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Abstract

A model is presented for predicting the composition (H,O, CO,, CHy, H,, CO, O, and C,Hg) in the C-O-H fluid system
under high temperatures and pressures found in the Earth’s mantle. The model is based on a molecular dynamic equation of
state, statistical mechanics calculations and non-stoichiometric global free-energy minimization. Although the model is not
fitted to experimental data on C-O-H speciation, it does accurately reproduce these datasets and should extrapolate at least
to the depths of ~80-220 km. The model results suggest that (1) in the upper cratonic mantle, H,O is the dominant fluid spe-
cies in the C-O—H fluid system; (2) the abundance of CO, increases with decreasing depth, the trend of CHj is just the oppo-
site; (3) the boundary between lithosphere and asthenosphere generally divides fluid systems into H,O-CH4+ minor species
and H,O-CO,+ minor species, respectively; (4) it is entirely possible to generate methane and ethane and possibly other
hydrocarbons under mantle conditions, confirming previously experimental results.

© 2009 Published by Elsevier Ltd.

1. INTRODUCTION

The “carbon cycle” constitutes one of the most impor-
tant areas of the earth-system-science research in this cen-
tury, linking organic-inorganic, deep—shallow and energy—
environmental problems. For example, what is the distribu-
tion and origin of carbon in Earth’s deep interior? Do the
lower crust and mantle possess abiotic carbon molecules?
Many of the fundamental questions are best approached
by thermodynamic modeling.

Most carbon bearing geological fluids in the Earth’s
crust and mantle can be ascribed to the C-O-H system,
which encompasses compositions such as H,O, CO,,
CH4, H,, CO, O,, C,Hg and their mixtures. These fluids
play significant roles in most geologic processes like fluid—
rock interactions (McCollom and Shock, 1998; Zheng
et al., 1999), dehydration of subducted slabs (Gerya and
Yuen, 2003; Spandler et al., 2003; Rupke et al., 2004),
destruction of craton (Liu, 2005), metasomatism (Stalder
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et al., 1998), mantle melting (Bruce Watson and Brenan,
1987; Taylor and Green, 1988), devolatilization reactions
in graphitic rocks (Connolly and Cesare, 1993; Connolly,
1995) and magma degassing (Wallace et al., 2003). Fluid
compositions in different geologic settings vary substan-
tially. Thus, fluid composition is the first problem that
should be solved when we try to understand the fluid origin,
evolution and rock—fluid interaction involved in these pro-
cesses. However, due to the difficulty in measuring the fluid
speciation in the Earth’s deep interior in situ, our knowl-
edge about the composition of the C-O-H system is still
limited.

Thermodynamic models offer an efficient means of pre-
dicting fluid speciation at P-T conditions met in the Earth’s
deep interior. Many attempts (French, 1966; Ohmoto and
Kerrick, 1977; Johnson et al., 1992; Shi and Saxena, 1992;
Connolly and Cesare, 1993; Larsen, 1993; Connolly, 1995;
Huizenga, 2001; Kress et al., 2004; Huizenga, 2005) have
been made to model fluid compositions in this system. Most
models adopt the equilibrium constant-mass balance tech-
nique following the procedure proposed by French (1966),
which was developed to solve the problem about homoge-
neous fluid phase coexisting with oversaturated solid car-
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bon. Considering that graphite/diamond are common
accessory minerals in many fluid-bearing igneous and meta-
morphic rocks (French, 1966), the carbon oversaturation
constraint is taken and the system’s degree of freedom at
certain 7 and P is reduced to only one. The choice of the
variable needed to determine the composition speciation
of the system can be oxygen fugacity, fo, (French, 1966;
Ohmoto and Kerrick, 1977; Huizenga, 2001), CO,/
(CH4 + COy) ratio (Frezzotti et al., 1990; Huizenga and
Touret, 1999), or the atomic ratio of oxygen in total oxygen
and hydrogen X (Connolly and Cesare, 1993; Huizenga,
2001; Kress et al., 2004), where Xo = no"an, and no and
ny are the moles of oxygen and hydrogen atoms, respec-
tively. For those systems where carbon is undersaturated,
the carbon activity in environment is also needed. These
models have been successfully used in the study of silicate
melting (Botchamikov et al., 2006), graphite/diamond for-
mation (Sokol et al., 2001, 2004), etc.

Most previous studies considered only six major species,
H,0, CO,, CHy4, H,, CO and O,, and used equilibrium con-
stants for four independent chemical reactions for the cal-
culation procedure. This approach is not flexible and is
not easily extended to higher numbers of species. The num-
ber of independent reactions increases with the number of
possible species in the system, so the whole procedure is re-
quired to be rebuilt and all explicit expressions in it are re-
quired to be rewritten. Some other models (Kress et al.,
2004) adopt global free-energy minimization method which
does not need to specify independent reactions and can be
easily extended to handle cases containing more species or
phases, such as the problem of the generation of abioge-
netic methane in the Earth’s mantle (Scott et al., 2004).

A strong equation of state (EOS) is essential to predict the
speciation of the C—O-H fluid system in the Earth’s interior.
An accurate EOS requires a theoretical sound formula and
reliable experimental data for the purpose of calibration.
However, very few experimental data exist even for pure spe-
cies under temperatures higher than 1200 K and pressures
greater than 1 GPa. Furthermore, extrapolation of EOS
developed for lower T and P data to higher P-T conditions
can lead to substantial errors. Molecular dynamics simula-
tions had emerged as another important means for studying
the behavior of fluid species under high 7P conditions. Our
previous simulation results (Zhang and Duan, 2005; Duan
and Zhang, 2006; Zhang et al., 2007) have been shown to ex-
tend the existing experimental range up to 2573 K and
10 GPa. As part of our work to predict the speciation of
the C-O-H system, we first improve the general EOS pro-
posed by Duan et al. (1992, 1996). The improved EOS incor-
porates recent progress in laboratory experiments and our
results from molecular dynamics simulations (Duan and
Zhang, 2006; Zhang et al., 2007) and allows for more accu-
rate calculation of thermodynamics properties.

The model also adopts some other refinements to im-
prove accuracy. Standard chemical potentials are calculated
based on statistical mechanics. Many experiments report
significant amounts of C,Hg (Jakobsson and Oskarsson,
1990; Matveev et al., 1997; Kenney et al., 2002), thus, we
added C,Hg to the model as a possible specie. The appear-
ance of C,Hg significantly affects the compositional results

and casts doubt on previous studies. The non-stoichiome-
tric global free-energy minimization method, which can be
easily expanded to include multi-species and multi-solid
phases in the calculations, is adopted to calculate the equi-
librium composition.

2. CHEMICAL POTENTIALS OF POSSIBLE SPECIES
2.1. Standard chemical potential for fluid species

In general, the chemical potential y; of each fluid species
i can be expressed as

;= 0(T) + RTIn ({%) (1)
fi =xiPd; = niPg,/ Z”i )

where 10 is chemical potential in the standard state (ideal
gas at standard state pressure p’ = 0.1 MPa); n;, x;, ¢,
and f; are the number of moles, mole fraction, fugacity
coefficient and fugacity of species i, respectively.

As indicated in Eq. (1), the chemical potential is com-
posed of two parts. The first part on the right of the equa-
tion represents the standard chemical potential at given
temperature and the second part stands for the contribution
of pressure.

The standard chemical potential is calculated from the
statistical mechanics. The total partition function for dia-
tomic (¢qp), linear polyatomic (q,,) and non-linear poly-
atomic (g,;p) gas in canonical ensemble is given by
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where 7 is the moment of inertia; @ is the wave numbers of
the vibration; ¢ is the symmetry number; ,; is the degen-
eracy of ground electronic state; m is the molecular mass;
and V is volume.
Then the standard chemical potential can be obtained
from

y(T) = —kT In(gkT/V) + kT Inp° (6)

The spectroscopic constants and parameters for diatomic
and polyatomic species are listed in Tables 1 and 2,
respectively.

Table 1

Spectroscopic constants of diatomic molecules.

Molecular Wel o (cm’l)
H, 1 4401.21
CcO 1 2169.81
0, 3 1580.19

" Data from Huber and Herzberg (Huber and Herzberg, 1979).
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Table 2
Molecular constants and parameters of polyatomic molecules (number in the brackets is the degeneracy of each mode).
Molecular Type @ (cm™)
H,O Non-linear 3657(1) 1595(1) 3756(1)
CO, Linear 2 1333(1) 667(1) 2349(2)
CHy4 Non-linear 12 2917(1) 1534(2) 3019(3) 1306(3)
C,Hgq Non-linear 6 2954(1) 1388(1) 995(1) 289(1) 2896(1) 1379(1)
2969(2) 1468(2) 1190(2) 2985(2) 1469(2) 822(2)

* Data from Shimanouchi (1972).

The calculated standard chemical potentials have been
compared with those from CRC handbook (Gurvich
et al., 2007). The deviations are less than 0.2% in molar
Gibbs free energy. Then the second part of the chemical po-
tential is evaluated from an equation of state.

2.2. EOS for fluid phase

The major uncertainty in modeling C—O-H fluids at ele-
vated T and P comes from the EOS, which is used for the
calculation of fugacity coefficient with the following
formula:

In ¢, = —1% (%T - I?,-)dp (7)

On;

The commonly used EOSs include modified Redlich—
Kwong (MRK) EOS (Holloway, 1977, 1981), Compen-
sated-Redlich—-Kwong (CORK) EOS (Holland and Powell,
1991, 1998), KJ EOS (Jacobs and Kerrick, 1981; Kerrick
and Jacobs, 1981), corresponding state equations in SF
EOS (Saxena and Fei, 1987), BS EOS (Belonoshko and
Saxena, 1992), SS EOS (Shi and Saxena, 1992) and more re-
cently CG EOS (Churakov and Gottschalk, 2003a,b). The
predictability of these EOSs is often restricted by the theo-
retical simplification of interactions between fluid mole-
cules. Most of these equations are based on data collected
below (or well below) 1 GPa. Some EOS (e.g., Belonoshko
and Saxena, 1992) used shockwave data to cover higher
ranged of T and P. However, in shockwave data the tem-
perature is calculated from Hugoniot relations rather than
being directly measured. Thus, a PVT point in shockwave
experimental data is model dependant. And EOSs based
on the shockwave data can produce large deviation even
within the 7-P range of the experimental data. The other
problem is that many of these EOSs accommodate only
some of all the possible species in the C-O-H system. For
instance, the EOSs of Duan and Zhang (2006) and Zhang
et al. (2007) are believed to be reliable up to 10 GPa, these
EOSs were developed for binary systems and they are not
sufficient for modeling all the species in the C-O-H system.

For full speciation of the C-O-H system, we need a gen-
eral EOS which counts all possible species. In this study, we
notice that the form of general EOS proposed by Duan
et al. (1992, 1996) is appropriate for the model of C-O-H
fluid system. Though the basic form of this EOS was built
from data of methane, it is flexible to cover all other polar

where ¥ P = (‘7—’/) represents the partial molar volume.
T.Pj#i

and nonpolar species and their mixtures considered in our
model. Thus we adopt the form of this EOS with some
modifications and improve the parameters by fitting them
to all possible experimental data as well as data from
molecular dynamics (MD) simulations (Zhang and Duan,
2005; Duan and Zhang, 2006; Zhang et al., 2007). The en-
hanced EOS takes the form

ZﬁPmei]+a1+a2/T§1+a3/T,3n+a4+a5/T,2n+a6/T,3n
B RTm B Vm V,zn
+a7+a8/T,2n+a9/T,3n+a10+a“/T,2n+a12/Tf”
Vi v,
as ais as
+W (a14+7) exp<77) (8)
3.06360°P
Py =220 ©)
1541
Tp=— (10)
o 3
V_IOOOVm<m) (11)

where the parameters a; — a;s and the Lenard—Jones poten-
tial parameters ¢, ¢ for different species can be found in Ta-
bles 3 and 4, respectively.

Table 5 compares the calculated results of our EOS with
a large number of experimental and MD simulation data in
a wide TP range (673-2573 K, 0.1-10 GPa). It can be seen
from the table that the EOS reproduces all the data with
high accuracy for all species considered in this study.

As an example to illustrate the superiority of the EOS of
this study, Table 6 compares the EOS of this study with

Table 3

The parameters for the equation of state.

a 2.95177298930D — 002
a, —6.33756452413D + 003
as —2.75265428882D + 005
ay 1.29128089283D — 003
as —1.45797416153D + 002
ag 7.65938947237D + 004
az 2.58661493537D — 006
asg 0.52126532146D + 000
ay —1.39839523753D + 002
ayo —2.36335007175D — 008
apy 5.35026383543D — 003
a —0.27110649951D + 000
a3 2.50387836486D + 004
a 0.73226726041D + 000
as 1.54833359970D — 002
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Table 4

Lenard—Jones parameters for different species.

Species ¢/kg (K) o (1071 m)
CH,4 154.0 3.691

H,0 510.0 2.88

CO, 235.0 3.79

H, 31.2 293

CcoO 105.6 3.66

0, 124.5 3.36

C,Hg¢ 246.1 435

other general EOS in reproducing the recently experimental
PVT data of pure H,O. It can see that our EOS reproduced
experimental results with average deviation of 1.5% in the
high TP range. In contrast, CORK EOS (Holland and
Powell, 1991, 1998) and SF EOS (Saxena and Fei, 1987) pre-
dict much smaller molar volumes with average deviations of
4.8% and 8.1%, respectively. According to Eq. (7), the sys-
tematic underestimation of molar volume will transfer to
the calculated fugacity coefficient from integration. It
should noticed that the CG EOS (Churakov and
Gottschalk, 2003a,b) based on perturbation theory yields
similar accuracy in volume. However, our EOS has far few-
er parameters and simper form so it is more suitable to be
used in iteration due to computational efficiency.

The EOS for mixtures is constructed from the end mem-
ber (pure species) EOS with a mixing rule. The Lorentz—
Berthelot rules is used to mix the parameters ¢ and ¢

&= Z Zx,'x/'kl_’lj\/siﬁj (12)
=1 =1

(f:z Zx,xjkz‘[j(a,~+(fj)/2 (13)
=1 =

Table 5

Experimental and simulation data used to evaluate the Equation of
state.

Specie Experimental Data  Simulation Number EOS average

range points range deviation
in volume (%)

CH, 273-723K 1941  673-2573K 237 0.98
0.1-1015.5 50-10,000
MPa MPa

CO, 473-1100K 5810 673-2573K 213 0.94
0.1-800 MPa 800-10,000

MPa

H,O 673-1873K 8316 673-2573K 213 0.80
0.1-5000 800-10,000
MPa MPa

H, 250-423 K 111 1.43
2-700 MPa

Cco 300-573.2K 273 0.4
10-1020.6
MPa

0, 300-1000 K 160 0.74
7.0-1013.2
MPa

C,Hs 373-673K 135 1.45
30-900 MPa

where i and j refer to different species in the mixture; x; and
x; represent the mole fraction of the corresponding species;
ki;; and k,;; are mixing parameters to describe interaction
between particular molecules. Naturally, both k;;; and
k;; will be equal to 1 if i = j. In other cases, k;;; and &,
can be evaluated with binary system’s data or assumed to
be a default value of unity as an approximation. Table 7
summarizes results calculated for CO,-H,O and CHy—
H,O systems at the P-7-X conditions where experimental
and simulated data are abundant. These results show that,
even if the mixing parameters are set as k;; = k»;; = 1, we
can still predict the PV'T properties to within experimental
errors. Therefore, we set all other mixing parameters except
for the interactions between H,O, CO, and CHy equal to 1.

Fig. 1 compares the experimental volume of the CO,—
H,O system with the volume calculated from the EOS of
this study, the EOS of Keririck and Jacobs (1981), CG
EOS of Churakov and Gottschalk (2003a,b) and the
CORK EOS of Holland and Powell (1991, 1998), It can
be seen that CG EOS and our general EOS of this study
give similar results within the range of experimental error
whereas the KJ EOS (Jacobs and Kerrick, 1981; Kerrick
and Jacobs, 1981) predicts value much higher than the
experiment. The predicted value of CORK EOS (Holland
and Powell, 1991, 1998) is close to the experimental results
in the region of lower water contents, but deviations in-
crease with water content.

The fugacity coefficients derived from this EOS is ex-
pressed as

& iXi\/€i€j
lnqb,-:Z—l—an+S1+252(1 _M)

k(o + 0’;)/2]

[
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24T, { . ( . V2> P ( Vz)}

72[12/T'2n+3(13/T; 2(15/7”3}1‘i‘i&(l(,/]"zZ
h Vi 212
Zag/T,2,1+3a9/Tfn 2&11/T3n+36112/Tfn

art 573

a a
(o) (39)

2.3. Chemical potential for solid phases

AN

AY)

3ai3
2a15Tfn

For phase equilibrium calculation involving C-O-H
fluid in the presence of solid carbon, the explicit Gibbs free
energy equation of state proposed by Fried and Howard
(2000) is used to calculated standard chemical potential
W.(T, P) at given temperature and pressure. They claim that
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Table 6
Comparison of calculated molar volume of H,O from different EOS with experimental data.
T (K) P (MPa) Vexp" Vrhis study A (%) Veg" A (%) Veork” A4 () Vsg" 4 (%) Ref.”
1203.15 950 22.56(.36) 22.20 -1.6 22.30 -1.1 21.60 —4.3 21.39 -52 I
1293.15 1750 19.15(.19) 19.00 -0.8 18.89 -1.3 18.15 —-5.2 17.51 —8.6
1393.15 1750 19.54(.33) 19.52 —0.1 19.47 —-0.3 18.66 —4.5 17.91 -8.3
1491.15 950 25.86(.61) 24.88 -3.8 25.34 -2.0 24.51 -5.2 23.73 -8.3
1493.15 1750 20.49(.24) 20.04 -2.2 20.06 -2.1 19.19 —6.4 18.30 —10.7
1593.15 1750 21.47(.29) 20.56 —4.3 20.64 -39 19.71 —8.2 18.67 —13.0
1693.15 1750 21.79(.30) 21.07 -3.3 21.22 -2.6 20.24 -7.1 19.03 —-12.7
1723.15 2200 20.15(.37) 19.64 -2.5 19.66 -2.4 18.68 -7.3 17.56 —12.8
1873.15 2500 19.61(.31) 19.41 —-1.0 19.42 -1.0 18.37 —6.3 17.15 —12.5
1273.15 1450 20.03(.26) 19.96 -0.3 19.91 —0.6 19.17 —4.3 18.58 -7.3 11
1373.15 1450 20.83(.25) 20.58 -1.2 20.61 —1.1 19.80 -5.0 19.08 —8.4
1473.15 1450 21.6(.28) 21.19 -1.9 21.30 —1.4 20.44 —-53 19.56 -94

1573.15 1450 22.3(.33) 21.81 -2.2 22.00 -1.3 21.08 -5.5 20.03 -10.2
1673.15 1450 23.15(.32) 22.43 -3.1 22.70 -2.0 21.73 —6.1 20.48 —11.5

983.15 1850 16.98 17.06 0.5 1691 —-04 16.39 —-3.5 15.96 —-6.0 111

983.15 1400 18.18 18.25 0.4 18.10 -0.4 17.58 -3.3 17.17 -5.5

983.15 2500 15.79 15.90 0.7 15.77 -0.1 15.24 -3.5 14.89 -5.7
1173.15 3000 15.79 16.00 1.3 15.77 —0.1 15.14 —4.1 14.75 —6.6
1173.15 3500 15.38 15.41 0.2 15.18 —-1.3 14.55 —54 14.23 7.5
1273.15 3000 16.22 16.35 0.8 16.11 -0.7 15.43 —4.9 14.96 -7.8
1273.15 2950 16.27(.18) 16.42 0.9 16.19 —-0.5 15.50 —4.8 15.02 =77
1273.15 2450 16.69(.13) 17.23 3.2 17.03 2.0 16.32 2.2 15.78 =55
1373.15 3000 16.51 16.68 1.1 16.46 -0.3 15.72 —4.8 15.17 —8.1
1373.15 4000 15.25 15.48 1.5 15.22 -0.2 14.50 —-49 14.11 -17.5
1373.15 2500 17.31 17.53 1.3 17.35 0.2 16.58 —4.2 15.95 =79
1373.15 3500 15.65 16.02 2.4 15.78 0.8 15.04 -39 14.58 —6.8
1073.15 850 21.63(0.21) 21.71 0.4 21.71 0.4 21.10 —-2.4 21.14 -2.3 v
1073.15 1500 18.52(.09) 18.54 0.1 18.37 -0.8 17.78 —4.0 17.33 —-6.4

1073.15 2000 17.19(.31) 17.23 0.2 17.04 -0.9 16.46 —4.3 16.00 —-6.9

1173.15 850 23.54(.25) 22.73 -34 22.86 -2.9 22.18 -5.8 22.15 -59
1173.15 2000 17.65(.29) 17.73 0.4 17.54 —-0.7 16.89 —43 16.37 -7.3
Average L.5 1.2 4.8 8.1

% The label CG, CORK and SF represent value calculated from CG EOS (Churakov and Gottschalk, 2003a,b), CORK EOS (Holland and

Powell, 1991, 1998), and SF EOS (Saxena and Fei, 1987). All molar volume values here take the unit cm?®/mol.

® Experimental results of (I) Brodholt and Wood (1994), (IT) Frost and Wood (1997b), (I11) Withers et al. (2000) and (IV) Larrieu and Ayers (1997).

3

Molar Volum (cm’/mol)

30 ;

29

28

27

26

—O— This Study

251 —A— CORK

1 —Vv—KJ
o —o—CG
B EXP

23 ;

H20

0.90

Fig. 1. Comparison of experimental molar volume (Frost and Wood, 1997b) with different equations of state in the H,O-CO, system at
1573.15 K, 1.45 GPa. The label CG, CORK and KJ represent value calculated from CG EOS (Churakov and Gottschalk, 2003a,b), CORK

EOS (Holland and Powell, 1991, 1998), and KJ EOS (Jacobs and Kerrick, 1981; Kerrick and Jacobs, 1981).
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Table 7

The mixture parameters and average error in volume of the CO,~H,0 and CH4-H,O systems.

ki ki;; TP range Data points ~ Average error in volume (%)  Average error in volume (%) (ky =k, =1)
CO,-H,0 0.85 1.02  673-2573K 1840 1.12 2.27
1-10,000 MPa
CH4H,0 0.8 1.0 673-2573 K 1180 1.97 2.68

10-10,000 MPa

their equation produces accurate results in the range
0 <P <600GPa and 300 < T< 15000 K. The chemical
potential . is express as

.= w(T,P)+RTna, (17)

where carbon activity a. is introduced to handle carbon
unsaturated condition.

3. GLOBAL FREE ENERGY MINIMIZATION
ALGORITHM

The system’s total free-energy G; is a function of temper-
ature, pressure, and the molar concentrations of each spe-
cies in all phases. The problem of equilibrium speciation
in the C—O-H system is formulated as one of minimization
of G at given T and P subject to the element-abundance
constraint.

Nyt
min G, = Z i (18)
i=1

N
Zaﬂl’l,‘:bj j:1727"',M (19)
i=1

where N, represents the number of species in the multi-spe-
cies phase (e.g., seven species are considered in the homoge-
neous fluid phase) N, stands for the number of species in
the single species phase (e.g., the solid phase of graphite
or diamond in the carbon oversaturated system); M repre-
sents the number of elements and a; is the subscript to
the j element in the molecular formula of species i. The var-
iable n; and b; denote the amount of species i and ; element,
respectively.

The Lagrange multipliers 4, are introduced into Eq. (18),
which turns the problem into one of searching for the min-
imum of the function ¢

Ns+Nm Ns+Num

> i+ EM: A (b,- - > aﬁ"i) (20)

i i

¢(n,A) =

The necessary condition for the minimization provides
Ny + N,, + M equations:

" M
g;k:uk—za,kx,:o k=1,2,---,N,+N,, (21)
J
oc Ns+Nm
a—;:bj—Zaj,-niZO j:172,"',M (22)
i i

A modified version of non-stoichiometric global free-energy
minimization RAND algorithm proposed by Smith and
Missen (1982) is found to be particularly robust and effec-
tive to solve the problem of equilibrium speciation in the

C-O-H system. In this algorithm, Egs. (21) and (22) are
solved iteratively with the Newton—-Raphson method after
Eqgs. (1) and (17) are substituted into for chemical potential.
Then the number of equations to be solved on each itera-
tion is 7, + m,, + M, where n, and 7,, are the number of sin-
gle species phase and multi-species phase, respectively.
These equations consist of

M Nsg+Np S Ng+Np
; 04 /
;:l kE:l aikajk”kR_T+ ;:] bty
Ns+Nm H/
_ / k / .
= 2 ajknkﬁ%»bjfbj j—l,zM (23)
M S 1 Ny+N, ,
S stNm U
/ i / ke —
;:1 b, T kEZI n’”‘R_; o=12...n+m, (24)

where u, is defined by u, = _,0n;/3_n; in o phase, and don
and J4 are the steps of the numbers of moles and the La-
grange multipliers, respectively. By providing an estimate
for the amount of species n’, the amount of the element
b, = SV ,a;n, and the chemical potential 4, are calculated
from Eq. (1) for a given fugacity coefficient. The linear
Egs. (23) and (24) are then solved unknowns u, and J4;.
Then 6n; in the multi-species and single-species phases are
calculated with following from

M /
l.."l_ l,[
on; =n, (Z C;’; + u, _R—;") (25)

i=1

on; = u,n', (26)

respectively.

After all 6n; are solved, the amount of such species is up-
dated with n} + on’ and the iteration continues until each
on; converges to zero.

In this study, an additional loop outside the original
RAND algorithm mentioned above is used to handle the
nonideal behavior of mixed fluids. The fugacity coefficients
in Eq. (2) are fixed during the run of RAND algorithm.
Once an equilibrium speciation is found, an EOS is used
to update the fugacity coefficients with calculated molar
fraction. Then the RAND algorithm is called again with
updated fugacity coefficients. The procedure repeats until
the change of fugacity coefficients converge within given
tolerance.

4. VALIDATION OF THE MODEL WITH
EXPERIMENTAL DATA

The most direct method to validate a model is to com-
pare the model prediction with as many experimental data
as possible. Although the importance of the C-O-H system
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on the Earth and on other planets is obvious, the experi-
mental data in the high TP range are surprisingly limited.
This is because of the difficulty in performing well con-
trolled experiments at these P—T conditions. Here we com-
pare the model to available experimental results for CO,
fugacity, equilibrium speciation compositions of fluids
and diamond-fluid equilibrium, which were not used in
the model parameterization.

4.1. Model prediction of CO, fugacity data

The reliability of the speciation equilibrium model de-
pends on the accuracy of the calculation of the species
fugacity, which is generally calculated from an EOS. Table
8 compares the calculated CO, fugacity from different EOS
and the experimental phase equilibrium data for decarboni-
zation reactions as discussed by Bottinga and Richet (1981)
and Saxena and Fei (1987). The deviations in calculated
fugacity from our EOS are comparable with the differences
between different experimental results.

4.2. Model prediction of speciation equilibrium

Matveev et al. (1997) reported experimental measure-
ments of the equilibrium data of C-O-H speciation reac-
tions at 1273 K and 2.4 GPa. Since these data were not
used for the parameterization of the model, they provide
a strict test of the model. The deviations of different models

from the experimental data in terms of the two major spe-
cies, H,O and CHy, are summarized in Fig. 2. It can be seen
of all models considered here reproduce the experimental
data well, but our model also reproduce the maximum
H,O contents of 94.91 mol%, which falls in the experimen-
tal range of 95 + 1 mol%. The other models (Connolly and
Cesare, 1993; Huizenga, 2005) predict lower H>O contents
than observation. The deviations increase to more than
10% when the H,O maximum is approached. For CHy,
all other models predict higher concentrations than ob-
served with a maximum deviation of ~4 mol% of CH,.
The higher predicted concentrations of CHy in other mod-
els partly results because they do no consider C,Hg in their
calculations (Jakobsson and Oskarsson, 1988, 1990).

Fig. 3 shows the remarkable agreement of our model
with the experimental data (Matveev et al., 1997) for differ-
ent species. Although there is no experimental data at other
temperatures and pressures available for the validation of
the model, we believe this model should be valid in the
TP range of 673-2573 K, 1-10,000 MPa, since the equation
of state we developed in this study and the strict theoretical
calculation of standard chemical potential can be accurately
coved in this TP range.

4.3. Model prediction of fluid-graphite/diamond equilibrium

The isobaric-isothermal phase diagram (Fig. 4) provides
the basic information on fluid-graphite/diamond equilib-

Table 8

Comparison of RT In fco, calculated from our equation of state with experimental data.

T (K) P (MPa) Thermodynamics data® Exp® A This study A
MgCO; - MgO + CO;

1298 500 108.7 107.3 -1.3 106.5 -2.2
1278 700 109.2 115.3 6.1 114.7 5.6
1373 1000 128.4 135.2 6.8 135.1 6.7
1600 1630 172.1 177.1 49 178.1 6.0
1700 1920 191.3 195.6 4.3 197.1 5.9
1800 2200 210.0 213.7 3.7 215.6 5.6
MgC03 + SZOZ g MgS103 + C02

1400 3550 217.0 210.6 —6.4 221.2 4.2
1500 4380 246.6 240.4 —6.2 2539 7.3
MgCO»; + T102 - MgT103 + C02

1200 1240 132.1 129.4 -2.6 130.5 -1.6
1300 1670 154.5 151.8 —2.8 154.2 —-0.4
1400 2100 176.8 173.5 -33 177.3 0.4
1500 2530 199.0 195.0 —4.1 200.0 1.0
1600 2960 221.1 216.3 —4.7 222.5 14
1700 3380 242.9 237.5 —54 244.5 1.6
CaCO; - CaO + CO;

1200 760 111.9 111.7 —0.1 111.4 —0.5
1300 1060 132.9 131.5 -14 131.7 -1.2
1400 1360 1539 150.5 -34 151.4 24
1500 1660 174.8 169.2 —5.6 170.8 —4.0
1600 1950 195.5 187.4 -8.1 189.6 -5.9
1700 2240 216.4 205.6 —10.8 208.3 —8.1

4 Experimental phase equilibrium data for decarbonization reactions, thermodynamics data from Saxena and Fei (1987) and references

therein.
® Data from Frost and Wood (1997a).
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Fig. 2. Comparison of previous models and the model of this study with the experimental results (denoted by solid squares) from Matveev
et al. (1997). (a) H,O contents as a function of Xg and (b) CHy4 content as a function of X at 1273 K, 2.4 GPa. The label Perple_X, CORK is
calculated from the COHSRK program in Perple X collection (www.perplex.ethz.ch) with suggested CORK EOS (Connolly and Cesare,
1993; Connolly, 1995). The label COH-spreadsheet SS and BS represent calculated results after the model of Huizenga (2001, 2005) with
calculated fugacity coefficients from SS EOS (Shi and Saxena, 1992) and BS EOS (Belonoshko and Saxena, 1992).
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Fig. 3. The predicted composition of the carbon-saturated C-O-H
fluid system at 1273 K, 2.4 GPa from this model as compared with
experimental data. The solid curve represents the prediction of this
model and the symbols stand for experimental data taken from
Matveev et al. (1997). The vertical lines represent the correspond-
ing oxygen fugacity.

rium and compositions of the C—-O-H system. The carbon-
saturation curves divide the phase diagram into two regions:
the upper consists of solid graphite/diamond phase coexis-
ting with fluids and the lower region is a fluid phase. In the
two phase region, the compositions of coexisting fluid are gi-
ven by the point of intersection of this boundary with a line
through both the bulk composition and the C corner. At
Xo = 1/3, the coexisting fluid meets the water maximum
and carbon minimum; on either side of Xo = 1/3, the carbon
content in the fluids will increase. The three curves on the fig-
ure indicate that decreasing temperature or increasing pres-
sure will shift the carbon-saturated surface away from the
C corner, suggesting the precipitation of graphite. For exam-
ple, a C-O-H fluid at point 4, which is saturated with graph-
ite at 1273 K and 2.4 GPa will precipitate graphite when
temperature decreases to 1073 K, but it will become unsatu-
rated when pressure drops to 2.0 GPa. The major reaction in-
volved here is the heterogeneous reaction between different
valence states of the carbon:

CO, + CH, — 2C + H,0 (27)

With the progress of this reaction, the ratio Xcp,/Xco,
shifts towards 0 or 1 depending on the initial Xo. If the ini-
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Fig. 4. Isobaric-isothermal phase diagram for the C—O—H system
at 1273 K, 2.4 GPa (solid curve), 1273 K, 2.0 GPa (long dash
curve) and 1073 K, 2.4 GPa (short dash curve). The dash-dot tie
line which starts from the C corner represents the fluid composition
with the same Xq. The open circles show the corresponding oxygen
fugacity on the carbon-saturated surface to the well-known oxygen
fugacity buffer IW (iron-wustite), WM (wustite-magnetite) and
FMQ (fayalite-magnetite-quartz). The solid circles located on
three different carbon-saturated surfaces are discussed in the text.

tial Xo > 1/3, Xcn, < Xco, like point 4, the final composi-
tion in lower temperature will be much CO, richer; if
Xo < 1/3, the fluid will become CH4 dominated. It is worth
to note that, as pointed out by Ziegenbein and Johannes
(1980), though the reaction in Eq. (27) is thermodynami-
cally sound, the high activation energy requirement of this
reaction allow the existence of metastable CO, and CHy4
mixture fluid inclusion observed by Van den Kerkhof
et al. (1991).

Diamond
+Fluid

&2 0.5

’ 7 7 T
0 0 0.25 0.5 0.75 1 H

Fig. 5. Diamond crystallization in C-O-H fluid system: experi-
mental vs. calculated at 1693.15 K and 5.7 GPa. The solid curve
represents the calculated carbon saturated line. The solid and open
squares represent the initial and final composition of the experi-
mental data (Sokol et al., 2004), respectively. The numbers marked
near these points are used to indentify certain experiment
procedure.

The experiments on diamond crystallization from C-
O-H fluids (Sokol et al., 2001, 2004) gives more detailed
picture on graphite/diamond-fluid phase relationship.
Fig. 5 shows the projections of the experimental data
(Sokol et al., 2004) measured at 1693.15 K and 5.7 GPa
on our calculated phase diagram. Although the experi-
mental capsules cannot seal the system well, as shown
by the variation of the H/O ratio, the final diamond-fluid
equilibrium points (labels 1 and 2) are just located on the
carbon-saturated surface predicted by our model. Point 3
is also located on the diamond saturated surface, but no
diamond formation is reported. One possible explanation
is that the initial composition is also on the carbon-satu-
rated surface, and the whole system does not vary much
from equilibrium and the detection of precipitation is
difficult.

5. PREDICTION OF FLUID COMPOSITION IN THE
EARTH’S DEEP INTERIOR

Thermodynamic model offer a competitive method for
studying fluid compositions in the Earth’s deep interior gi-
ven the difficulty of sampling fluid compositions even only a
few kilometers below the surface. Fig. 3 demonstrates the
general trend in fluid composition with varying oxygen
fugacity under upper mantle P-7 condition. For reducing
conditions, (e.g., iron-wustite equilibrium (IW)), the fluid
composition calculated from our model is dominated by
CH,4 (~80 mol%) and H,O (~14 mol%). We also notice
that C,Hg, and possibly other heavier alkanes, have signif-
icant concentrations in this reduced fluid (~4 mol%) and
are similar in abundance to H, at the same condition. This
is consistent with the experimental results of Kenney et al.
(2002) at pressures above 3 GPa (~100 km), where the H-C
system must evolve ethane and other heavier hydrocarbon
compounds. With increasing oxygen fugacity, the calcu-
lated results suggest that the mole percent of reductive spe-
cies CHy, C,Hg, H, quickly decrease and the system
becomes H>,O dominated near the wustite-magnetite equi-
librium (WM). As the system approaches fayalite-magne-
tite—quartz equilibrium (FMQ), the oxidative species CO,
and CO dominate.

From the validation above, we can reasonably assume
that our model can predict C—O-H fluid compositions from
lower crust to upper mantle as long as the temperature,
pressure and oxygen fugacity are given. The geotherm of
the Earth’s interior (e.g., 7 and P) has been defined by min-
eral phase transitions (Xu et al., 1999; Da Silva et al., 2000;
Ichiki et al., 2006; Van der Hilst et al., 2007) or estimated
from measurements of heat flow (Pollack and Chapman,
1977; Pollack et al., 1993). However, the oxygen fugacity
still needs to be defined.

Over last 20 years, considerable efforts have produced a
large amount of data on the oxygen fugacity recorded by
mantle rocks or derivative melts and fluids originated from
the Earth’s deep interior. Although general agreement on
the oxidation state offer mantle has not been reached, a rel-
atively consistent redox profiles in cratonic mantle is emerg-
ing from the study of mantle xenoliths (Woodland and
Koch, 2003; McCammon and Kopylova, 2004; Simakov,
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Fig. 6. Thermobarometric data calculated from paragenesis min-
erals in the xenoliths beneath cratons. The thick solid lines
represent the conductive geotherm family for continental terrains
(Pollack and Chapman, 1977) where the heat transfer is mainly in
the mode of conduction. The number on each geotherm indicates
the corresponding surface heat flow (mW/m?). Dash lines I, IT and
III show the generalized solidus curves for peridotite in volatile
free, mixed volatile and hydrous environments, respectively. Data
of Kaapvaal craton are from Woodland and Koch(2003), SLAVE
craton from McCammon and Kopylova (2004) and data of
Yakutian craton from Simakov (1998). Depth of formation is
transformed from multiplying the pressure by 33 Km/1 GPa.

2006). Recently determined redox profile recovered by man-
tle xenoliths from the Kaapvaal craton (Woodland and
Koch, 2003) and Slave craton in northern Canada
(McCammon and Kopylova, 2004) using spinel-orthopy-
roxene-olivine and garnet-orthopyroxene-olivine oxyba-
rometry showed a systematic decrease in fO, with depth
in the upper cratonic mantle. This supports the earlier pre-
dictions of a reduced upper mantle within the garnet peri-
dotite faces (Wood, 1990; Ballhaus and Frost, 1994).
Projection of these data onto Fig. 6 shows that the 7-P
geotherm in this region is generally located in the region be-
tween continental conductive surface heat flow 40 and
50 mW/m> So we adopt a surface heat flow 45 mW/m>
model to estimate the 7" and P (Pollack and Chapman,
1977).

Based on the temperature and pressure and the redox
profile, the composition of the fluids as a function of
depth and fO, are calculated from our model as shown
in Fig. 7. These results suggest that most of the mantle re-
dox data points are scattered around the curve of
Xo =1/3. The model assumes carbon oversaturation to
reduce the degrees of freedom. Most estimates for the bulk
carbon content of the mantle are from direct measure-
ments on mantle derived xenoliths (Deines, 2002), volcanic
gas (Gerlach et al., 2002) or by analogy with chondrite
(Marty and Jambon, 1987) and vary from 2 to 1000+.
The experimentally determined carbon solubility in mantle
minerals varies in the range of 0.03-15 ppm by weight
(Shcheka et al., 2006). The difference here shows that most
of carbon in the mantle must be stored in a separate car-
bon-rich phase. Thus we have calculated the composition

of C-O-H fluid in the upper mantle as carbon oversatu-
rated first and then discuss the differences where carbon
undersaturated is necessary.

Fig. 7(a) and (b) show that the major C-bearing species
in the fluid system changes from CH4 and C,Hg (~20% and
~5% at 220 km depth) to CO, (30% at 80 km depth) with
the decrease of depth. This is supported by the observation
that fluid inclusions in spinel peridotite are mainly CO,
(Pasteris, 1987) at depths <100 km and that CHy-rich fluid
inclusions are reported in ophiolitic dunite (Liu and Fei,
2006) formed at the depth ~200 km. The ~140-175 km
depth marks the transition region where the fluid switches
from dominantly H,O-CH, to H,O-CO, dominated.
Taylor and Green (1988) suggest that the oxidation of
CHy, in the system will significantly lower the peridotite sol-
idus and induce partial melting. The inferred change may
partially support the ‘“redox-melting” hypothesis from
Griffin et al. (2003) that the depleted subcontinental litho-
spheric mantle in this region lies at ~160-175 km.

Under the environment of lower oxygen fugacity indi-
cated by points below ~140-175km, CHy and C,Hg are
the most stable species in the carbon oversaturated C-O—
H system. For instance, CH; abundance is >50% and
C,Hg is >15% as observed in the two Yakutian inclusions
in diamonds (Simakov, 1998). The calculated results also
support the abiogenic generation of methane in the Earth’s
mantle by carbonate reduction from FeO, CaCOj3-calcite
and water, which is consistent with the experimental results
of Scott et al. (2004).

As indicated in Fig. 7(c) and (d), H,O is the principal
species in the coexisting fluid system for all three calculated
fO,-depth data sets recorded by mantle xenoliths (label
South Africa and Lesotho for the Kaapvaal craton and la-
bel Slave for the Slave craton) and H,O accounts for >50%
of the fluid our the range of 80 and 220 km. The ratio of
mole fraction of H,O and CO, varies between 1 and
10,000 in data range. The trend of Xy,o reverses at the
water maximum line, Xo = 1/3, where the fluid system is
nearly pure H,O with Xy,0 >99%. At greater depth
(~150-220 km), Xn,0 decreases with increasing depth and
it reaches ~70% at 220 km, which corresponds to the lowest
oxygen fugacity between FMQ-4 and FMQ-5 recorded by
spinel peridotite. The Xy,0 may be even higher if carbon
activity is lower than unity.

To investigate fluid compositions along different geo-
thermal gradient, we calculated the composition of carbon
oversaturated COH fluid system with Xo = 1/3 under dif-
ferent 7" and P conditions as shown in Fig. 8. The bottom
left corner corresponds to region with lower geothermal
gradient, such as Kaapvaal craton and Slave craton men-
tioned above. In this region, the equilibrium fluid compo-
sition is mainly H,O and variations are not sensitive to the
modeled surface heat flow. The upper part represents the
region with much higher geothermal gradient, such as
the Mesozoic and Cenozoic geotherm in eastern China
(Xu, 2001; Zheng et al., 2001). Though the mole percent
of H>O accounts for more than 85% (assuming 90 mW/
m? surface heat flow), the contribution of other species,
such as CO, and CH,4 need to be taken into
consideration.
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oxygen barometer measured in inclusions in diamonds of Yakutian craton (open diamond, Simakov (1998)) is also showed.
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6. CONCLUSION

Based on strong EOS, statistical mechanics calculation
and non-stoichiometric global free-energy minimization, a
model is developed to predict the compositions (H,O,
COz, CH4, Hz, CO, 02 and C2H6) of the C-O-H fluid Sys-
tem under high temperatures and pressures of the Earth’s
upper mantle. Although not fitted from speciation experi-
mental data of C-O-H speciation, the model accurately
reproduces all of them, demonstrating that the model
should extrapolate beyond the experimental temperature—
pressure range.

As calculated from this model, H,O is the dominated fluid
species in the wide 7P range of the cratonic mantle (~80—
220 km depth). In the deeper part, the fluid mainly composed
of the mixture of HO-CH4~H>—C,Hg. It is very possible to
generate methane and ethane under mantle conditions.
When fluid ascends across the boundary between lithosphere
and asthenosphere, the reduced species may be oxidized and
the fluid is mainly composed of H,O-CO,-CO.
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