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Abstract—Calculations of the thermodynamic properties of the ternary f luid system H2O–CO2–CH4 in a
broad range of P-T parameters above the critical point of water are presented. The calculations are based on
the known equations of state for binary systems H2O–CO2 and H2O–CH4, which were extended up to equa-
tion of state of the ternary system by means of the Lorentz–Berthelot mixing rules. The obtained equation for
the Gibbs excess free energy allows determining the phase state of the system (homogeneous of two-phase
fluid) and obtaining chemical activities of components, densities and compressibility of f luid phases, as well
as other thermodynamic properties of the f luid. The equations and methods of calculations can be applied in
the range of P-T parameters of P = 0.1–100 kbar and T = 400–2300°C, i.e. in the range from metamorphic
processes of the greenschist facie up to deep layers of the lithosphere mantle. We obtained phase diagrams of
the system H2O–CO2–CH4 and investigated dependencies of the chemical activity of water on concentra-
tions of the components and temperature and pressure. The conditions for splitting of the f luid into co-exist-
ing immiscible phases are investigated in detail. The splitting in the system H2O–CO2–CH4 appears to be
possible in the temperature range from 400 up to 735°C. In the range of temperatures 400–480°C and pres-
sures 1.1–10 kbar broad fields of co-existing phases are present on phase diagrams. For the three binary
boundary subsystems, the splitting at these P-T conditions is possible only in the system H2O–CH4. Never-
theless, the presence of methane in the ternary system enables the emergence of immiscible f luid phases with
high concentration of CO2, which could exceed the concentration of the methane. At temperatures above
500°C the phase behavior of the system H2O–CO2–CH4 is similar to the behavior of the majority of salt-free
gas-water f luids, i.e. the splitting into two immiscible phases occurs at high pressures, corresponding to P-T
conditions of the cold subduction.

Keywords: crust, lithosphere mantle, f luid system H2O–CO2–CH4, salt-free f luid, phase state, density of the
fluid, composition and activity of components
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INTRODUCTION
Carbon dioxide and methane are widespread com-

ponents of gas, gas-water, and gas-water-salt f luids
contained in mineral microinclusions of rocks of vari-
ous composition, age, and P-T conditions of forma-
tion (Fonarev and Kreulen, 1995; Fonarev et al., 1998;
Liebscher and Heinrich, 2007; Liebscher, 2007;
Aranovich, 2013; Manning and Aranovich, 2014;
Manning, 2018; Bushmin et al., 2020). The main
direction in the thermodynamic modeling of three-
component f luid systems for P-T conditions above the
critical point of water is the study of the phase state
and possibility of phase splitting of a f luid, containing
one of the gases, common in natural f luids and an
aqueous solution of a salt, such as an alkali or alkaline
earth metal chloride (Duan et al., 1995; Joyce and
Holloway, 1993; Aranovich et al., 2010; Ivanov and
Bushmin, 2019, 2021). It is well known that the pres-

ence of a dissolved salt in a f luid greatly facilitates its
splitting into conditionally gaseous and conditionally
liquid phases. Therefore, such a choice of theoretically
studied systems is a logical step towards modelling the
thermodynamic behavior of natural f luids, which, as a
rule, have a much more complex composition. Sys-
tems of several neutral gases and water are widespread
in nature, and modern methods for studying f luid
inclusions, primarily Raman spectroscopy (Frezzotti
et al., 2012), make it possible to quantitatively deter-
mine the content of water and various gases in f luid
inclusions. An exception with a model for a f luid, con-
taining two gases, is the work (Zhao, 2017), in which
the system H2O–CO2–CH4 is studied in detail for
temperatures below the critical point of water.

The aim of this work is to study the phase behavior
of the H2O–CO2–CH4 ternary system in a wide range
of P-T conditions above the critical point of water and
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obtaining thermodynamic parameters of such a f luid,
important from a geological point of view, primarily
the phase state of the f luid, the chemical activity of
water, and density of f luid phases.

METHOD
In (Zhang and Duan, 2009), an equation of state

for water and several non-polar gases was obtained.
This equation also allows generalization for mixtures
of these substances. A significant advantage of the
equation (Zhang and Duan, 2009) is a very wide range
of P-T conditions, in which this equation reproduces
with high accuracy the experimental data and the
results of theoretical calculations using the molecular
dynamics (MD) method. For three pure substances
H2O, CO2, and CH4, as well as binary systems H2O–CO2
and H2O–CH4, the admissible temperatures and pres-
sures cover the range 0.1 ≤ P ≤ 100 kbar and 400 ≤ T ≤
2300°C. The equation of state by (Zhang and Duan,
2009) looks like:

(1)

Here Z is the compressibility coefficient, R =
8.3144626 J/K/mol is the universal gas constant, Pm,
Vm and Tm are modified values of pressure, molar vol-
ume, and absolute temperature. These modified val-
ues are expressed in terms of the corresponding values
P, V, and T in SI units (Pa, m3, K) as follows:

(2)

It is easy to verify that, when substituted into the for-
mula for the compressibility coefficient, the numerical
factors in expressions (3) cancel out, and the quantity
Z takes its usual form:

The parameters a1, …, a15 are common for all the mol-
ecules considered by (Zhang and Duan, 2009). The
Lenard–Jones parameters ε (the usual way of specify-
ing this quantity is ε/kB with dimensions in Kelvins)
and σ [Å] are individual for each pure substance
(Zhang and Duan, 2009). For mixtures they are calcu-
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lated according to the Lorentz–Berthelot mixing
rules:

(3a)

(3b)

where n is the number of components in the mixture; xi
is the mole fraction of component i; εi and σi are
Lenard–Jones parameters for the corresponding com-
ponent. The values of the parameters a1, …, a15, εi and
σi are given in (Zhang and Duan, 2009). The individual
properties of the binary interaction of components are
set by the values of the parameters  and . The
matrices  and  are symmetric, and .

The numerical values of the coefficients k1,ij, k2,ij were
obtained in (Zhang and Duan, 2009) for two binary sub-
systems of the ternary H2O–CO2–CH4 system, namely
H2O–CO2 and H2O–CH4, by fitting experimental and
MD data on the PVTx properties of these binary sys-
tems. For the H2O–CO2 system, the optimal values

 and  were
obtained. The corresponding values for the H2O–CH4

system are  and .
Also in (Zhang and Duan, 2009), the formulas of the
thermodynamic model, for these two systems, were
tested under the assumption that all the elements of
the matrices  and  are equal to unity. For both sys-
tems, consisting of non-polar gas molecules and water
molecules, having a significant dipole moment, only a
minor decrease in the model accuracy was recorded. It
is natural to assume that the electrostatic interaction of
two molecules of non-polar gases will be weaker (in
comparison with the Lenard–Jones interaction) than
such interaction of a molecule of any of the gases CO2
and CH4 with a water molecule. Thus, this interaction
will cause a smaller deviation of the coefficients k1,ij,
k2,ij from unity. As a consequence, the interaction in
the binary system CO2–CH4 should be described quite
accurately when using the values  and

. This choice leads to the construction
of a model of the H2O–CO2–CH4 ternary system
using formulas (1)–(3), (A2)–(A7) with matrices:

(4)

Hereinafter, the values of the indices for mole frac-
tions are , , and , and
similarly for other quantities with indices.

To determine the phase state of a three-component
system and calculate most of its thermodynamic
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parameters, it is necessary, in addition to Eq. (1), to
have expressions for the Gibbs free energy and/or for
closely related quantities, such as activity or fugacity of
components. The formulas for the fugacity of compo-
nents presented in (Zhang and Duan, 2009) are pub-
lished with major misprints, making direct using these
formulas impossible. Correct thermodynamic formulas
corresponding to Eq. (1) are derived in the Appendix.

In practical calculations for the ternary system
H2O–CO2–CH4, we carried out a numerical minimi-
zation of the molar free energy of the system, under
the assumption that the system consists of two immis-
cible phases, a and b:

(5)

where the quantities  are
bound by ratios that ensure the preservation of the
given total composition of the system . The
coincidence of the compositions of phases for the
minimum possible value of Gmix, or the disappearance
of one of the phases as a result of minimization, means
the absence of phase splitting in the system.

RESULTS
The calculated phase diagrams of the H2O–CO2–

CH4 system in the coordinates of the molar fractions
of H2O, CO2, and CH4 are shown in Figs. 1–3. Phase
diagrams for T = 400°C and nine pressure values from
1 to 20 kbar are presented in Fig. 1. The solvus, i.e., the
boundary between the homogeneous f luid region
(denoted by the number 1 in a box) and the heteroge-
neous f luid region (denoted by the number 2 in a box),
is shown in the diagrams by the bold blue line.

At all the P-T conditions, when the f luid H2O–
CO2–CH4 can split into two coexisting immiscible
phases, the splitting also occurs in the H2O–CH4
binary subsystem. Unlimited miscibility of water with
gas in this system is possible only at significantly lower
pressures than in the H2O–CO2 binary system. Con-
sequently, the region of the heterogeneous f luid in all
the cases touches the left side of the composition tri-
angle. In addition to solvuses, isolines of the water
activity in a homogeneous f luid (thin colored curves)
are shown in the phase diagrams. The corresponding
values of  are also given in the figures. The points
of intersection of the isolines of water activity with the
solvus are ends of tie lines (dashed) connecting the
points of the composition of the f luid phases coexist-
ing in the heterogeneous region.

The region of heterogeneous f luid is present in all
the phase diagrams of Fig. 1 starting from P = 2 kbar.
The size of this area increases significantly with
increasing pressure. It should be noted, that the region
of the heterogeneous f luid increases not only due to
falling the miscibility of water and methane with
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increasing pressure, but also due to an increase in the
CO2 content in the composition of the heterogeneous
fluid. The phase diagrams for P = 14 kbar and P = 20
kbar reflect the possibility of the phase splitting in the
binary subsystem H2O–CO2, which does not contain
methane. However, even at lower pressures, coexisting
fluid phases in a heterogeneous region can contain
significantly more carbon dioxide than methane. An
extreme example of this can be seen in the phase dia-
gram for T = 400°C and P = 12 kbar. Tie line of water
activity  connects coexisting phases with
compositions  and

. That is, a minor content of
methane enables the splitting of a predominantly
aqueous-carbon dioxide f luid. In the absence of
methane impurities in the system, such splitting into
immiscible phases could not occur. At lower pressures,
that is, in a more common geological situation, the
presence of methane also allows for the coexistence of
immiscible f luid phases with high CO2 content.

As seen from Fig. 1, the region of coexistence of
immiscible f luid phases in the H2O–CO2–CH4 sys-
tem is characterized by very high values of water activ-
ity about 0.9–0.95 and even higher values at pressures
of 10–20 kbar. Isolines corresponding to lower water
activities turn out to be bent and shifted to the region
of relatively low water concentrations and high con-
centrations of CO2 and CH4. The same peculiar
behavior of water activity isolines can be observed in
the phase diagram for T = 400°C and P = 1 kbar,
despite the fact that the field of a heterogeneous f luid
is absent under these P-T conditions.

The temperature T = 400°C is the lower tempera-
ture limit for which the parameters of the equation of
state (2) were reliable determined based on experi-
mental data and calculations by the MD method
(Zhang and Duan, 2009). In Figure 2, we show the
phase diagrams of the H2O–CO2–CH4 system at a
higher temperature T = 440°C and pressure change
from 4 to 30 kbar. Up to a shift towards higher pres-
sures, the sequence of these phase diagrams demon-
strates the same features and trends as the sequence for
T = 400°C, Fig. 1. The most important result that fol-
lows from the phase diagrams in Figs. 1, 2 is the pres-
ence of significant areas of the composition of a salt-
free f luid, in which it splits into immiscible phases at
moderate pressures up to 8–10 kbar. The results pre-
sented in Figs. 1, 2 refer to temperatures 400 and
440°C. In Fig. 4, we present the temperature-depen-
dent minimum pressures at which the phase splitting
of the H2O–CO2 and H2O–CH4 binary f luids can
occur. The splitting of the binary system H2O-CH4 at
pressures up to 10 kbar can occur at T ≤ 480°C with the
appearance of fields of a heterogeneous f luid in the
phase diagrams of the H2O–CO2–CH4 system, simi-
lar to those shown in Figs. 1, 2.

2H O 0.9a =

2 4CO CH0.20, 0.025x x= =

2 4CO CH0.48, 0.08x x= =
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Fig. 1. Phase diagrams of the H2O–CO2–CH4 ternary f luid system at T = 400°C and pressures from 1 to 20 kbar. The blue bold
solid line is the boundary of the region of coexistence of two f luid phases (solvus). The numbers in the boxes indicate areas (fields)
of different phase composition: homogeneous f luid—1; two coexisting f luid phases—2. Thin curves are isolines of water activity.
Numbers with arrows indicate the values of  corresponding to isolines. Dotted straight lines are the corresponding tie lines
in areas of coexistence of two fluid phases. The open circles on the solvus indicate critical points corresponding to the minimum
water activity in the area of coexistence of two fluid phases.
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Fig. 2. Phase diagrams of the H2O–CO2–CH4 ternary f luid system at T = 440°C and pressures from 4 to 30 kbar. Same notations
as in Fig. 1.
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Fig. 3. Phase diagrams of the H2O–CO2–CH4 ternary f luid system at T = 600°C and pressures from 40 to 100 kbar. Same nota-
tions as in Fig. 1.
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At T = 400°C the appearance of a heterogeneous
fluid is possible at P ≥ 1.1 kbar (left border of the curve
for H2O–CH4 in Fig. 4). In the H2O–CO2 system at
T = 400°C the splitting is possible starting from P =
13 kbar. As the temperature rises, Fig. 4 shows the
rapid increase in pressures required for the splitting of
a homogeneous f luid into two phases. At the upper
limit of the pressure range P = 100 kbar studied by us,
the splitting of the H2O–CO2 binary f luid is possible
PETROLOGY  Vol. 29  No. 4  2021
at T ≤ 725°C. For binary f luid H2O–CH4, the corre-
sponding upper temperature limit is T = 735°C.

An example of the phase behavior of the H2O–
CO2–CH4 fluid system at temperature 600°C is given
in Fig. 3. Qualitatively, the changes in the size and
shape of the phase fields differ little from Figs. 1, 2.
The pressures from 40 to 100 kbar, at which the phe-
nomena of phase splitting are observed, correspond to
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Fig. 4. Minimum pressure values at which the splitting of
binary f luids H2O–CO2 and H2O–CH4 into coexisting
immiscible phases occurs.
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the conditions of the cold subduction (Aranovich,
2013).

Our approach allows calculating numerous ther-
modynamic quantities related to the H2O–CO2–CH4
system, in particular, such important quantities as the
density and compressibility of f luids. An example of
calculation of the density of coexisting immiscible
fluid phases at T = 400°C and P = 4 kbar is given in
Fig. 5. In Figure 5a we present the dependence of the
molar volume of f luid on the activity of water on the
solvus. This dependence consists of two branches con-
verging at the activity value corresponding to the crit-
ical point . Each value of  greater than

2 2

crit
H O H Oa a=

2H Oa
Fig. 5. (a) Molar volumes and (b) densities of coexisting immisc
chemical activity of water. 
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molar volumes are retained at a given water activity in
the entire region of the heterogeneous f luid. The
molar volumes and compositions of the phases make it
possible to calculate densities of phases. The corre-
sponding dependence is shown in Fig. 5b. On the right
side of the figure, the branches of the curve diverge a
considerable distance. High density corresponding to
the upper branch of the curve Fig. 5b (it corresponds
to a part of the solvus below the position of the critical
point in Fig. 1) is due to the lower content of less dense
and having low molecular weight methane. This upper
branch of the curve Fig. 5b corresponds to the lower
branch of the curve Fig. 5a. The compressibility of
f luid phases can be obtained by numerical differentiat-
ing the molar volumes of the phases obtained at differ-
ent pressures.

DISCUSSION

The thermodynamics of the H2O–CO2–CH4 sys-
tem was investigated in early works (Kerrick and
Jacobs, 1981; Jacobs and Kerrick, 1981) using the
HSMRK equation (hard-sphere Redlich-Kwong
equation) developed by the authors of these works for
H2O, CO2, H2O–CO2, and, separately, for CH4. The
study of activities of H2O and CO2 at T = 400°C, P =
25 kbar, and  carried out by Jacobs and Ker-
rick (1981) demonstrates a rather narrow immiscibility
gap comparing to that for T = 400°C and P = 20 kbar
in Fig. 1. This gap obtained in (Jacobs and Kerrick,
1981) disappears when the concentration of methane
increases upto . A significant disagree-
ment between the model (Kerrick and Jacobs, 1981;
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Jacobs and Kerrick, 1981) and experimental data for
H2O–CO2 was shown in (Zhang and Duan, 2009).
The effect of methane concentration on the character
of miscibility in the H2O–CO2–CH4 system, opposite
to our results, can be explained by the absence of a
reliable miscibility model for the H2O–CH4 subsys-
tem based on experimental results or trustworthy cal-
culations in the HSMRK equation. The work (Plyasu-
nov, 2015) contains a comparative evaluation of a
number of equations of state for water-nonpolar gas
systems, including equations (Kerrick and Jacobs,
1981; Jacobs and Kerrick, 1981), with a conclusion
about the advantages of equations by (Churakov and
Gottshalk, 2003a, 2003b; Duan and Zhang, 2006).
The equation of state obtained in the last work is an
earlier version of the equation we used (Zhang and
Duan, 2009).

Thermodynamic behavior of the f luid system
H2O–CO2–CH4 at P-T conditions below the critical
point of water was studied in (Zhao, 2017). The picture
of the splitting of the f luid into two immiscible phases
and behavior of tie lines in the two-phase region have
a major similarity with our results shown in Figs. 1–3.

In this work, we studied the phase state and other
thermodynamic parameters of the system C–O–H in
an assumption that this system consists of molecules
H2O, CO2, and CH4 and there are no chemical reac-
tions in the system. These reactions, leading, for
example, to appearance of solid carbon or new gaseous
particles, like hydrogen, make the thermodynamic
behavior of the system more complicated. The influ-
ence of the chemical reactions onto phase relations
considered in the current work requires a separate
study.

The results of our research, presented in Figs. 1–3
show a rather complex behavior of the H2O–CO2–CH4
system, which does not quite obviously follow from
the known behavior of the H2O–CH4 and H2O–CO2
binary systems. The thermodynamic behavior of the
H2O–CO2–CH4 fluid studied above in the range of
P-T conditions shown in Figs. 1–3 is of interest from
several points of view.

The fluids with high CH4 and CO2 contents in the
temperature range 400–500°C, along with lower tem-
peratures, are typical for the hydrothermal ore forma-
tion processes (Mironova et al., 2018). Due to the
presence of salts in ore-forming f luids, the splitting of
the f luids into immiscible phases with contrast physi-
cal-chemical properties (like shown in Fig. 1 at P =
10–20 kbar), which is favorable for ore deposit forma-
tion, can take place at significantly lower pressures,
than in the salt-free system, studied above.

Areas of cold subduction, in which the splitting of
the H2O–CO2–CH4 fluids at temperatures above
500°C is possible, are also a subject of intensive
research. At high pressures and the relatively low tem-
peratures considered, the H2O–CO2–CH4 system sit-
PETROLOGY  Vol. 29  No. 4  2021
uates in the region of the thermodynamic stability of
diamond. In (Frezzotti et al., 2014; Frezzotti, 2019),
the formation of micro- and nano-diamonds in cold
subduction zones associated with the subduction of
the oceanic crust with temperatures not exceeded
600°C to depths of more than 100 km (P ≥ 32 kbar) was
investigated. Reviews of diamond formation during
cold subduction are available in (Frezzotti and Fer-
rando, 2015; Simakov, 2018).

It is of scientific interest to carry out studies similar
to that presented above for other gases containing in
the f luid. At present, such a study can be facilitated by
the presence of a model, similar to used by us, for the
H2O–H2 fluid system (Liu and Cao, 2020).

CONCLUSIONS

In this work, calculations of the thermodynamic
properties of the ternary f luid system H2O–CO2–CH4
in a broad range of P-T parameters above the critical
point of water are present. The calculations are based
on the known equations of state for binary systems
H2O–CO2 and H2O–CH4 by (Zhang and Duan, 2009),
which were extended up to equation of state of the ter-
nary system by means of the Lorentz–Berthelot mix-
ing rules. The obtained equation for the Gibbs excess
free energy allows determining the phase state of the
system (homogeneous of two-phase f luid) and obtain-
ing chemical activities of components, densities and
compressibility of f luid phases, as well as other ther-
modynamic properties of the f luid. The equations and
methods of calculations can be applied in the range of
P-T parameters of P = 0.1–100 kbar and T = 400–
2300°C, i.e. in the range from metamorphic processes
of the greenschist facie up to deep layers of the litho-
sphere mantle. We obtained phase diagrams of the sys-
tem H2O–CO2–CH4 and investigated dependencies
of the chemical activity of water on concentrations of
the components and temperature and pressure. The
conditions for splitting of the f luid into co-existing
immiscible phases are investigated in detail. The split-
ting in the system H2O–CO2–CH4 appears to be pos-
sible in the temperature range from 400 up to 735°C.
In the range of temperatures 400–480°C and pressures
1.1–10 kbar broad fields of co-existing phases are pres-
ent on phase diagrams. For the three binary boundary
subsystems, the splitting at these P-T conditions is
possible only in the system H2O–CH4. Nevertheless,
the presence of methane in the ternary system enables
the emergence of immiscible f luid phases with high
concentration of CO2, which could exceed the con-
centration of the methane. At temperatures above
500°C the phase behavior of the system H2O–CO2–
CH4 is similar to the behavior of the majority of salt-
free gas-water f luids, i.e. the splitting into two immis-
cible phases occurs at high pressures, corresponding to
P-T conditions of the cold subduction.
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A computational program, which implements cal-
culations of the thermodynamic properties of the f luid
system H2O–CO2–CH4, presented in this work, is
available at https://doi.org/10.13140/RG.2.2.16519.
32162.

APPENDIX

A known formula (Churakov and Gottschalk, 2003a;
Prausnitz et al., 1999):

(A1)

which connects the compressibility coefficient, molar
density ρ = 1/V, and molar residual Helmholtz free
energy Ares, allows obtaining an expression for Ares cor-
responding to the equation of state (1). After replacing
ρ to V in Eq. (A1), substitution Eq. (1) for Z, and inte-
gration over V, we obtain:

(A2)

The last term in this formula does not depend on Vm
and provides convergence of Ares to zero when infinite
increasing the molar volume, i.e. at infinite decreasing
density of the f luid. Eq. (A2) for the molar residual
Helmholtz free energy allows obtaining equations for
the chemical activity of components, their fugacity
and fugacity coefficient.

According (Prausnitz et al., 1999), the logarithm of
the fugacity coefficient ϕi can be obtained from the
formula:

(A3)

where nT is the total number of moles, and ni is the
number of moles of the component i. Passing from the
number of moles to molar fractions and taking into
account that, according to formula (A2), Ares/(RT) is a
function of the quantities Tm and Vm, and that
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we obtain an expression for the logarithm of the fugac-
ity coefficient in the form:

(A4)

(A5)

The activities of the components are related to the
fugacity coefficients by a simple formula:

(A6)

The Gibbs molar free energy of mixing Gmix, required
to determine the phase state of the system, is also eas-
ily obtained from formula (A4). For a phase of n com-
ponents, this free energy is calculated by the formula:

(A7)
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