3Si OHð Þ04ðHydratedÞ

Name DGf
o DHf

o So Vo Cp a1 � 10 a2 � 10�2 a3 a4 � 10�4 c1 c2 � 10�4 x � 10�5 Z

cal
mol�1

cal
mol�1

cal
mol�1

K�1

cm3

mol�1
cal
mol�1

K�1

cal mol�1

bar�1
cal mol�1 cal K

mol�1

bar�1

cal K
mol�1

cal
mol�1

K�1

cal K
mol�1

cal
mol�1

Si3O6,aq �590200 �656130 13.000 67.7 119.0 15.1481 10.1393 �3.6636 �3.1982 85.1208 21.2057 1.0000 0

SiO2,aq �199557 �213937 5.300 18.0 27.7 4.8998 1.4090 4.4066 �2.8372 25.7171 2.6079 0.3600 0

Log K Pressure (GPa)

1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0 5.5 6.0

Temperature (�C) 300 3.3283 3.4228 3.4911 3.5439 3.5865 3.6218 3.6516 3.6773 3.6995 3.7190 3.7362

350 2.9487 3.0457 3.1185 3.1772 3.2266 3.2693 3.3070 3.3409 3.3718 3.4001 3.4264

400 2.6109 2.7083 2.7833 2.8451 2.8982 2.9452 2.9876 3.0265 3.0626 3.0963 3.1282

450 2.3076 2.4046 2.4802 2.5435 2.5986 2.6480 2.6931 2.7350 2.7742 2.8113 2.8466

500 2.0334 2.1294 2.2049 2.2686 2.3246 2.3752 2.4218 2.4653 2.5063 2.5454 2.5827

550 1.7837 1.8785 1.9534 2.0169 2.0731 2.1242 2.1715 2.2158 2.2578 2.2979 2.3364

600 1.5549 1.6484 1.7224 1.7855 1.8414 1.8925 1.9399 1.9845 2.0269 2.0675 2.1066

650 1.3440 1.4363 1.5094 1.5717 1.6271 1.6779 1.7251 1.7696 1.8120 1.8527 1.8920

700 1.1487 1.2399 1.3119 1.3734 1.4282 1.4784 1.5251 1.5694 1.6115 1.6520 1.6912

750 0.9670 1.0572 1.1282 1.1887 1.2428 1.2923 1.3385 1.3823 1.4240 1.4642 1.5030

800 0.7972 0.8866 0.9565 1.0162 1.0694 1.1182 1.1638 1.2069 1.2482 1.2878 1.3263

850 0.6380 0.7267 0.7957 0.8544 0.9067 0.9548 0.9996 1.0422 1.0828 1.1219 1.1598

900 0.4882 0.5763 0.6444 0.7022 0.7537 0.8009 0.8451 0.8869 0.9269 0.9655 1.0028

950 0.3469 0.4344 0.5017 0.5586 0.6093 0.6557 0.6992 0.7403 0.7797 0.8176 0.8543

1000 0.2132 0.3003 0.3667 0.4228 0.4727 0.5184 0.5611 0.6015 0.6402 0.6774 0.7135

1050 0.0864 0.1731 0.2388 0.2941 0.3431 0.3881 0.4300 0.4698 0.5078 0.5444 0.5799

1100 �0.0342 0.0522 0.1172 0.1717 0.2200 0.2642 0.3054 0.3445 0.3818 0.4178 0.4527
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