
EUΓ. J. Mineral. 
1992, 4, 873-884 

Modelling of phase equilibria involving mixed gas clathrates: 
Application to the determination of molar volume of the 

vapour phase and salinity of the aqueous solution in fluid 
inclusions 

JEAN DUBESSY, REGIS THIERY and MARTIN CANALS 

CREGU, GS-CNRS 77, BP 23, F-54501 Vandœuvre-lès-Nancy Cedex, France 

Abstract: Modelling of clathrate stability in single component gases (CO2, CH4, N2, H2S and C2H6) and of mixtures 
in systems with or without NaCl is described, and then applied to fluid inclusions in which the dissociation of clathrate 
occurs in the presence of a vapour phase. The chemical potential of the water component in clathrate is calculated 
from a combination of the models of Parrish & Prausnitz (1972) and of Munck et al. (1988). The Langmuir constants 
have been recalculated to obtain the best fit of the available experimental data on single gas systems. The dependence 
of the activity of water on the salt concentration in the aqueous solution is described by the model of Pitzer. Pressure 
is calculated with an uncertainty of less than 10 % along the dissolution curve of clathrate for single component gas 
systems and gas mixtures. The bulk salinity, expressed in equivalent NaCl concentration, can be derived from the 
melting temperature of ice in presence of the assemblage clathrate + vapour phase + aqueous solution, but is shown 
to be a function of the volume fraction of the vapour phase. The fugacity coefficient of the gas components and the 
molar volume of the vapour phase are computed from the Soave equation of state. 

Key-words: clathrate stability, thermodynamic properties, fluid inclusions, molar volume, salinity. 

1. Introduction 

To a first approximation, fluid inclusions are con­
stant volume and mass systems, determination of 
their V-X properties is the first step in any quan­
titative interpretation of paleo-fluid circulation 
based on fluid inclusion studies. A combination 
of microthermometric and micro-Raman meas­
urements allows fairly accurate estimations of the 
V-X properties of the non-aqueous volatile por­
tions of fluid inclusions, except if a gas clathrate 
is present at the homogenization temperature of 
the volatile phase (Ramboz et al, 1985; Seitz et 
al, 1987; Dubessy et al, 1989). Recently, ex­
perimental data (Diamond, 1992) and a combina­
tion of experimental data and modelling by Dia­
mond (submitted) have been carried out in order 

to achieve a better quantification of the salinity 
of fluid inclusions in the case of the homogeniza­
tion of the carbonic phase in the presence of 
clathrate. However, the dissolution of clathrate in 
the presence of a vapour phase is often the only 
phase equilibrium which can yield information 
on the density of the vapour phase. Available ex­
perimental data on clathrate equilibria does not 
cover the whole range of compositions of natural 
fluid inclusions. Therefore, appropriate develop­
ment of thermodynamic modelling of the stabil­
ity of mixed gas clathrates (CO2-CH4-N2-C2H6-
⅜S) is essential (Seitz & Pasteris, 1990). The 
aim of this paper is to present the chosen model, 
to compare the model predictions with the ex­
perimental data and to discuss its application to 
fluid inclusions. 
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2. Symbols and constant values 
a$: activity of component i in phase φ 
aq: aqueous solution 
Cla: clathrate 
e: charge of the electron = 1.60219KH9 C 
g: vapour phase 
H: enthalpy 
k: Boltzmann constant = 1.38066- 1(H3 

(Joule K-i) 
In: natural logarithm 
log: decimal logarithm 
MWH20: molecular weight of ⅞ O =18 g∙moH 
MwNaCi: molecular weight of NaCl = 

58.5 g∙moH 
mNaα: NaCl molality 
Na: Avogadro number = 6.022-1023 

P: pressure in bar 
Pci and Tc :̂ critical pressure (bar) and 

temperature (°K) of gas component i 
PΓ^: reduced pressure (P/PCti) of gas component i 
R: perfect gas constant = 8.31441 (Joule 

ºK-i∙moH) 
T: temperature in º Kelvin 
Tr,i: reduced temperature (T/Γc,i) of gas com­

ponent i 
Vφ: volume fraction of phase φ 
υ$: molar volume (cm-3∙moH) of phase φ 
υ«f: partial molar volume of gas i at infinite 

dilution in aqueous solution 
Xf: mole fraction of component i in phase φ 
yi: mole fraction of gas i in the vapour phase g 
Z: compressibility factor of the vapour phase g; 

Z = P υg/(RT) 
ε<>: vacuum permittivity = 8.854188- 1(H2 

(JoukH C2 ∏H) 
Zf\ dielectric constant of pure water at 0 °C and 

1 bar = 87.74 
Φ: practical osmotic coefficient 
pºaq: density of pure water at 1 bar and 0 °C = 

1000 kgm-3 

pψ: density (g∙cπr3) of phase φ 
µH2θΦ(P,T): chemical potential of H2O in 

phase φ at T and P 
µºH∑oφ: chemical potential of H2O in phase φ 

at the reference state (Pº = 1 bar and 
Tº = 273.15 °K) 

γj: fugacity coefficient of gas species i 
γsc*: Setchenow coefficient 

3. Thermodynamic models for clathrates 
The aqueous solution - clathrate - vapour phase 
assemblage at equilibrium is described by the fol­
lowing equation: 

µ⅝αvn = µ⅝ 0) 
Therefore, the problem is reduced to the model­
ling of two chemical potentials. The chemical 
potential of water in the aqueous solution (sec­
tion 3.1) is calculated as a function of the salin­
ity, in terms of the NaCl molality, and of solubil­
ity of gases. This calculation is carried out by a 
combination of the model of Pitzer, to account 
for the NaCl content, and of Raoulfs Law to ac­
count for the concentration of the dissolved gas 
in the aqueous solution. Calculation of the 
chemical potential of water in clathrate is based 
on a statistical thermodynamic model based on 
the pioneering work of Van der Waals & Plat-
teuw (1959). The model is briefly outlined in sec­
tion 3.2 with all the equations necessary for its 
practical use. However, readers are referred to 
Sloan (1990) for a comprehensive description of 
the theory. 

3.1. Chemical potential of H2O in aqueous 
solution 

The chemical potential of water in aqueous solu­
tion, µf⅛q

2θ(P,T), is calculated from the activity of 
water. In salt-free aqueous solution, the activity 
of water is calculated from Raoulfs Law taking 
into account the solubility of gases i using 
Henry*s Law. Only CO2 and ⅞ S will be con­
sidered here, since they are the most soluble 
gaseous species in water that lower the activity of 
water in the aqueous solution suficie∩tly enough 
to be measurable at the precision of microther-
mometric measurements. 

a⅛VM⅞+X⅜ (2) 

Xa* = f(G)/KH,i(P,T,0) (3) 

where KH.I(P, T, 0) is the Henry constant for the 
solubility of the gaseous species i in aqueous so­
lution, at pressure P and temperature T, with a 
zero mNaCi molality, and f(i) is the gas fugacity 
calculated by the equation of state described 
below. 
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3.1.1. Henry constant 

The equation of the Henry constant KH4(1, T, 0) 
as a function of temperature is taken from Munck 
et al. (1988) based on the data and compilations 
of Wilhelm & Battino (1973) and Wilhelm et al. 
(1977): 

lnKH4(l,T,0) = Ka + Kb/T 
+ Kc ln(T) + Kd T (4) 

where Ka = 162.39 (bar); Kb = -8880.6 (bar∙K); 
Kc = -22.014 (bar/In K); Kd = 1.120M0"4 

(bar∙K"1) for CO2 
and Ka = 151.52; Kb = -8335.5; Kc = -20.499; 
KD = -1.31 l∙KΓ3 for H2S. 

Theoretically, the Henry constant depends on 
pressure according to the following equation: 

In KH4(P, T, 0) = In KH,i(l, T, 0) 
+ υg(P-l)/(RT) (5) 

where \fg is the partial molar volume of the dis­
solved gas at infinite dilution in the aqueous 
phase. For CC⅛, υ£ = 33 cn^-moΓ1 at 25 °C. For 
a maximum pressure of 50 bar, the second term 
of the right-hand-side of equation (5) is smaller 
than 0.05, resulting in negligible solubility varia­
tion. Therefore, the following approximation 

In KH,cθ2(P, T, 0) = InKH.cc⅛O, T, 0) (6) 

is justified, as already used by several authors. 
The dependence of the Henry constant on 

salinity is described by the empirical equation of 
Setchenow (Gerrard, 1980): 

In γsc* = In [KH,C(>2(P, T, mNaCi) 
/KH,cθ2(P, T, 0)] = ks∙mNaCi (7a) 

where ks is the salting out coefficient. As the 
temperature interval of interest is rather small in 
these calculations, the ks value is considered to 
be constant and equal to its value at 0 °C for 
CO2: 0.12 molal"1 (Cramer, 1982). 

For H2S, the only available data are for 
temperatures higher than 25 °C (Drummond, 
1981). The solubility data of Drummond (1981) 
in salt-free solution differs slightly from those of 
Wilhelm et al. (1977). Therefore, we have used 
the data of Drummond (1981) only for the calcu­
lation of the salt effect: 

In [KH,H2S(P, T, mNaCi) I KH,H2S(1, T, 0)] 
= 0.294∙mNaCi - 0.0001595∙mNaCiT 
- 46.81∙mNaα IT - (.578+0.0018 T) 
• mNaCi ∕ [mNaCi + 1] (7b) 

3.1.2. Water activity in salt-bearing aqueous 
solutions 

For salt-bearing solutions, the model of Pitzer 
(1973) is used with fitted parameters between 0 
and -40 °C (Thurmond & Brass, 1988), first to 
calculate the activity of water without gas. It is 
then multiplied by {1-CX⅜ + X⅞⅛l}-

The water activity is calculated from the fol­
lowing equations: 
l n ⅜ o = "Φ Mw∏2θ (mNa+mα)/1000 

= -φ Mw⅜o (2 mNaCi)/1000 (8) 

where Φ is the practical osmotic coefficient cal­
culated from equation (9) 

Φ - l = - A Φ m £ c l / (1+1.2 n ⅛ 

+ mNaCi BΦ + m⅞aC1 CΦ (9) 

Detailed equations are given in Appendix 7.1 and 
values of all parameters (Thurmond & Brass, 
1988) in Table 1. 

3.1.3. Molar volume and fugacity coefficients 
of gas components 

Four equations of state were checked on the 
P-υ-T-X properties of CO2 and CH4: Soave 
(1972), Peng & Robinson (1976), Heyen (1982), 
Heyen et al. (1982) and Patel & Teja (1982). The 
sources of thermodynamic data are the IUPAC 
tables (CO2: Angus et al., 1976; CH4: Angus et 
al., 1978). The pressure and temperature ranges 
used to assess the quality of these equations is the 
following: P (from 1 to 50 bar for CO2 and 1 to 
400 bar for CH4) and T (from 270 to 300 °K). 
The relative deviations of the calculated molar 
volume, at given P and T in the single phase field 
with respect to experimental data, show that the 
Soave as well as the Patel and Teja equations are 
the most accurate. The Soave equation was there­
fore chosen for all the present calculations. The 
formula of the Soave equation of state is the fol­
lowing: 

P = {RT ∕ (υg-b)} - a(T) I {υg(υg+b)} (10) 

Downloaded from http://pubs.geoscienceworld.org/ejm/eurjmin/article-pdf/4/5/873/4003563/873_gseurjmin_4_5_873_884_dubessy.pdf
by CNRS_INSU user
on 03 February 2025



876 J. Dubessy et al. 

Table 1. Coefficients for the calculation of the osmotic coefficient from the model of Pitzer and the values of Thurmond 
& Brass (1988). 

xi 7.66249 x2 -1.00472-103 x3 -1.7900MCΓ3 

X4 1.15601-10-5 x5 -1.90346-10-8 xβ 2.5746810 
x7 -3 .2577H0 3 x8 -6.58529-10"3 x9 4.4945910"5 

xio -7.86640KΓ8 xn -5.3413910"1 xi2 7.1310110 
xi3 1.22262-1CΓ4 xi4 -7.80262-10"7 xi5 1.27174-10"9 

Mixing rules are: 

*>m = X yi h and 

⅛(T) =∑∑yiyj⅜j (lia) 
i j 

with aü = ai and aij = ( l-⅝) (⅜aj)1/2 (1 lb) 
where is δy an interaction parameter (Soave, 
1972). All the equations required for the calcula­
tions are given in Appendix 7.2. 

3.2. Chemical potential of H2O in clathrate 
The chemical potential of water in clathrate, 
⅞ b CP»T)» *s calculated using the model of Van 
der Waals & Platteuw (1959), established from 
statistical thermodynamics: 

+ RT ∑Vi ln(l-∑θj,i) (12) 
» i 

where β refers to a hypothetical empty hydrate 
state, Vi is the number of cavities of type i, θj,i is 
the fraction of type i cavity occupied by gas com­
ponent j . All the clathrates of CO2-CH4-H2S-
C⅛⅞ are of structure I and contain two small 
cavities and 6 large cavities for 46 ⅞ O 
molecules per unit cell (Davidson, 1973). Recent 
crystal lographic data have demonstrated that the 
structure of the N2 clathrate is of type-∏ (David­
son et al.y 1986). As the adjustments for a struc­
ture of type-I are valid for the pure N2 system 
and the different gas mixtures, this structure was 
the only one considered, which simplifies the cal­
culations. θj,j depends on the fugacity of each 
gas component according to the equation estab­
lished by the Langmuir adsorption theory: 

θ j ^ C j j . f j / O + X ⅞ f k ) (13) 
k 

where Cj,j is the Langmuir constant which ac­
counts for the interaction between gas j and H2O 

molecules in the different cavities, and fj is the 
fugacity of gas comonent j . Therefore, the calcu­
lation of the chemical potential of water requires 
an estimation of the Langmuir constants and 
µβ(P,T) which is the chemical potential of the 
hypothetical empty clathrate lattice at P and T. 

3.2.1. Calculation ofµ^(PJ) 
Munck et al. (1988) calculated µβ(P,T) from the 
difference µβ(P,T) - µ⅞2θ (P,T) by integrating 
over P and T and using the corresponding differ­
ences in enthalpy, molar volume and constant 
pressure heat capacity at the reference state 
(Pº = 1 bar and Tº = 273.15) given in Table 2. 

Table 2. Thermodynamic constants used for the calcula­
tion of µp(P,T) -µH2θi(P,T) from Munck etal (1988). 

Property Unit Value 

µºβ-µºaq J∙moΓ1 1264 
Hºβ-H⅛Oi J∙moΓ1 -4858 
vºβ - vºH2θi cm⅛oΓ1 4.6 
Cpºβ-Cp⅛Oj J∙moΓ1 K"1 -39.16 

3.2.2. Calculation of the Langmuir constants 
The model of Parrish & Prausnitz (1972) is satis­
factory for single gas clathrates but rather poor 
for some gas mixtures (Peng & Robinson, 1976). 
The model of Munck et al. (1988) is quite realis­
tic for single gas systems and mixtures with 
X(∞2) < 0.5: for pure CO2 fluids, and a fixed 
pressure, the dissolution temperature of clathrate 
was shifted by 0.5 °C towards lower temperature 
values. The poor agreement of the model of 
Munck et al. (1988) for CO2-∏ch fluids is prob­
ably due to their estimation of the Langmuir con­
stants from the experimental data given by 
Berecz & Balla-Achs (1983). The experimental 
data of Deaton & Frost (1940), Unruh & Katz 
(1949), Robinson & Mehta (1971) and Bozzo et 
al. (1976) are mutually consistent but signifi-
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cantly different from those of Berecz & Balla-
Achs (1983). Therefore, we used the set of con­
sistent experimental data to calculate the parame­
ters of the Langmuir constant. The Langmuir 
constants are calculated from the following equa­
tion: 

Cj,i(T) = 4π/kT ƒ exp(-c⅜i(r)/kT) ∙ r2dr (14) 

The first model was chosen because only 
three parameters (a, σ and ε) characteristic of the 
Kihara potential need to be determined and be­
cause the Langmuir constant is insensitive to var­
iations of the a parameter. Values of the a, σ and 
ε parameters were obtained from a best-fit regres­
sion of the available experimental data (Table 3). 

where ωµ(r) is the cell potential of gas j in cav­
ity i. 

The cell potential can be calculated in two 
ways: (1) from the McKoy & Simanoglu (1963) 
formula, which assumes a Kihara potential Γµ(r) 
with a spherical core between water and gas 
molecules (appendix (3); Parrish & Prausnitz, 
1972); or (2) assuming a square well potential 
Γ(r) which simplifies the calculation of the inte­
gral in equation (14), thereby reducing equation 
(14) as follows: 

Table 3. a, σ and ε parameters of the Kihara potential used 
for the calculation of the Langmuir constants (appendix 
7.3) and references of the experimental data. 

Cθ2 
CH4 
N2 
C2H6 
H2S 

a(pm) 

70.3 
30.0 
35.0 
40.0 
35.0 

σ(pm) 

295.8 
327.0 
328.0 
344.0 
325 

ε∕k(K) 

170.00 
152.00 
126.25 
175.0 
197.0 

References 

(a),(b),(d) 
(b),(c),(d) 
(c),(e) 
(b) 
(f) 

C(T) = (A/T) ∙ exρ(B∕T) 05) 

(a): Bozzo etal. (1975); (b): Deaton & Frost (1946); 
(c) Marshall etal. (1964); (d): Robinson & Mehta (1971); 
(e): van Cleeff & Diepen (1960); Selleck etal (1952). 
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Fig. 1. Experimental and cal­
culated pressure of pure gas 
clathrates versus temperature. 
References of experimental 
data are the same as those 
given in Table 3. 
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4. Results 

4.1. Salt-free systems 
Comparisons between experimental determina­
tions of clathrate-gas-aqueous solution equilibria 
and the predictions of the present model are 
given in Figures 1 and 2. The relative deviation 
between experimental and calculated pressure at 
given temperature is always better than 6 %, 
which demonstrates the quality of the model and 
the adjusted parameters. Most of the calculated 
values show a smaller deviation. The relative de­
viation on pressure shows a trend with tempera­
ture except for CH⅜. Indeed, the experimental 
data of the CH⅜ clathrate were obtained by three 
groups of experimentalists on different P-T inter­
val ranges, and thus show some inconsistencies. 
Usually, authors check the validity of their 
clathrate models using the relative deviation of 
the dissociation temperature at a given pressure, 

Fig. 2. Relative error {100 
(Pexp-Pcalc)/(Pcalc) versus 
temperature for pure gas 
clathrate systems. Pexp: ex­
perimental pressure; Pcalc: 

280 284 288 calculated pressure from the 
T(°K\ model. 

although temperature is a less sensitive parame­
ter. The deviation in temperature is less than 
0.3 K even for CO2. 

The model has also been also checked for 
several binary mixtures: CH4-CO2 (Fig. 3); 
CH4-C2H6; CH4-N2. The relative deviation of 
pressure is slightly greater than for the pure end-
members and can reach 10 % on individual sets 
of experimental data. Even if the uncertainties in 
pressure are rather high, the model predictions 
are of the same quality as the model of John et al. 
(1985) and Munck et al (1988). 

4.2. The Cθ2-H2θ-NaC! system 

The only available experimental data on a NaCl-
bearing system are given by Bozzo et al (1975). 
The relative uncertainty of the model predictions 
increases with the NaCl concentration, but re­
mains always less than 10 % (Fig. 4). 
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Fig. 3. Relative error {100 (Pexp-Pcalc)/Pexp) versus 
temperature for the binary CO2-CH4 system. The mole 
fraction of CH4 is given in parentheses. The experimental 
pressures are those of Unruh & Katz (1949). 

5. Application to fluid inclusions 

5.1. Variance analysis 

For the application of the clathrate model to fluid 
inclusions, the composition of the vapour phase 
is assumed to be known from Raman microspec-
trometric analysis. The water salinity, referred to 
the ⅜O-NaCl system, and the pressure of the 
vapour phase are the two unknowns which have 
to be determined from microthermometric meas­
urements and the modelling of clathrate stability. 
At the melting temperature of ice, the phase as­
semblage is the following: ice - liquid water -
clathrate - vapour phase. Since the temperature is 
known, the variance of the system is v = c+1-4 = 
c-3 where c is the number of independent com­
ponents. For a fluid inclusion with only one gas 
component, c = 3 (⅛O-NaCl-Gas) and v = 0. 
Therefore, the composition of each phase is 
fixed. This implies that the salinity of the 
aqueous phase can be determined. If the system 
contains n gases, the variance of the system is 
increased by n-1 but, as analysis of the vapour 
phase yields n-1 mole fractions, the number of 
unknown variables remains zero. From the 
temperature of ice melting (Tmlce) to the 
temperature of clathrate dissolution (TdCla), the 
clathrate releases water which lowers the salinity 
of the aqueous phase compared to its salinity at 
Tmlce. Thus, the salinity of the aqueous phase 
and the pressure of the vapour phase at TdCla 
would be overestimated if the salinity were 
directly derived from Tmlce without taking into 
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Fig. 4. Relative error {100 (Pexp-Pcalc)/Pcalc) versus 
temperature for the Ct⅛-⅛O-NaCl system. The num­
bers indicate the NaCl concentration in weight %. 

account the trapping of water molecules by 
clathrate. 

Cases are known to fractionate differently 
between the vapour phase and clathrate. There­
fore, the composition of the vapour phase at 
Tmlce is not strictly equal to its composition at 
TdCla. This point is addressed separately after 
the problem of salinity estimation. 

5.2. Salinity calculation from Tmlce 
The number of moles Ni(t> of component i at 
Tmlce (t=l) and TdCla (t=2) are given by the 
following equations: 
For ⅞O: 
nH2θ(l) = Paq(l) ' Vaq(l) 

/{MWH2θ(1000+MWNaCl * mNaCl(l))} 
rCla (16a) + XH2θ(l) ' VCla(l)/υcia 

where X j ⅜ n is the mole fraction of water 
molecules in clathrate at Tmlce. 

∏H20(2) = paq(2) ■ Vaq(2) 

/MWH2θ(1000+MWNaCl ∙ mNaCl(2)) (16b) 

paq(i) and paq(2) are calculated from the model of 
Potter & Brown (1977). 
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For NaCl: 
nNaCl(l) = paq(l) * mNaCl(l) ∙ Vaq(l) 

/(1000+MwNaα ♦ mNaαω) (17a) 
∏Naα(2) = paq(2) ∙ mNaCI(2) ∙ Vaq(2) 

/(1000+MwNaα ∙ mNaα(2)) (17b) 

For a gas component i, the mass balance 
equation involves the volume fraction of the 
vapour phase at Tmlce and TdCla, which are re­
spectively Vg(i) and Vg(2>: 

∏i(i) = Vg(i) ∕ υg(i) + x g * ∙ Vciad) 

∕ υαa + X ⅝ ∙ (nH2cχi) + nNaCi(i)) (18a) 

G Tmlce and models of 
PitzeΓ and Potter & Brown 

C 
) 

NaCl(l) Paq(l) J 

C Tmlce, stability clateate model 
and Soave EOS 3 

Cpi a ∏ d^g(i)j 

T 
m NaCl ( l ) - m N a Q ( 2 ) 

s TdCla, stability clathrate model 
and Soave EOS 

( P 2 and i ; g ( 2 ) ) 

(equations 16(a) = 16(b) 18(a) = 18(bΓ) 

CVg(l)/VCla/Vaq(l)) 

∏K2) = Vg(2) ∕ υg ( 2) + X ⅞ ) ∙ (nH20(2) 

+ ∏NaCl(2)) (18b) 

where X ^ is the mole fraction of gas component 
i in the clathrate at Tmlce and XJ^ is the mole 
fraction of gas i in the aqueous solution at 
temperature (t). 

The three equations of mass conservation of 
the type nκi) = ni(2) are written using equations 
(16a) to (18b). The unknowns are ∏H2θ(2), ∏Naα(2) 
and ∏i(2). Other unknowns are Vg(i>, Vcia(i) and 
mNaci(2). Vg(2) is estimated optically under the 
microscope. mNaCi(i) is calculated from the melt­
ing ice temperature from the Pitzer model. Vg(i>, 

NaCl(2) 

Fig. 5. Algorithm for the calculation of 
salinity from Tmlce, TdCla and Vg(2). 
EOS: equation of state. 
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Fig. 6. Influence of the volume fraction of the vapour 
phase on the estimation of the correct salinity of the 
aqueous solution and the molar volume of the vapour 
phase. The vapour phase is assumed to contain only CH4. 
Tmlce = -5 °C. - a: variation of the NaCl molality of the 
aqueous solution versus TdCIa for two volume fractions 
of the vapour phase at TdCIa. b: relative error made on the 
molar volume of the vapour phase versus TdCIa if the 
salinity of the aqueous solution was directly derived from 
Tmlce. υg,c: correct molar volume of the gas phase calcu­
lated at TdCIa for a salinity calculated iteratively by the 
procedure described in Figure 6; υg,nc: uncorrected molar 
volume of the vapour phase if the salinity is derived from 
Tmlce and used for the calculation of the vapour pressure 
atTdCla. 

Vciad) and mNaCi(2) are calculated by trial and 
error, the molar volume of the vapour phase at 
TdCIa is calculated by the model from the pres­
sure Pi at Tmlce. The algorithm of this calcula­
tion is described in Apendix 7.4 and in Figure 5. 
Numerical results are strongly dependent on the 

amount of vapour phase (Vg(2>) (Fig. 6a and 6b). 
For instance, mNaCi(2) is half of mNaCi(i) for Vg(2) 
= 0.5. Obviously, the greater is the difference 
TdCla-Tmlce, the greater is mNaCi(2) - mNaCi(i). 
In addition, the molar volume of the vapour 
phase is underestimated if the salinity at TdCIa is 
considered to be equal to mNaCi(i) instead of 
mNaCi(2) as calculated by the computer program. 
These calculations indicate that both the salinity 
and the vapour phase molar volume cannot be 
derived directly from Tmlce: Vg(2) and TdCIa 
must be taken into account. 

290 

5.3. Influence of gas fractionation on salinity 
determination 

The fractionatio∩ of the different gases between 
clathrate and vapour phase can be taken into ac­
count in the mass balance equations. The mass 
balance equations for H2O and NaCl remain 
identical to equations (16) and (17). The modifi­
cations concerning the gas components i are: 

∏i(i)=yi(i) ∙ Vg(i)∕υtfi) + X ⅞ ∙ Vcia(i)/υχλα 
x ⅞ * (i⅝od) + nNad(i)) (19a) 

nj(2) = yi(2) ∙ Vg(2) I υg(2> 
X ⅞ * (∏H20(2)) + nNaCl(2)) (19b) 

Calculations show that there is a negligible 
influence of gas fractionation between Tmlce and 
TdCIa on the estimation of salinity. Indeed, the 
molar volume 5120g(i> and mNaCi(i) are the only 
parameters affected by this effect. However, 
mNaCi(i) can be considered as constant since the 
variation of the activity coefficient of water does 
not vary significantly with pressure over an inter­
val smaller than 10 bar, water being considered 
an incompressible fluid in the P-T interval of 
interest. 

6. Conclusion 
The model proposed in this paper predicts, with a 
satisfactory accuracy, the pressure of the vapour 
phase at the dissolution temperature of the gas 
clathrate in single component gas systems. The 
slightly larger uncertainty for gas mixtures is 
probably related to erratic variations in the qual­
ity of the experimental data. However, this model 
provides a good estimation of the molar volume 
of the vapour phase and salinity of the aqueous 
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solution using gas compositions determined by 
micro-Raman analysis and the microthermometry 
of phase equilibria involving gas clathrates. This 
resolves the problem of the determination of both 
the aqueous solution salinity and the vapour 
phase density in gas-bearing fluid inclusions, a 
difficult problem already pointed out by Ramboz 
et al (1985) and Thomas & Spooner (1988). 
Such a model could also be used to derive the 
salinity of the aqueous solution in the case where 
clathrate dissolves in the presence of the CO2-
rich vapour and liquid phases, but this requires 
further research. Finally, this model may also be 
used to predict the behaviour of clathrates in nat­
ural environments, such as in permafrosts in con­
tinental environments or in sediments (Mako-gon 
et ai, 1972; Kvenvolden, 1988; Sloan, 1990). 

7∙ Appendices 

7.1. Equations for the calculation of the 
osmotic coefficient (equation 9) 

Aθ = (2∏ Na pºaq)1/2 {e^πεoεrkT)}15 

B O ^ + p ^ e x p ^ ^ m N a C i ) 1 ' 2 

where β(0) = 2xi + 2X2/T + x3 T2/6 
+ x4T3/12 + xsfllO 

β(1) = 2x6 + 2x7/T + xgT2/6 
+ x9T3/12 + xi0T4/20 

Cθ/2 = 2x∏ + 2xi2/T + xi3T2/6 + x∏T3/^ 
+ xis⅞O 

Values of Xi parameters are given in Table 1. 

7.2. Equations related to the Soave equation 
of state (equations 10, and 11) 

The ai(T) and t⅜ parameters for a gas i are calcu­
lated from the following equations: 
a⅜(T) = {0.42747 (R Tc,i)2 ∕ Pc,i} <Xi(T) 

with {θi(T)}º 5 = 1 + Fi (1-Tr,iº 5) 
and Fi = 0.480 + 1.574 o⅜ - 0.176 α⅜2 

where ö⅜ is the acentric factor of gas 
species i calculated from the equation: 
-1-α⅜ = log (Pr>i) for TΓ,i = 0.7 along the 
saturation curve. 

bi = 0.08664 R Tc,i/Pc,i 

The fugacity γi coefficient of a pure component is 
calculated from the equation: 

ln(γi) = Z-l-ln(Z^-Bi) - Ai/Bi In {(Z+Bi)/Bi} 
where Ai = (⅜(T)P∕(RT)2 

= 0.42747 (%(T) PΓ,i/{Tr,i}2 

and Bi = ⅛P/RT = 0.08664 Pr/IY; 
The fugacity coefficient of the gas species i in a 
mixture is calculated from the equation: 
ln(γO = (bi/bm)(⅞-l) - ln(Zr-Bm) 

-Am/Bm{2(⅜/am)05 

- (b/bm)}ln(l+B,n/Z) 
where Am = 0.42747 P/T2{ΣyiTCti 
aiα5/Pc,iº∙5}2 

and Bm = 0.08664 P/T{Σ yi Tc,i/Pc,i} 

7.3. Derivation of the spherically symmetric 
cell potential ω(r) for equation (14) 

The Kihara potential used by Parrish & Prausnitz 
(1972) and in this work, describes the interaction 
between the gas molecule inside its cavity and 
an H2O molecule of the wall. It is defined by the 
following equations: 
Γ(r) = ~,r ≤ 2a 
Γ(r) = 4 ε {[σ/(r-2a)]12 - [σ/(r-2a)]6} 

where ε is the characteristic energy, 
a is the core radius and σ+2 the collision 
parameter. 

Summing over all the gas⅞O interactions in the 
cell, Parrish & Prausnitz (1972) give the cell 
potential ω(r) (McKoy & Simanoglu, 1963): 
ω(r) = 2zε{σ12 (δ10 + a/tRδ11]) ∕ R n r - σ6 (δ* 

+ a/[R⅜) ∕ R5r} 
where &1 = {(1 - r/R - a/R)_N 

- (1 + r/R - a^)"N}/N 
with z, the coordination number in 
cavities (20 and 24), 2R, the cell diam­
eter (7.95 and 8.60 Å) 

7.4. Algorithm for the calculation of salinity 
as a function of Tmlce, Td Cl, V2,g 

Step 1: the salinity of the aqueous solution at 
Tmlce is calculated from the model of Pitzer; the 
density of the aqueous solution is calculated from 
the equation of Potter & Brown (1977). Step 2: 
υg(i) is calculated at Tmlce from the pressure Pi 
calculated by the model. Step 3: calculation of 
pressure P2 and υg<2) at TdCla. Step (4): calcula­
tion of Vg(i), Vcia(i) and Vaq(i) from mass balance 
equations on water and gas. Step (5): ∏NaCid) and 
nNaCi(2) are derived from equations (17a) and 
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(17b). Step 6: the convergence of the calculation 
is checked. 
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