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Abstract 
 
Semi-qualitative isobaric and isothermal phase diagrams are presented, which describe phase 
transitions involving clathrates in the H2O-CO2, H2O-CH4 and the H2O-CO2-NaCl fluid system. 
For quantitative analysis, a model based on statistical thermodynamics is introduced to predict 
clathrate stability conditions in the presence of fluids within these systems. The phase diagrams 
can be used to deduce phase transitions in fluid inclusions, i.e. isochorical systems, during 
heating and freezing cycles at microthermometric stages, as illustrated with several examples. 
 
 
Introduction 
 
Fluid inclusions which contain a mixture of H2O, gases, and occasionally salts form an ice-like 
solid phase close to the freezing point of pure H2O. This solid phase which is called clathrate or 
gas hydrate can be visually distinguished from pure ice in fluid inclusions (Fig.1). The 
formation of the clathrate phase complicates the interpretation of low temperature 
microthermometric measurements, as it consumes both H2O and gases. Any remaining aqueous 
solution phase will be more saline because salt is excluded from the clathrate phase, and any 
remaining volatile-rich phase will be less dense. Thus, in the presence of a clathrate it is not 
possible to derive the salinity directly from the melting temperature of pure ice (Potter and 
Brown, 1977; Bodnar, 1983), and in multi-component salt-free systems it is not possible to 
derive directly the density and molar volume of the CO2-CH4-N2-rich phase from liquid-vapour 
transitions (Kerkhof, 1990; Thiéry et al, 1994). 
 Determination of P-T-V-X properties of phase transitions involving clathrates is 
necessary to improve the compositional and volumetric characterisation of the fluid in 
individual inclusions. First, a few words will be given about the general chemistry and structure 
of clathrates, and a short outline is given about the stability model. Then, the topology of H2O-
CO2, H2O-CH4 and H2O-CO2-NaCl systems are described. Finally, some examples are given of 
phase transitions involving clathrates within fluid inclusions during heating. This course should 
be viewed as an application of concepts which have been presented elsewhere (e.g. Dubessy et 
al., 1992; Diamond, 1992 and 1994), and as an introduction to more applied papers about the 
interpretation of clathrate equilibria in fluid inclusions. 
 
 
Chemistry and structure of clathrates 
 
A clathrate has a metastable framework of H2O molecules with various types of cavities, which 
is stabilised by the presence of gas molecules in part of these cavities (Stackelberg and Müller, 
1954; Waals and Platteeuw, 1959; Sloan, 1990). Clathrates crystallise in at least two possible 
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cubic structures, usually referred to as Structure I and Structure II (Fig.2). H2O molecules are 
linked to each other by H-bonds, similar to ice, whereas encaged gas molecules interact only 
with their neighbouring H2O molecules by weak physical forces, which are the sum of 
repulsive and attractive forces (e.g. Prausnitz et al., 1986). 
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 Molecules, such as CO2, CH4, N2, C2H6, C3H8 (propane), C4H10 (isobutane) may occupy 
the cavities. Molecules larger than n-butane do not fit in any type of cavity and are, therefore, 
unable to enter clathrate structures. CH4 and CO2 form preferentially Structure-I clathrates, and 
the N2 Structure-II clathrates. C3H8 is able to form both clathrate structures at distinct 
conditions (Hafemann and Miller, 1969). Molecules larger than C3H8 may enter only in the 
larger cavities of Structure-II clathrates. Structure-II clathrate may coexist with Structure-I 
clathrate when the fluid inclusions contain mixtures of CO2, CH4 and N2. 
 It is important noting that clathrates are non-stoichiometric compounds. If all cages are 
occupied, the ideal composition of Structure-I and Structure-II clathrates are: 
 
  M ! 5 34 H2O (I)    M ! 5 23H2O (II)  
 
where M denotes a gas molecule. The formula is normalised at one gas molecule. If only the 
larger cavities are filled, the composition of Structure-I and Structure-II clathrates are: 
 
  M ! 7 23 H2O (I)    M !17H

2
O (II)  

 
The variable stoichiometry seems to be temperature and pressure dependent, which resulted in 
large uncertainties of any direct chemical analysis. 
 The stability conditions of a clathrate is influenced by so-called inhibitors, like 
dissolved electrolytes and alcohols. These inhibitors do not enter clathrate structures, but lower 
the activity of the solute by means of affecting its fluid structure. Any concentration of 
dissolved electrolytes will lower the temperature of clathrate formation at a given pressure, 
similar to the effect of freezing-point-depression in gas-free solutions. 
 

 
 

  
 

Fig.2. Three types of cavities within clathrate structures: pentagonal dodecahedron 
(a), tetrakaidecahedron (b), and hexakaidecahedron (c), which form the fundamental 
structural elements of Structure I clathrates (d) and Structure II clathrates (e). After 
Stackelberg and Müller (1954) and Sloan (1990). 
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Statistical model of clathrate stability conditions 
 
Modifications of classical adsorption statistical mechanism, which include a three dimensional 
generalisation of ideal localised adsorption, were the first fundamental approaches to model 
clathrate stability (Waals and Platteeuw, 1959). The model assumes that a cavity may contain 
maximally one gas molecule, that no interaction exist between gas molecules, and that the 
encaged gas molecules are not distorting the host lattice. Characteristic aspects of this model 
were improved or adjusted by e.g. McKoy and Sinanoglu (1963), Parrish and Prausnitz (1972), 
Holder et al. (1980), Dharmawardhama et al. (1980), John et al. (1988), Munck et al. (1988), 
Dubessy et al. (1992) and Bakker et al. (in prep.). 
 The formation of a clathrate can be represented by an equilibrium reaction between 
three phases: 
 
   nH

2
O
!

+ M
"

= M # nH
2
O( )

clath  
 
where M is a type of gas that is encaged, n is the amount of mole H2O per mole encaged gas, α 
is an liquid aqueous solution or ice, and β is a vapour or a liquid phase. The chemical potential 
of each component must be equal for every phase in which that component is present at 
equilibrium conditions. Fractional filling of the cavities in the clathrate reduces the chemical 
potential of H2O in this phase, thereby making it more stable: 
 

  µH 2O

clath
= µH2O

empty
+ RT ! i ln 1" yMi

M

#
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where µH 2O

empty  is the chemical potential of a hypothetical empty clathrate, νi is the number of 
cavities of type i per cage forming H2O molecule, and yMi is the probability of finding a gas 
molecule M in a cavity of type i. The chemical potential of H2O in the α phase is defined by: 
   µH 2O

!
= µH2O

pure
+ RT ln aH2O( )  

 
where aH2O is the activity of H2O. In aqueous solutions, aH2O is affected by dissolved gases 
according to Henry's law (e.g. Wilhelm et al., 1977; Carroll et al. 1991) and electrolytes 
according to the product of the amount of dissolved ions and the osmotic coefficient (e.g. 
Debije and Hückel, 1923; Pitzer, 1992; Helgeson and Kirkham, 1974; Thurmond and Brass, 
1988). 
 A relation was established between yMi and Langmuir-constants, according to the 
adsorption model of Waals and Platteeuw (1959): 
 
   yMi(T, P) =

CMi fM

1 + CKi fK
k

!
 

 
where CMi is the Langmuir-constant for gas M in a cavity of type i, and fM is the fugacity of gas 
M. This equation is a generalised notation for mixed hydrates, which contain more than one 
encaged gas species (M and K). The Langmuir-constant is defined by molecular cell potentials 
within cavities: 
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where r is the distance to the centre of the cage, and w(r) is the spherically symmetrical 
potential function describing the intermolecular potential between a gas molecule at the centre 
of a cage and a H2O molecule in the cavity wall, which is average over all neighbouring H2O 
molecules. The Kihara-potential (Kihara, 1953) which considers the size and shape of 
interacting molecules is used to calculate w(r). This potential seems to give better predictions 
of dissociation pressures of clathrates at selected temperatures than  the Lennard-Jones 12-6 
potential (McKoy and Sinanoglu, 1963), as originally used by Waals and Platteeuw (1959). 
 An arbitrarily defined chemical potential difference Δµ between H2O in the hypothetical 
empty clathrate and pure H2O is used to obtain thermodynamic properties at any given 
temperature and pressure (Saito et al., 1964): 
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where Δh, Δv, and ΔcP are the enthalpy difference, molar volume difference, and heat capacity 
difference between an empty clathrate and pure H2O, respectively. Δµ0 and Δh0 are the 
chemical potential difference and the enthalpy difference at standard conditions. Δµ is 
considered a standard value for a given clathrate structure, because it is not related to the type 
of encaged gas molecule and dissolved substances in aqueous solutions. 
 The accuracy and assumptions of this clathrate model were improved by the 
determination of more suitable Kihara parameters (e.g. Dubessy et al., 1992, Bakker et al., in 
prep.), according to the method of Parrish and Prausnitz (1972). Unknown Kihara parameters 
between a H2O and a gas molecule in the clathrate structure were estimated with the least-
square method, which compares experimental data points  of clathrate dissociation conditions, 
i.e. temperature and pressure, to calculated values. The clathrate model can be used to calculate 
the stability conditions of clathrates containing any type of gas, in equilibrium with any type of 
aqueous solution. Furthermore, the model is able to calculate the stoichiometry of clathrates. 
 
 
Symbols 
 
H, S, L, and V stand for clathrate, solid, liquid and vapour phase, respectively. The subscripts 
aq and car denote aqueous and carbonic solution , where carbonic refers to any gas mixture of 
CO2, CH4, and N2. 
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Fig.3. Schematical P-T diagram with phase relations in the H2O-CO2 system. The 
numbered lines represent three phase equilibria. The dark numbers are clathrate 
absent equilibria. See text fur further details 

Topology of the H2O-CO2 system 
 
A pure qualitative P-T diagram of the binary system H2O-CO2 with schematically projected 
phase equilibria (Fig.3) illustrates the position of phase relations in perspective to the pure end-
members. The univariant two-phase associations of pure H2O and pure CO2 are indicated with 
dashed lines: melting curve (SL), sublimation curve (SV), and boiling curve (LV). These lines 
intersect at invariant triple points, where vapour, liquid and solid coexist. The boiling curve 
ends at the invariant critical point, where the structural distinction between liquid and vapour 
vanishes. A thin line which connect critical points of different total compositions is projected 
into the diagram. This line is split into a low-temperature and a high temperature part (e.g. 
Heilig and Franck, 1989). The low temperature part of the critical curve starts from the pure 
CO2 critical point, i.e. 304.2 K and 7.3858 MPa, and ends at a lower critical end point (CEP) at 
a slightly lower pressure and higher temperature. The high temperature part of the critical line 
starts from the H2O critical point, i.e. 647.27 K and 22.12 MPa, shows a temperature minimum, 
and than runs to very high pressures as temperature increases. The thick solid lines illustrate the 
univariant three-phase associations in the binary H2O-CO2 system. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The maximum stability conditions of CO2 clathrate are represented by the shaded area. The 
upper temperature limit of clathrate stability is line 11 (Fig.3), where it melts into unmixed 
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liquid-like fluids, a CO2-rich  and a H2O-rich. At very low pressures, clathrate decomposes in a 
CO2-rich vapour phase and ice or a H2O-rich liquid solution (lines 4 and 1 in Fig.3, 
respectively). The lines intersect at invariant quadruple points: Q1 (H+Saq+Laq+Vcar), Q2 
(H+Laq+Lcar+Vcar), Q3 (H+Scar+Lcar+Vcar), and Q4 (H+Saq+Scar+Vcar). The Q4 point is 
hypothetically projected to illustrate a possible lower temperature limit of clathrate stability 
(line 8 in Fig.3), where it may unmix in solid CO2 and ice. 
 In practice, projections as presented in Fig.3 may be confusing. For example,  non-
existent line-intersections may appear as a result of the projection method along composition, 
e.g. line 3 and 5. Line 3 occurs only for H2O-rich fluid systems, up to about 13 mole% CO2 
(clathrate composition), while line 5 is valid for CO2-richer fluids. The amount of dissolved 
components or composition of each phase is not revealed in Fig.3, which may, however, 
control the characteristic phase changes. The quadruple point Q3 is not present in H2O-rich 
fluids, and, consequently, line 5, 6, and 9 do not occur. The critical point of CO2 is very close to 
CEP and can hardly be distinguished. Consequently, the three-phase Laq+Lcar+Vcar (line 10) and 
its extension H+Lcar+Vcar (line5) coincide with the boiling curve of pure CO2. Furthermore, two 
distinct  temperature and pressure values were estimated for the position of Q1: 271.67 K and 
1.04 MPa according to Larson (1955) and Bozzo et al. (1975), and 273.15 K and 1.26 MPa 
according to Davidson (1973) and Sloan (1990). Systematic Q1 values at 273.15 K would 
cause a coincide of the melting curve of pure H2O and line 2 and 3 (Fig.3). Within synthetic 
H2O-CO2-rich fluid inclusions Q1 is determined at 271.7 K (pers. comm. M. Dubois). 
 The actual phase relations in the H2O-CO2 system are revealed in Fig.4. To characterise 
all phase equilibria in this system, a P-T diagram is constructed for a fluid which is CO2-richer 
than the clathrate phase (Fig.4a) and which is CO2-poorer than the clathrate phase (Fig.4b). 
These two projections do not display any non-existent intersections. 
 

 
Fig.4. P-T diagrams with actual stability conditions of CO2-clathrate for 
CO2-rich fluids (a) and H2O-rich fluids (b). See text for further details. 
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 Several semi-schematical isobaric T-X diagrams (Fig.5) are constructed over a wide 
range of selected pressures to elucidate any misinterpretation of Fig.3. Fig.5 is based on 
experimental data of the solvus (Tödheide and Franck, 1963; Takenouchi and Kennedy, 1964; 
Sterner and Bodnar, 1991), mutual solubility (e.g. Wilhelm et al., 1977; Carroll et al., 1991; 
Carroll and Mather, 1992), and clathrate stability (Deaton and Frost, 1946; Unruh and Katz, 
1949; Larson, 1955; Robinson and Metha, 1971). The P-T conditions of univariant and 
invariant phase transitions of the pure end members are obtained from Bridgeman and Aldrich 
(1964) and Vargaftic (1975) for H2O, and Angus et al. (1976) and Duschek et al. (1990) for 
CO2. The diagrams are not drawn to scale, as solubilities are very small. Some parts have been 
greatly over-emphasised, as they are important for the understanding of phase relations. The 
composition of the clathrate is taken as nearly constant to a first approximation. 
 

 

 

 
 

Fig.5. A series of six isobaric T-X diagrams at 0.1, 0.9, 3, 6, 10 and 40 MPa. The shaded 
areas are one-phase domains. Temperature indications are approximately. Phases are 
indicated which are present in two-phase domains. Any horizontal line indicate a three-
phase equilibrium, which correspond to the numbered lines in Fig.3. See text for further 
details. 
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 At room pressure (0.1 MPa), the clathrate is occurring at very low temperatures, below 
223.1 K. Liquid-like CO2 is not present at this relatively low pressure condition, which is below 
the triple point of pure CO2, 216.58 K and 0.5185 MPa. At higher temperatures, a CO2-rich 
vapour is in equilibrium with pure ice, and above 272.5 K with a H2O-rich liquid. At 0.9 MPa, 
near Q1 pressure, the clathrate stability field has expanded to 263.1 K. Liquid-like CO2 appears 
at lower temperatures, between 215.5 and 230 K, and vapour-like CO2 above these 
temperatures. At 3 MPa between Q1 and Q2 pressures, clathrate is occurring at still higher 
temperatures (281 K), however the temperature dependence decreases steadily. Clathrate may 
occur in the absent of ice. The CO2-rich liquid monophasic domain has expanded to 267.1 K. 
At 6 MPa above Q2 pressure, the transition of a CO2-rich liquid to a CO2-rich vapour occurs at 
higher temperatures (297.1 K) than the melting temperature of clathrate (283.1 K). At 10 MPa, 
above the critical pressure of pure CO2, monophasic domains of both CO2-rich  liquid and 
vapour are joined and the structure of this supercritical CO2-rich fluid resembles a liquid phase. 
The most pronounced alteration between 10 and 40 MPa is the change of CO2 solubility in 
liquid H2O. which decreases at higher temperatures at 10 MPa, but increases at 40 MPa. As a 
result, the separated one-phase domains of a H2O-rich liquid and a CO2-richer vapour are united 
and the immiscibility domain detaches from the pure H2O axis. 
 

 
 

Fig.6. A series of six isothermal P-X diagrams, at 217, 271, 272.5, 278, 
284 and 373 K. See text for further details. 
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 In addition, several isothermal P-X sections are shown in Fig.6, with increasing 
temperatures. Similar to the T-X diagrams (Fig.5) these diagrams are not drawn to scale, and 
the indicated pressures are approximate. The diagrams in Fig.6 may change drastically within 
very small temperature intervals  because several phase transitions are nearly pressure 
independent (lines 3, 6, 8, and 11 in Fig.3). Diagrams are not constructed for temperatures 
below the triple point of pure CO2, because P-T conditions for Q3 and Q4 are unknown. 
Similar phase transitions as in Fig.5 are illustrated from a different perspective. At 373 K, 
Laq+Vcar domain is the only remaining immiscibility region. The supercritical CO2-rich phase 
resembles a vapour at low pressures and gradually changes to a liquid-like fluid at higher 
pressures. 
 Fig.7 focuses on three characteristic occurrences of Fig.5 and 6. Q2 conditions are 
intersected between 278 and 284 K in Fig.6. The H+Laq+Lcar curve (line 11 in Fig.3) is more 
sensitive to temperature changes than the Laq+Lcar+Vcar curve (line 10 in Fig.3), and 
consequently, they coincide at Q2 conditions (Fig.7a), where clathrate (x2) is stable with a H2O-
rich liquid of composition x1, a CO2-rich liquid of composition x3, and a CO2-rich vapour of 
composition x4. Fig.7b illustrates the theoretical occurrence of a critical point in a CO2-rich 
fluid system between the critical pressure of pure CO2 and the CEP. A very small domain of 
coexisting CO2-rich liquid and vapour is present. The coexistence of a CO2-rich solid, liquid 
and vapour with very small amounts of dissolved H2O is illustrated in Fig.7c (line 7 in Fig.3). 
This figure also illustrate the extremely small freezing point depression of the pure CO2 triple 
point if H2O is added to the system. 
 
 

 
 
 
Topology of the H2O-CH4 system 
 
The H2O-CH4 fluid system (Fig.8) as described by Kobayashi and Katz (1949), displays a 
different phase transition behaviour than the H2O-CO2 system. The differences are mainly 
induced by the relatively low critical point of pure CH4, 190.55 K and 4.595 MPa, which is 
located within the clathrate stability field. Consequently, the invariant point Q2 is not present in 

 
 

Fig.7. P-X diagram at 283 K (a), and two T-X diagrams at 7.4 MPa (b) and 
0.11 MPa (c). See text for further details. 
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this system, and the H+Laq+Vcar curve (line 1 in Fig.8) extends to extreme high pressures. 
Furthermore, the pure CH4 boiling curve occurs at slightly lower pressure than the H+Lcar+Vcar 
(line 5 in Fig.8), and the CEP lies above the critical point of pure CH4. 
 Three T-X diagrams (Fig.9) are constructed to indicate the similarities between the 
H2O-CO2 system and the H2O-CH4 system. The thermodynamic data for pure CH4 are obtained 
from Angus et al. (1978). At 0.01 MPa, the CH4 clathrate occurs at very low temperatures, 
similar to the H2O-CO2 system. At pressures above 4.595 MPa, the two phase domain of CH4-
rich liquid and CH4-rich vapour disappears at temperatures below the dissociation temperature 
of clathrate. At higher pressures, this system is again very similar to the H2O-CO2 system above 
the critical conditions for pure CO2. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Topology of the H2O-CO2-NaCl system 
 
The addition of NaCl to the H2O-CO2 system increases the variance of the system, and 
decreases the ability to illustrate phase transitions within two-dimensional graphs, where 
univariant curves represent equilibria between four phases, and 5 coexisting phases are 
displayed by invariant points. The presence of clathrate in this ternary system was 
experimentally investigated by Larson (1955), Bozzo et al. (1975), and Diamond (1992). 
Darling (1991) improved the empirical equation for the temperature depression of Q2 melting 
behaviour as a function of salinity from Bozzo et al. (1975). Barton and Chou (1993) calculated 
the liquidus for the H2O-rich corner of this system. The stability field of CO2-clathrate is 

 
 

Fig.8.  Schematical P-T diagram of the H2O-CH4 system. The 
numbered lines represent similar phase equilibria as indicated in 
Fig.3. See text for further details. 
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reduced by any type of additional salt (Fig.10), as the H+Laq+Vcar curve (line 1), Saq+Laq+Vcar 
curve (line 2) and H+Laq+Lcar curve (line 11) are shifted towards lower temperatures with 
increasing salinities, similar to the effect of freezing point depression. These curve will shift 
back again to higher temperatures for fluids which are more saline than the eutectic point, 24.2 
wt% NaCl. 
 

 

 

 
Fig.9. Three isobaric T-X diagrams, at 0.01, 2.4 and 4 MPa. See text for further details. 

 
 
Fig.10. Schematical P-T diagram for the H2O-CO2-NaCl system. Isopleths of 0, 5, 10 and 24.2 wt% 
NaCl are projected. At eutectic conditions, the invariant point Q1e represents equilibrium between five 
phases (H+Laq+Vcar+Saq+Hydrohalite) at 251.65 K, 0.578 MPa and 24.2 wt% NaCl. Q2e is the 
invariant peritectic H+Laq+Lcar+Vcar+Hydrohalite (263.55 K, 2.68 MPa and 24.2 wt% NaCl). The 
numbered lines indicate similar phase transitions as indicated in Fig.3. 
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Clathrates in fluid inclusions 
 
During phase transition analysis of fluid inclusions using a heating-freezing stage, inclusions 
are assumed to have a constant absolute volume. Decrepitation is easily detected and shrinkage 
or expansion of the host crystal is neglected. Therefore, fluid inclusions are isochoric systems. 
Projected phase transitions in V-X diagrams at selected temperatures may clearly indicate the 
evolution of the entrapped fluid during a heating sequence. The formation of solid phases in 
fluid inclusions changes the density and molar volume of the fluid, and corresponding pressures 
have to be obtained to calculate the molar volume of each phase present. A P-T diagram is 
constructed for the H2O-CO2 system (Fig.11) to illustrate isochoric cuttings. 
 

Phase transitions in fluid inclusions along these isochores are schematically drawn in Fig.12. 
Isochore 1 represent  a relative high total density fluid with a liquid-like CO2 phase. At 
temperatures below Q3 along curve 9 (Fig.3) fluid inclusions contain two solid phases, i.e. 
clathrate and solid CO2, and a CO2-rich vapour. At Q3, the CO2 melts and a bubble appears 
with a clear meniscus, marking the boundary between liquid and vapour CO2. These phases 
homogenise to the liquid phase before the clathrate is melted, and the system moves into a two 
phase domain. 

 
 

Fig.11. Schematical P-T diagram with 4 projected isochores, 1, 2a, 2b and 3, 
indicating phase transitions and internal pressure variation during heating in H2O-
CO2-rich fluid inclusions with different densities. The bulk composition is CO2-
richer than the clathrate phase. See text for further details. 
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Fig.12. Phase changes in fluid inclusions along the four isochoric paths in Fig.11. 
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At the intersection with curve 11 clathrate start to melt, releasing free liquid H2O and CO2, 
which increases the density of the CO2 phase. During a melt trajectory, the system shifts to a 
higher density isochore until all the clathrate is melted. The two remain phases, i.e. CO2-rich 
liquid and H2O-rich liquid homogenise at higher temperatures and extreme high pressures. 
Towards this homogenisation, the solubility of H2O in the CO2 phase increases and the isochore 
from the two phase fluid bends steadily towards the final isochore of the complete 
homogeneous fluid. At lower CO2 densities, isochore 2a (Fig.12) illustrates a fluid system 
which shows clathrate melting at Q2 conditions before homogenisation of the CO2 phases. The 
pressure evolves along the boiling curve of CO2 (line 5 in Fig.3) during heating, because both 
CO2 liquid and vapour remain present.. Although, homogenisation of the CO2 occurs in the 
liquid phase, the total homogenisation occurs in the vapour phase, because the critical point for 
this particular fluid composition is located at higher pressure. Isochore 2b illustrate a similar 
fluid system, where the CO2 phases homogenise in the vapour phase. Further phase changes are 
similar to isochore 2a. Fluid inclusions with a very low CO2 density  contain a mixture of 
clathrate and a CO2-rich vapour, isochore 3 (Fig.12). These inclusions have a much larger 
clathrate melting trajectory , because  the curved stability boundary (line 1 in Fig.3) indicate an 
increased temperature sensitivity for equal pressure intervals. In special cases, CO2 densities 
may reach Q2 conditions during clathrate melting, which illustrates a phase separation during a 
heating run. 
 
 

 
 

Fig.13. Schematical P-T diagram with 4 projected isochores, similar to Fig.11.The 
bulk composition is H2O-richer than the clathrate phase. See text for further details. 
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Fluids which are richer in H2O than the composition of the clathrate phase (Fig.13) do not in 
general enter the clathrate stability field. Outside this field, the isochoric sections drawn in 
Fig.13 represent similar phase changes as shown in Fig.12. At low temperatures, the inclusions 
contain  a mixture of clathrate, ice and a very low density CO2-rich vapour (line 4 in Fig.3), 
because most of the CO2 is absorbed in the clathrate phase. The ice melts completely at Q1 
conditions, and a bubble appears which marks the boundary between an aqueous liquid solution 
and a CO2-rich vapour in the presence of a solid clathrate phase. During further heating, the 
pressure inside the inclusion increases due to the release of CO2 from the melting clathrate 
phase, and the fluid system moves towards Q2 along curve 1. A combination of the final ice 
melting temperature and the final clathrate melting temperature was used by Dubessy et al. 
(1992) and Yerokin(1993) to calculate the bulk salinity of fluid inclusions. The final ice 
melting temperature cannot be used for salinity estimations because the melting clathrate will 
further dilute the solution. These calculation also depends on estimations of volume fractions of 
the phases present in inclusions after clathrate melting, and, consequently, the bulk composition 
and density may be calculated. 
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