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An equation of state (EOS) explicit in Helmholtz free energy has been improved to calculate the PVTx and
vapor—liquid phase equilibrium properties of CH4—CO, fluid mixture. This EOS, where four mixing pa-
rameters are used, is based on highly accurate EOSs recommended by NIST for pure components (CHyg
and CO;) and contains a simple generalized departure function presented by Lemmon and Jacobsen
(1999). Comparison with experimental data available indicates that the EOS can calculate both vapor
—liquid phase equilibrium and volumetric properties of this binary fluid system with accuracy close to
that of experimental data up to high temperature and pressure within full range of composition. The EOS
of CH4—CO; fluid, together with the updated Gibbs free energy model of solid CO, (dry ice), is applied to
calculate the CH4 content (Xcy4) and molar volume (V) of the CH4—CO, fluid inclusion based on the
assumption that the volume of an inclusion keeps constant during heating and cooling. Vi — X¢y, dia-
grams are presented, which describe phase transitions involving vapor, liquid and CO, solid phases of
CH4—CO, fluid inclusions. Isochores of CH4—CO> inclusions at given xcy, and Vi, can be easily calculated

from the improved EOS.

© 2015 Elsevier Ltd. All rights reserved.

1. Introduction

It is well-known that aqueous CO,-bearing fluid inclusions are
frequently found in hydrothermal ore deposits (Bodnar, 1995; Deng
et al,, 2015, 2014a; 2014b; Roedder and Bodnar, 1997; Yoo et al,,
2011) and that CHy-rich fluid inclusions are often found in sedi-
mentary basins (Liu et al., 2009; Wang et al., 2007). However,
water-free fluid inclusions that are approximated by the CH4—CO,
system are common in some metamorphic terranes (Beeskow et al.,
2005; Cuney et al., 2007; Frey et al., 1980; Parry and Blamey, 2010;
Roedder, 1984). Although complex phase behaviors of the CH4—CO,
system have been observed at low temperatures (van den Kerkhof,
1990), the CH4—CO, inclusions often show three phases: solid CO,
(Sco, ) called dry ice, liquid (L) and vapor (V). Two phase-transition
temperatures can be measured during heating from very low
temperatures: the final melting temperature of solid CO; (Ty,), and
the V-L homogenization temperature (Ty) by the disappearance of
liquid phase or vapor bubble. In the fluid inclusion studies, there
are three kind of homogenization modes commonly observed in
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terms of the disappearance sequence of phases:

Modea: Scg, + L+ V T (SLV-LV) L
+V T (LV-L) L

Modeb : Sco, +L+V T (SLV-LV) L
Iy Ty(LV-V) v

Mode ¢ : Sco, +L+V Ty (SLV-SL) Sco,
+ L Tm(SL-L) L

For the homogenization modes a and b, Ty>Ty,, but Ty<Ty, is for
the homogenization mode c. The compositions, molar volumes and
isochores of CH4—CO> fluid inclusions can be obtained if the two
phase-transition temperatures (T, and Ty,), which can be directly
determined from the experimental microthermometric analysis,
are combined with thermodynamic equation of state (EOS) because
the volume and bulk composition of an inclusion keep constant
during heating and cooling.
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In the past decades, some researchers devoted to the thermo-
dynamic modeling of CH4—CO; fluid inclusions (Herskowitz and
Kisch, 1984; Heyen et al., 1982; Thiery and Dubessy, 1996; Thiery
et al.,, 1994a, 1994b; van den Kerkhof, 1990). Heyen et al. (1982)
simulated the fluid phase equilibria in CH4—CO; system below
50 °C and 100 bar. Herskowitz and Kisch (1984) presented an al-
gorithm to find compositions, molar volumes and isochores of
CH4—CO5 fluid inclusions from Ty and T, where Ty<Ty, and a
modified Redlich-Kwong EOS was used. Because cubic EOSs are
poor in predicting the PVTx properties of fluids, Thiery et al. (1994a,
1994b) and Thiery and Dubessy (1996) modeled the phase equi-
libria of CH4—CO, system including liquid, vapor and solid by the
Soave-Redlich-Kwong EOS (Soave, 1972) and the PVTx properties by
the Lee—Kesler correlation (Lee and Kesler, 1975) and applied them
to the CH4—CO; inclusions with Ty>Tp,. At the end of last century,
Lemmon and Jacobsen (1999) established a generalized EOS
explicit in Helmholtz free energy to calculate thermodynamic
properties of mixtures including CH4 and CO; close to the estimated
accuracy of experimental data. Their model contains two mixing
parameters and a simple generalized departure function, and EOSs
of pure fluids (Setzmann and Wagner, 1991; Span and Wagner,
1996) are from those that National Institute of Standards and
Technology (NIST) recommends. However, the calculated saturated
pressures in the near-critical region are much higher than experi-
mental data at high temperatures, as can be seen later. Therefore, it
is not satisfactorily solved how to model the thermodynamic
properties of CH4—CO; inclusions up to high temperatures and high
pressures from a single EOS with experimental phase-transition
temperatures Ty, and Ty,

In this work, the generalized EOS of Lemmon and Jacobsen
(1999) is improved by using four mixing parameters to predict
the PVTx and vapor—liquid phase equilibrium properties of
CH4—COs fluid firstly. Then the EOS of CH4—CO> fluid, together with
the updated Gibbs free energy mode of CO, solid of Jager and Span
(2012), is applied to calculating the CH4 content (xcy,) and molar
volume (V) of CH4—CO5 fluid inclusions based on experimental T,
and/or Ty, and some Vi, — Xcy, diagrams are presented. Finally,
isochores calculated from the improved EOS at given xcy, and Vi
are made for CH4—CO, inclusions.

2. Equation of state of CH;—CO; fluid mixture

The EOS of CH4—CO, fluid mixture is defined in terms of
dimensionless Helmholtz free energy « as

A
‘XIE (1)

where A is molar Helmholtz free energy, R is molar gas constant
(8.314472 ] mol~' K1), and T is temperature in K.

The dimensionless Helmholtz free energy « of the mixture is
represented by

a:aig—}—aE (2)

where o/ is the dimensionless Helmholtz free energy of an ideal
mixture and of is the excess dimensionless Helmholtz free energy.
o4 comes directly from the fundamental equations of pure fluids
and can be written as

2
a'rg =al (8,7,%) + inair(é, 7)
i=1
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M

2
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where o8, is the ideal-gas part of dimensionless Helmholtz free
energy of the mixture, a? and «f are the ideal-gas part and residual
part of dimensionless Helmholtz free energy of component i,
respectively, x; is the mole fraction of the component i. The su-
perscripts “id”, “0” and “r” denote ideal mixing, the ideal-gas part
and residual part of dimensionless Helmholtz free energy, respec-
tively. The subscripts “i” and “m” denote the component and
mixture, respectively. Here subscripts 1 and 2 refer to CH4 and CO,
respectively, so does the following equations. ¢ and 7 are reduced
parameters, which are defined by

5=" (4)
Pc
T.

T =T (5)

where p is the density of mixture, and p. and T; are defined as

, 1
X.
pc = [21_+X1X2C12} (6)
iz Pci
2
Te =Y xiTg +X{Xp¢12 (7)

i=1

where p¢ and T are the critical density and critical temperature of
the component i, respectively, x; and x, denote mole fraction of
components 1 and 2, and {q2, ¢12, and (12 are the mixture-
dependent binary parameters associated with components 1 and
2 (CH4 and COz).

The of in Eq. (2) is given by

10
of = x1x2F12 Y Nigoir's (8)
k=1

where Ny, di and ti are general parameters independent of fluids,
which can be found from the model of Lemmon and Jacobsen
(1999) (Table 1), F1» is a binary parameter of components 1 and 2.

The residual part of dimensionless Helmholtz free energy of
CH4—CO5 fluid mixture o' is defined by

2
af = ina{(é, ) + a8 (6,7, %) (9)
i=1

Here EOSs of pure CH4 and CO» fluids are from the references
(Setzmann and Wagner, 1991; Span and Wagner, 1996). These EOSs
are all explicit in dimensionless Helmholtz energy and are
considered to be the most accurate equations for thermodynamic
properties of the two pure fluids. Critical parameters of the pure

Table 1
Coefficients and exponents of Eq. (8).
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CH4 and COy, are listed in Table 2.

Values of the binary parameters ({12, ¢12, 812 and Fy3) in above
equations for the CH4—CO; fluid mixture are determined by a non-
linear regression to experimental PVTx data (Arai et al., 1971;
Brugge et al., 1989; Hwang et al., 1976; Magee and Ely, 1988;
Mondejar et al., 2012; Seitz and Blencoe, 1996; Seitz et al., 1996;
Tong and Liu, 1984) and the vapor—liquid phase equilibrium data
(Al-Sahhaf et al., 1983; Bian et al., 1993; Davalos et al., 1976;
Donnelly and Katz, 1954; Hwang et al., 1976; Joffe, 1976; Mraw
et al,, 1978; Neumann and Walch, 1968; Somait and Kidnay, 1978;
Vrabec and Fischer, 1996; Webster and Kidnay, 2001; Wei et al,,
1995; Xu et al., 1992). In the fitting, objective function is defined
as the sum of relative deviation of density and fugacity difference of
each component between vapor and liquid phases. Regressed pa-
rameters are listed in Table 3.

The density or molar volume of the CH4—CO, mixture can be
calculated from Eq. (10) with the Newton iterative method.

P = pRT[1 + da}] (10)

where Pis pressure, and «f is the derivative of a" with respect to 4. If
the mixture is in vapor or supercritical state, the initial density of
mixture can be set equal to that of ideal gas. If the mixture is in
liquid state, the initial density can be set as the saturated liquid
density of pure CO, at temperature above 216.592 K, below which
the saturated liquid density of pure CH4 can be set as the initial
density. The average absolute density deviation of this EOS from all
experimental PVTx data is 0.40%, better than that of previous EOS
used by Lemmon and Jacobsen (1999), which is about 0.50%. Fig. 1
shows deviations of calculated densities from experimental den-
sities (Brugge et al., 1989; Magee and Ely, 1988; Mondejar et al.,
2012; Seitz and Blencoe, 1996) up to 673 K and 1000 bar, which is
general below 1%, close to or within experimental uncertainties.

Fugacity and fugacity coefficient of the component i (CH4 or
CO3) can be calculated from the following equations:
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where f; is the fugacity of component CH4 or COy, n is the total mole
numbers, V is the total volume, nj is the mole number of component

Table 2
Critical parameters of pure fluids.

i Tei(K) pei(mol dm~3)
CH, 190.564 10.139342719
o, 304.1282 10.624978698

i, nj is the mole number of component j and signifies that all mole
numbers are held constant except nj, ¢; is the fugacity coefficient of
component i, and of, of and o}, are the derivatives of o" with
respect to 7, xj and Xy, respectively.

Vapor-liquid phase equilibrium compositions and densities at a
given temperature (T) and pressure (P) can be calculated by the
iterative algorithm of Michelsen (1993) as used by our previous
study for the NH3—H;0 system (Mao et al., 2015). Assume that the
total mole number of CH4—CO, mixture is 1, bulk composition of
component i is M;, mole number of vapor phase is NV, and vapor
and liquid compositions of component i are x; and yj, then x; and y;
at a given T and P can be calculated from the following steps:

Step 1: Give a group of initial reasonable guess values (between
0 and 1) for M;, x; and y;.

Step 2: First calculate the vapor and liquid densities form Eq.
(10), then calculate the fugacity coefficient of component i in
vapor phase (<p}’) and liquid phase (q;}) from Eq. (12).

Step 3: Define an equilibrium factor k; = y;/x; = ¢-/¢Y, then
calculate k; from ¢Y and ¢t.

Step 4: Calculate NY from the normalized equation
S22 Mk — 1)/(1 =NV + NVk;) = 0.

Step 5: Calculate x; and y; from equations
Xj = Ml/(l — NV -+ vai) and Yi= kiMi/(l — NV + vai)'
respectively.

Step 6: Go to Step 2, and recalculate ¢, o}, ki, NV, x; and yj in turn
until the calculated NV keeps unchangeable. Then x; and y; are
the vapor—liquid phase equilibrium compositions, and densities
are the saturated densities. It should be noted that when Tand P
approach critical point, initial values for x; and yj lie in a narrow
range, which are frequently set by experience.

Fig. 2 compares the vapor—liquid phase equilibrium curves
calculated from this EOS with experimental data at different tem-
peratures, where the calculated pressures from the two-parameter
EOS of Lemmon and Jacobsen (1999) are also added for comparison.
It can be seen that pressures as a function of composition
at —43.15 °C (230 K) calculated from this EOS and Lemmon and
Jacobsen (1999) are both in good agreement with experimental
data (Webster and Kidnay, 2001; Wei et al., 1995). The V-L equi-
librium pressures calculated from this EOS at —3.15 °C (270 K) are
also in agreement with experimental data (Al-Sahhaf et al., 1983;
Davalos et al., 1976; Webster and Kidnay, 2001), better than those
calculated from the EOS of Lemmon and Jacobsen in the near-
critical region.

3. Fugacity and molar volume of dry ice

In order to obtain compositions and molar volumes of CH4—CO,
fluid inclusions, fugacity and molar volume of solid CO, (dry ice)
must be known, which is a function of T and P. Jager and Span
(2012) established an EOS explicit in the Gibbs free energy for
solid CO, (dry ice), and this EOS can be used to calculate the
fugacity and molar volume of dry ice by the following thermody-
namic relations:

f&o, (T, P)

RT In—%—~
fCSO2 (T7 PS)

=8¢0, (T, P) — g0, (T, Ps) (15)

§@9ﬁ> (16)
T

%mm( "

where ngZ(T, P) is the fugacity of solid CO; at Tand P, fcs02 (T,Ps) is
the fugacity of solid CO; at T and Ps (the saturated pressure of pure
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Table 3
Parameters of the CH;—CO, fluid mixture.

Mixture Fiz

12(dm® mol 1)

c12(K) B12

CH4—CO; 0.12844025D+-01

0.35751245D-02

—0.43720344D+02 0.10358865D+01

Note: subscripts 1 and 2 refer to CH4 and CO,, respectively.

O0mO
ninnmi|
mrm

Magee and Ely (1988)
Brugge et al. (1989)
Seitz and Blencoe (1996)
Mondeijar et al. (2012)

oo D %

0 200 400 600 800 1000

P (bar)

Fig. 1. Calculated density deviations of the CH4—CO, fluid mixture: pc, is the calcu-
lated density from this work, pexp is experimental density, and P is pressure.

CO, at solid-vapor equilibria, which is a function of T and can be
calculated from the empirical equation in the reference (Span and
Wagner, 1996)), g¢,, (T, P) is the molar Gibbs free energy of solid
COzatTand P, géoz (T, Ps) is the molar Gibbs free energy of solid CO;
at Tand Ps, and V5, (T, P) is the molar volume of solid CO, at Tand P.
fé, (T, Ps) equals the fugacity of pure CO, vapor at T and Ps, which
can be calculated from the EOS of fluid CO, (Span and Wagner,
1996). g8y, Is calculated from Jager and Span (2012) (Details see
Appendix I). Once Tand P are given, the fugacity and molar volume
of solid CO, can be accurately obtained from Eqs. (15) and (16),
respectively.

Fig. 3 shows the calculated P-T curve along the solid-liquid-
vapor locus of CH4—CO, system, which is in good agreement with
the whole experimental data of Davis et al. (1962) and the high-
temperature data of Donnelly and Katz (1954). This, from another
aspect, proves the reliability of the used EOSs of both fluid and
solid.

4. Application to CH4—CO; fluid inclusions
4.1. Compositions and molar volumes of CH4—CO; inclusions

There are two approaches to determine compositions and molar
volumes of CH4—CO5 inclusions. Method one is using the estimated
volume fraction of vapor bubble at T,(SLV-LV) for the homogeni-
zation modes a and b or using the volume fraction of dry ice at
Th(SLV-SL) for the homogenization mode c. According to the Gibbs
phase rule, the number of free degree is one for the three-phase
binary system. Therefore, once Ty,(SLV-LV) or T,(SLV-SL) is deter-
mined by microthermometric analysis, the pressure, compositions
and densities (or molar volumes) can be obtained from the EOSs
aforementioned.

For the homogenization modes a and b, the following equations
can calculate the compositions and molar volumes of CH4—CO,
inclusions:

i ~L.emmorll and J.acobsén (1995)
100 This work L
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Fig. 2. Vapor-liquid phase equilibria of the CH4—CO, system at different temperatures:
Pis pressure, T is temperature, and Xcy, and ycy, are mole fraction of CHy in liquid and
vapor phase, respectively.

F 1-F)x Fy 1-F

buk [ Fvyen, (1 —Fy)Xcy, v v 17
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Vi = _V+_—V (18)

m <VI‘{] VL

where XE‘;{}‘ is the mole fraction of CHy in the total inclusion, Fy is
the estimated volume fraction of vapor bubble at T(SLV-LV), ycy, is
the mole fraction of CHg in vapor phase, xcy, is the mole fraction of
CHy4 in liquid phase, V¥, VL and Vp, denote the molar volume of
vapor phase, liquid phase and the total inclusion, respectively.
When Tp(SLV-LV) is measured, the pressure can be acquired by a
bisection algorithm: First give an initial P (>P;s), and calculate the
vapor—liquid equilibrium compositions, densities, component
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Fig. 3. Temperature-pressure relation along the solid-liquid-vapor locus of CH4—CO,
system: P is pressure and T is temperature.

fugacity in each fluid phase by Ty(SLV-LV) and (P + Ps)/2 by the
iterative method of Michelsen (1993), then compare the fugacity of
CO5 in vapor phase to that of dry ice calculated from Eq. (15). If the
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v

Fig. 4. Calculated compositions and molar volumes of CH4—CO, inclusions by the
volume fractions of vapor bubble and the melting temperatures of dry ice: x‘éﬁ'} is the
mole fraction of CH, in the total inclusion, T,(SLV-LV) is the melting temperature of
dry ice coexisting with liquid and vapor, V, is the molar volume of fluid inclusion, and
Fy is the volume fraction of vapor bubble at T,,(SLV-LV).

fugacity of CO, in vapor phase is greater than that of dry ice, then
increase P. Otherwise, decreasing P until the calculated fugacity of
CO; in vapor phase equal to that of dry ice. Under this condition,
XCH,» YcH,» Vi and V are the phase-equilibrium compositions and
saturated molar volumes.

For the homogenization mode c, the following equations can
calculate the compositions and molar volumes of CH4—CO,
inclusions:

puik [ (1= Fs)Xcn, Fs 1-F
e — (oS ) S8 (19)
CHy < Vr[f'l Vrsn Vrlh
Fo 1-F) '
_ N — Is
Vm = (_V1§n + VL ) (20)

where Fs is the volume fraction of dry ice at Tp(SLV-SL). The
calculation approach is similar to that used in the homogenization
modes a and b.

The calculated compositions and molar volumes of CH4—CO;
inclusions by Ty(SLV-LV) and Fy are shown in Fig. 4, from which it
can be seen that x‘gﬂl:‘ and Vy, increase with the increase of Fy at the
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Fig. 5. Calculated compositions and molar volumes of CH4—CO, inclusions by the
volume fractions of dry ice and the partial homogenization temperatures: x‘é‘,{,‘:‘ is the
mole fraction of CH, in the total inclusion, T,(SLV-SL) is the partial homogenization
temperature by the disappearance of vapor bubble, Vy, is the molar volume of fluid
inclusion, and Fs is the volume fraction of dry ice at T,(SLV-SL).
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same Ti(SLV-LV). But x2/ decreases with increasing Tm(SLV-LV) at
the same Fy, and Vy, is on the contrary. The calculated compositions
and molar volumes of CH4—CO; inclusions by Ty(SLV-SL) and F; are
shown in Fig. 5, from which it can be seen that x{* and Vi,
decrease with the increase of F at the same Ty,(SLV-SL), and almost
decrease with the increasing T,(SLV-SL) at the same F.

It should be noted that the visual estimation of Fy or Fs in fluid
inclusions involve large errors, particularly for fluid inclusions of
irregular shape. An improved method of Bakker and Diamond
(2006) can be used to estimate volume fraction by the petro-
graphic microscope in conjunction with a spindle-stage. The rela-
tive accuracy of the estimated volume fraction is +4%, much better
than traditional estimation method which involves measuring
area-fractions of the phases projected in the microscope and then
making rough corrections for the third dimension. But this method
is time-consuming and unfit for negative-crystal inclusions.

In order to overcome flaws in Method one, the two phase-
transition temperatures Ty, and Ty can be directly used to obtain

3
€
€
KC3
>E

T (SLV-LV)

00 01 02 03 04 05 06 0.7 o038

a Xen,
— T (LVV)

~~~~~ T_(SLV-LV)
5
S
3
)
>E

e

0 — T T T T T T T T T T T T 1T T T T 1
00 01 02 03 04 05 06 07 0.8 0.9
b Yen,

Fig. 6. Calculated compositions and molar volumes of CH4—CO, inclusions by the
phase-transition temperatures (Ti(SLV-LV)<Ty(LV-L) orTy(LV-V)): Xcy, and ycy, are
mole fraction of CHy in liquid and vapor phase, respectively, Vi, is the molar volume of
fluid inclusion, T(LV-L) is the total homogenization temperature by the disappearance
of vapor bubble, T(LV-V) is the total homogenization temperature by the disappear-
ance of liquid phase, and Tyy(SLV-LV) is the melting temperature of dry ice coexisting
with liquid and vapor.

the compositions and molar volumes of CH4—CO> inclusions by
combining with the EOSs of CH4—CO, fluid and dry ice. This
approach is called Method two. For the homogenization modes a
and b, calculated Vi, — Xy, diagrams are presented in Fig. 6, where
the iso-Ty, curves are calculated from Eqs. (17)—(18) by the Fy
(between 0 and 1), and the iso-Ty, curves are calculated from the
improved EOS of CH4—CO; fluid using the aforementioned iterative
algorithm of Michelsen (1993). The intersection point of the iso-
Tm(SLV-LV) and iso-Ty, curves in Fig. 6 corresponds to the compo-
sition and molar volume of an inclusion. Fig. 6a and b denote that
fluid inclusions homogenize to liquid phase and vapor phase,
respectively. For the homogenization mode c, calculated Vi — xcy,
diagram is presented in Fig. 7, where the iso-Ty(SLV-SL) curves are
calculated from Eqgs. (19) and (20) by the Fs (between 0 and 1), and
the iso-Ty(SL-L) curves are calculated by an iterative approach
under the condition that the fugacity of dry ice equals to that of CO,
in liquid phase. The intersection point of the iso-T(SLV-SL) and iso-
Tm(SL-L) curves determines the composition and molar volume of
an inclusion.

4.2. Isochore calculation of CH4—CO; inclusions

Construction of isochores along which the trapped fluids in
minerals evolve is the final goal to inclusion researchers. Experi-
mental data for the iso-Ty, or iso-Ty, curves approximated as iso-
chores are not reported for the CH4—CO, system. Therefore, the
predictive EOSs are the best choice to calculate the isochores of
CH4—CO», inclusions. Because this EOS is established on the basis of
the Helmholtz energy with good extrapolated ability (Span and
Wagner, 1997) and reproduce the molar volumes and densities
within or close to experimental uncertainties, it can be used to
calculate the isochores of CH4—CO, inclusions. When the compo-
sition and molar volume of an inclusion are obtained from the two
phase-transition temperatures (T, and Ty,), the pressure can be
directly calculated from Eq. (10) at a given temperature. Fig. 8
shows the isochores of the two compositions calculated from the
improved EOS, from which it can be seen that the isochores of
CH4—CO», inclusions are a bit curved and cannot be approximated
as straight lines.
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Fig. 7. Calculated compositions and molar volumes of CH4—CO; inclusions by the
phase-transition temperatures (Tp(SLV-SL)<Ti(SL-L)): Xcp, is mole fraction of CHy, Vi
is the molar volume of fluid inclusion, T,(SLV-SL) is the partial homogenization tem-
perature by the disappearance of vapor bubble, and Tiy(SL-L) is the total homogeni-
zation temperature by the disappearance of dry ice.
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Fig. 8. Calculated isochores of the CH4—CO, fluid system: T is temperature, P is
pressure, and Vp, is molar volume.

5. Conclusions

A fundamental EOS for the Helmholtz free energy of CH4—CO;
fluid mixtures has been improved by using four mixing parameters,
from which the PVTx and vapor—liquid equilibrium properties can
be obtained by thermodynamic relations. The EOS can better
reproduce the experimental volume and vapor—liquid phase
equilibrium data available up to 623 K and 1000 bar, with or close to
experimental accuracy.

The EOS of CH4—CO> fluid, combined with the updated Gibbs
free energy model of solid CO,, is applied to studies of CH4—CO,
fluid inclusions to determine the compositions and molar volumes
from two-phase-transition temperatures Ty and Ty, The calculated
Vm — Xcn, diagrams and the isochores of CH4—CO; inclusions can be
used to interpret the corresponding microthermometric and
Raman analysis data of CH4—CO; inclusions. It should be noted that
experimental volumetric data at high temperatures and pressures
(e.g., above 623 K and 1000 bar) are still lacking for the CH4—CO,
fluid mixtures, and future experimental studies of this system can
be focused on this temperature-pressure region.
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Appendix I. The EOS of solid CO, (dry ice)

The EOS of solid CO; is from Jager and Span (2012), which is
explicit in the Gibbs free energy g¢, as follows:

o,
RT,

=go + g1A9 + ZrA0?
92 4+ o2
+g3¢In + g24 _ [arctan (£> — arctan (lﬂ
1+g3 & 84 A
92 4 o2
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where R=8.314472J-mol-1:K-1. The temperature T and the
pressure P are replaced by the reduced temperature ¥ and the
reduced pressure 7. It is:

9—L AV =0 —1,

Ty’ Ar=n—1

=

Py’

where Ty = 150 K, and Py = 101325 Pa. The parameters (go—g10,
g5 — 8.8 — & and n) in Egs. (A1) to (A3) are listed in Table Al.

Table A1
Values for the parameters of Egs. (A1) to (A3)

go=—2.6385478x10°
£1=4.5088732x10°

2,=—2.0109135x10°
g3=—2.7976237x10°
24=2.6427834x107!
25=3.8259935x10°

26=3.1711996x10~!
£7=2.2087195x103
gs=—1.1289668x10°

2§ =3.9993365 x 102
g§ =2.3945101 x 1073
g5 =3.2839467 x 10!
2§ =5.7918471 x 102
g5 =2.3945101 x 1073
g8 = 26531689 x 103
2¢ =1.6419734 x 10!
g% =1.7594802 x 10!
26=9.2923982x103 §§ _ 5‘52333?? . }gj
9=9.. X = 2. X
£10=3.3914617x10° g‘;’ = —7.5019750 x 102
n=7 g5 =2.6442913 x 10!
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