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Natural gas hydrates exist in porous media at high pressure and low temperature, including permafrost. 
The development of express methods for calculating hydrate phase equilibria in soils and sediments, including 
the equilibrium content of nonclathrated water, i.e., the pore water, which is in equilibrium with hydrate and 
hydrate-forming gas under given thermobaric conditions, is of special interest in the study of natural hydrates. 
Nonclathrated water is similar to unfrozen water in frozen soils. The current study covers thermodynamic rela-
tionships for calculating nonclathrated water content in soil under certain thermobaric conditions on the basis 
of experimental data of pore water activity and soil water content. It is shown that at a fixed temperature the 
nonclathrated water content sharply decreases according to a power law during an increase in gas pressure. The 
results of thermodynamic calculation are in agreement with direct measurements of nonclathrated water in soil 
systems using the contact method. Thus, at temperatures below 0°C, the content of nonclathrated water in 
kaolinite clay and in sandy clayey soils decreases by more than two times with an increase in methane pressure 
from 2.3 to 11 MPa. The obtained relationships allow us to recalculate the nonclathrated water content upon 
transition from one hydrate-forming gas to another, as well as calculate nonclathrated water content using the 
unfrozen water content curve at different temperatures. The developed thermodynamic approach can be applied 
to various hydrate-forming gases and their mixtures.
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INTRODUCTION

The effect of porous media on phase equilibria of 
gas hydrates has been studied in Russia since the 
1960s. The first experimental data obtained by 
Yu.F. Makogon [Makogon, 1974] showed that ther-
mobaric equilibrium conditions of hydrate formation 
in a porous medium may differ from those of hydrate 
formation in a free volume. To evaluate the influence 
of different types of porous media, including dis-
persed soils, on gas hydrate equilibria, a new parame
ter – the capillary radius – was added to the thermo-
dynamic model under the assumption that the porous 
medium can be described as a system of capillaries 
with a certain average radius. As a rule, for hydro-
philic capillaries, the value of cos θ was assumed to be 
equal to unity (q is the contact angle). Such a simple 
model allowed us to calculate the value of the tem-
perature shift of the hydrate formation curve at a 
given pressure depending on the average radius of 
capillaries, in which the pore water is located. The 

hydrate formation temperature shift increases with 
decreasing capillary radius. A further step in the de-
scription of hydrate equilibria in a porous medium 
was to define the structure of the pore space of the 
soil system as a certain distribution (from narrow to 
wide) of capillaries by size. Using this distribution, it 
is possible to determine the thermodynamic proper-
ties of pore water, to calculate the shift of hydrate 
equilibrium from the sample moisture content, and to 
compare the calculations with direct experimental 
measurements [Handa, Stupin, 1992; Clarke et al., 
1999; Uchida et al., 1999, 2002, 2004; Klauda, Sandler, 
2001; Melnikov, Nesterov, 2001; Wilder et al., 2001; 
Seo et al., 2002; Smith et al., 2002, 2004; Anderson et 
al., 2003; Kang et al., 2008; Li et al., 2008; Chen et al., 
2010; Lee, Seo, 2010]. In our opinion, this approach is 
mainly of methodological importance [Istomin et al., 
2015] because of the incomplete correspondence of 
the model of size-distributed capillaries to real soil 
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systems, as well as because of the imperfection of the 
methodology of direct experimental measurement of 
hydrate equilibrium shift in a pressure chamber. 
However, for specially prepared model porous media 
with artificially obtained capillaries and their very 
narrow size distribution, this approach turns out to 
be quite acceptable [Uchida et al., 1999; Istomin et al., 
2015a,  2017b]. 

It is important to note that in a simple capillary 
model, the hydrate equilibrium shift does not depend 
on the moisture content of the porous media sample 
(in a wide range of moisture contents), which is clear-
ly not the case for real soil systems. This seems quite 
obvious, based on the analogy with unfrozen water: 
the content of unfrozen water in a sample is a func-
tion of temperature, since the temperature shift of the 
ice–pore water phase equilibrium is determined by 
the water content in the sample. Therefore, by anal-
ogy with the concept of unfrozen water in permafrost 
soils, a new concept of nonclathrated water in the 
ground system, which is in equilibrium with gas hy-
drate and hydrate-forming gas under given thermo-
baric conditions, was introduced [Chuvilin et al., 
2011; Chuvilin, Istomin, 2012]. 

The content of nonclathrated water in hydrate-
saturated porous media depends on a number of fac-
tors: pressure, temperature, gas composition, and 
pore water mineralization. Note that, unlike unfrozen 
water, the concept of nonclathrated water applies to 
both negative (subzero) and positive (above-zero) 
temperatures. Also, like unfrozen water in frozen 
soils, nonclathrated water can have a significant im-
pact on the physical, chemical, and mechanical prop-
erties of frozen and hydrate-bearing reservoirs. Cur-
rently, the term “nonclathrated water” is already ac-
tively used in the references [Hansen et al., 2016; Sell 
et al., 2018; Yakushev, 2019]. 

As for the experimental determination of the hy-
drate equilibrium shift in porous media, the tradition-
al approach is to study this equilibrium in a hydrate 
chamber depending on the moisture content of sam-
ples, similar to the study of hydrate equilibria in the 
free volume. It should be emphasized that, in order to 
obtain more or less reliable results, it is necessary to 
overcome a number of technical difficulties associated 
with obtaining hydrates directly in a porous medium 
(the experiment technique is described in [Uchida et 
al., 2004]), while the accuracy of measurements re-
mains not very high. At present, the traditional tech-
nique of studying hydrate equilibria in porous media 
continues to be developed [Chuvilin et al., 2010; 
Chong et al., 2016; Zarifi et al., 2016; Liu et al., 2018; 
Park et al., 2018; Zhou et al., 2019; Em et al., 2020; 
Zhang, Taboada-Serrano, 2020; Azimi et al., 2021; Li-
ang et al., 2021; Zaripova et al., 2021]. However, in 
our opinion, it is difficult to guarantee precise results 
within its framework.

A fundamentally new approach to the experi-
mental study of nonclathrated water content in real 
soil systems was developed in our works [Chuvilin et 
al., 2008, 2010a,b] by analogy with the contact meth-
od for determining unfrozen water in a water-saturat-
ed soil system. The method for determining the con-
tent of nonclathrated water, i.e., pore water in a dis-
persed medium in equilibrium with gas hydrate, is as 
follows. A pre-dried and weighed sample of dispersed 
medium is placed between two plates of ice or ice-
containing soil in direct contact with them, and then 
the sample together with the plates of ice or ice-con-
taining soil is placed in a pressure chamber at a spe
cified subzero temperature. A hydrate-forming gas is 
injected to a pressure exceeding the pressure of the 
three-phase ice–gas–hydrate equilibrium. The sam-
ple is maintained in the pressure chamber until it 
reaches equilibrium saturation with water. Then, the 
gas pressure in the chamber is reduced to atmosphe
ric pressure. The sample is removed and weighed. The 
difference in the sample mass before and after the ex-
periment is used to determine the equilibrium water 
content in the sample. The uniqueness of this ap-
proach is that the soil initially contacts an ice plate 
rather than a hydrate plate, but the equilibrium of 
pore water with the hydrate is studied at a specified 
hydrate-forming gas pressure. This is explained by 
the fact that the ice surface in the pressure chamber is 
covered with a hydrate film, so saturation of the po-
rous medium with pore water takes place only until 
equilibrium with the hydrate is reached. It should be 
emphasized that we have implemented the proposed 
method not only at subzero temperatures but also, 
with some modifications, at positive temperatures.

It should be noted that the developed method 
for determining nonclathrated water in hydrate-con-
taining porous media is rather labor-intensive and 
time-consuming: the experiment can last several 
weeks, which is also typical for the contact method 
for determining unfrozen water. Therefore, for soil 
systems it is worthy of attention and development of 
a more rapid approach, in which thermodynamic 
properties of pore water (activity) are directly mea-
sured depending on its content in the soil sample. 
And the obtained data on pore water activity in sam-
ples depending on their moisture content allow fur-
ther thermodynamic calculations of pore water con-
tent at equilibrium not only with ice (see works on 
the express method of determining the curve of un-
frozen water [Chuvilin et al., 2008, 2010b, 2018, 2020; 
Istomin et al., 2017a]) but also with gases and gas hy-
drates. 

The described approach is developed below for 
phase equilibria of gas hydrates with pore water of 
water saturated soil systems. Initially, it was devel-
oped to determine the temperature shift of hydrate 
equilibrium at fixed pressure [Istomin et al., 2009, 
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2015b; Chuvilin, Istomin, 2012]. These works consid-
ered in detail the temperature shift of hydrate equi-
librium DT at constant pressure as a function of sam-
ple moisture content and pore water activity using 
numerical calculation methods, without explicitly 
writing out analytical thermodynamic relations. 
Whereas the main task of the present work is to ob-
tain analytical thermodynamic relationships for the 
influence of hydrate-forming gas pressure on the pore 
(nonclathrated) water content in a sample in equilib-
rium with gas hydrates at a given temperature. In this 
case, the gas pressure P should be greater than Peq – 
the pressure of hydrate formation corresponding to 
the equilibrium of gas hydrate with bulk water (or 
ice) at the considered temperature.

Estimation of the influence of hydrate gas pressure 
on the nonclathrated water content 

To describe the thermodynamic properties of pore 
water, we will use the water activity a (T,W), which 
depends on the water content of the sample and tem-
perature:

	 = wpor

w
,

P
a

P
	 (1)

where Pwpor is the water vapor pressure over the sample 
with water content W (wt. % of water relative to dry 
sample), and Pw is the pressure of saturated water va
por over bulk water (in MPa or Pa).

Experimental determination of pore water activ-
ity a (T, W) as a function of water content W in the 
soil (in % of dry sample) at room or near room tem-
perature and atmospheric pressure can be carried out 
by various methods. The most rapid method is to 
measure the dew point temperature of air at atmo-
spheric pressure equilibrated with a water-containing 
soil sample and then convert to pore water activity.

The methodology of pore water activity mea-
surement in water saturated systems is described in 
detail in [Chuvilin et al., 2020, 2022]. The activity is 
determined using WP4 type instruments developed 
by Decagon Devices (USA). For this purpose, soil 
samples with a given moisture content are placed in 
the measuring cup of the device (with internal di-
mensions: diameter 3.8 cm, height 1.0 cm). After the 
initial determination of water activity in the soil sam-
ple, a step-by-step drying of the soil sample is carried 
out, followed by activity measurement. In general, it 
is recommended to perform at least six–seven activi-
ty measurements on a soil sample at different mois-
ture values. The time required for one measurement 
in WP4 instruments is usually about 30 min.

The pore water activity in a wet sample (a) de-
pends on both the water content of the sample and its 
temperature. However, as a first approximation, the 
dependence of pore water activity on temperature 
(at a fixed moisture content W) can be neglected. 
However, this assumption becomes not quite valid for 

small values of moisture content W of the porous me-
dia, especially in the presence of a clay component 
with a sliding framework (i.e., for the interlayer form 
of bound water).

The content of nonclathrated water, in contrast 
to unfrozen water, as will be shown below, strongly 
depends on vapor pressure. Whereas with increasing 
vapor pressure, the unfrozen water content in a frozen 
soil sample at a fixed subzero temperature increases 
only slightly. In this case, unfrozen pore water (in 
equilibrium with ice) is considered only at pressure P, 
below the pressure Peq, which corresponds to the va-
por–ice–hydrate equilibrium. The methodology for 
calculating the effect of vapor pressure on the content 
of unfrozen water is discussed in detail in [Istomin et 
al., 2018]. At pressure P greater than Peq, hydrate be-
comes thermodynamically stable phase instead of ice. 
Thus, the liquid phase at the pressure of hydrate-
forming gas P > Peq should be considered already as 
nonclathrated water. From general thermodynamic 
considerations it follows that at constant tempera-
ture the amount of nonclathrated water in the soil 
sample decreases with increasing pressure of hydrate-
forming gas (because part of pore water at increasing 
pressure passes into the hydrate phase).

The areas of existence of unfrozen and nonclath-
rated water in dispersed sediments are shown in 
Fig. 1. The lines of three-phase gas–water/ice–hy-
drate equilibria are shown here. Above these lines is 
the zone of existence of nonclathrated pore water in 
water saturated soil systems, and below the VIH line 
is the zone of unfrozen water at subzero temperature.

The relationship between unfrozen and nonclath-
rated water content from gas pressure is shown in 
Fig. 2 for two fixed temperatures: t1 < 0°C и t2 > 0°C. 

At temperature t < 0°C (t1 in Fig. 2), the content 
of unfrozen water in the pore medium slightly in-

Fig. 1. Regions of existence of nonclathrated and 
unfrozen water in dispersed rocks on the phase 
diagram of gas hydrates.
Lines of three-phase equilibria: VIH – “vapor–ice–hydrate”; 
VLH – “vapor–water–hydrate”.
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creases with increasing gas pressure. And the effect of 
increase of unfrozen water is quite small for CH4, but 
it is much more significant for CO2 because of high 
solubility of CO2 in water. It should be considered for 
N2, where it is possible to increase gas pressure up to 
~14–15 MPa without nitrogen hydrate formation, as 
well as for mixtures of CO2 with N2, because in addi-
tion to gas solubility in water, the total pressure in 
the system starts to influence the equilibrium “va-
por–pore water”. When the pressure P1 = Peq, corre-
sponding to the VIH equilibrium, is reached, a stable 
hydrate phase appears in the system (the quadrupole 
point “vapor–pore water–ice–hydrate” is reached). 
Further pressure increases lead to the disappearance 
of pore ice in the system (ice is transformed into hy-
drate), which corresponds to hydrate equilibrium 
with nonclathrated water, and the content of non-

clathrated water in the ground medium decreases 
with pressure increase according to the step law (see 
below the consideration of the corresponding ana-
lytical dependences). 

At temperature t > 0°C (t2 in Fig. 2), the picture 
changes: unfrozen water no longer exists in the 
ground medium, and nonclathrated water can exist 
only at vapor pressures P > P2 (P2 corresponds to the 
equilibrium pressure along the VLH line at tempera-
ture t2), since the equilibrium pore water content for-
mally tends to infinity when approaching the VLH 
line. With increasing vapor pressure P, the content of 
nonclathrated water at t > 0°C also decreases accord-
ing to the power law.

Let us consider the pressure dependences of wa-
ter activity a and nonclathrated water content W at 
positive and subzero temperatures. 

For a given positive temperature at P = Peq the 
value of activity a = 1, further at P > Peq water activ-
ity a < 1, and with increasing vapor pressure pore wa-
ter activity a decreases (Fig. 3a). At the same time, 
the content of nonclathrated water (W) in the sample 
decreases according to the dependence shown in 
Fig. 2 (line 3 in Fig. 2). 

For subzero temperature t (set point on line 
VIH, Fig. 1) and at P = Peq the value a = aeq < 1. 
With increasing pressure P at P > Peq, the pore water 
activity a decreases (Fig. 3b). At the same time, the 
content of nonclathrated water (W) in the sample de-
creases according to the qualitative dependence 
shown in Fig. 2 (line 2). 

We proceed to the discussion of thermodynamic 
relations characterizing the activity and content of 
nonclathrated water from the pressure of the hydrate-
forming gas.

In the work [Sergeeva et al., 2021], using the 
thermodynamic model of the Van der Waals–Platteu 
gas hydrate phase, a detailed derivation of approxi-
mate analytical thermodynamic relationships linking 

Fig. 2. Equilibrium pore water content W in the soil 
system versus pressure P of hydrate-forming gas at 
P0 = 0.1 MPa.
1 – unfrozen water at temperature t1 < 0°C to gas pressure P1; 
2 – nonclathrated water at t1 < 0°C and gas pressure greater 
than P1; 3 – nonclathrated water at t2 > 0°C and gas pressure 
greater than P2.

Fig. 3. Activity of nonclathrated pore water a depending on the pressure of hydrate-forming gas at a fixed 
temperature:
a – t > 0°C; b – t < 0°C; P0 = 0.1 MPa.
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the pore water activity (a) in the soil system (mea-
sured at atmospheric pressure) with the fugacity/
pressure of the hydrate-forming gas at a fixed tem-
perature is presented. Positive and subzero tempera-
tures are considered separately (at subzero tempera-
tures the specificity of thermodynamic calculation 
arises due to the presence of unfrozen water). Below 
we present and analyze the approximate analytical 
relations obtained in [Sergeeva et al., 2021] with em-
phasis on a detailed discussion of their practical ap-
plicability.

Let us consider the effect of pressure of the hy-
drate-forming gas on the content of nonclathrated 
water at temperatures above 0°C (273.15 K). When 
analyzing thermodynamic relations, it is more conve-
nient to set the temperature in Kelvin (T), while in 
experiments it is more convenient to set the tempera-
ture in degrees Celsius (t). 

First of all, it is necessary to obtain experimental 
data on the dependence of pore water activity on the 
water content in the sample (W), i.e., the dependence 
a = a(W) at atmospheric pressure. Then it is neces-
sary to select a hydrate-forming gas (e.g., methane, 
CO2, ethane, propane, nitrogen, their mixtures, as 
well as natural gas). 

The line of three-phase equilibrium “gas–bulk 
water–hydrate” is given by available experimental 
data, or calculated using some available software 
(e.g., HydroFLASH, Hydrafact Ltd). Many mono-
graphs on gas hydrates also provide similar analytical 
approximations of the lines of three-phase equilibria 
with water/ice for pure gases, e.g., [Istomin, Yakushev, 
1992]. Let at the considered temperature T > 273.5 K 
the pressure of hydrate formation (equilibrium with 
the bulk water phase) be Peq, with the fugacity of the 
gas being feq and zeq being its compressibility factor. 
We will assume that by means of measurements at at-
mospheric pressure the pore water activity in the 
studied soil sample a = a(W) < 1 as a function of 
moisture content was experimentally obtained ac-
cording to the methodology described in detail earlier 
[Chuvilin et al., 2020, 2022]. 

At pressure P < Peq, hydrates are absent in the 
system (Fig. 1). At P = Peq, the amount of nonclathra
ted water (W) in the sample formally tends to infinity 
(Fig. 2). We are interested in thermodynamic relations 
between vapor pressure P at three-phase equilibrium 
“gas–pore water–hydrate” P ≥ Peq, pore water activity 
a(T, W) < 1, and water content in the sample (W). 

In [Sergeeva et al., 2021], the following approxi-
mate relations expressing the ratio of the gas fugacity 
f (at pressure P and pore water activity (a)) to the gas 
fugacity feq (at vapor pressure Peq and water activity) 
were obtained aeq = 1):

	
−

 
=   
 eq eq

,
n

f b
f b

	 (2)

	 ( ) ( ) D −
= − −  

 

hw 01 exp ,
V P P

b a x
RT

	 ( ) ( ) D −
 = − −
 
 

hw eq 0
eq eq1 exp .

V P P
b a x

RT

Here: b, beq – complex parameters; n – hydrate num-
ber; P0 = 0.1013 MPa; P and Peq – respectively, the 
given vapor pressure and the pressure corresponding 
to the three-phase equilibrium with bulk water, MPa; 
a – water activity at the given moisture content (W) 
of the sample measured at atmospheric pressure; x, 
xeq – gas solubility, respectively, in pore water and in 
the bulk water phase at pressures P, mol. fraction; DVhw 
is the difference of molar volumes of water in hydrate 
and liquid water, and DVhw = 4.595 и 5.045 cm3/mol 
for structures I and II, respectively; R is universal gas 
constant, R = 8.31446 J/(K⋅mol).

In relations (2), the line of three-phase equilib-
rium “gas–bulk water phase–hydrate”, which is con-
sidered to be known, is used as a reference line. The 
gas fugacity (f) can be determined by some equation 
of state. Since we are mainly interested in low pres-
sures (up to 10 MPa), practically any equation of 
state, such as cubic equations, can be used to calcu-
late the fugacity of a gas.

For the case of an ideal gas, f coincides with its 
pressure, i.e., f = P. This means that at low pressures 
equation (2) can be approximated as follows:

	 ( )
−

− 
= =  
 eq eq

,
n

nP b a
P b

	 (3)

since in the first approximation b/beq ≈ a (at low gas 
solubility in water and low pressures).

If the gas is weakly non-ideal (for example, for 
methane at pressures less than 7–8 MPa), then con-
sidering the approximate thermodynamic formula

	 f ≈ z(P)⋅P

relation (3) may be rewritten in the form

	 ( )
−

− 
≈ ≈  

 

eq eq

eq eq
,

n
nz zP b a

P z b z
	 (4)

where z = z(P), zeq = z(Peq) are the gas compressibility 
factors at pressures P and Peq, respectively.

It can be seen that in relation (4), instead of fu-
gacity, the compressibility factor of the gas appears, 
so it is more convenient (although less accurate) for 
use in practical calculations. 

From relations (3) and (4) follows a strongly 
nonlinear nature of the relationship between vapor 
pressure and pore water activity, with the equilibrium 
content of nonclathrated water falls sharply with in-
creasing pressure of the hydrate-forming gas (accord-



38

V.A. ISTOMIN ET AL.

ing to the power law with the exponent of degree 
close to the hydrate number n).

Concerning the value of the hydrate number n in 
formulas (2), (3) and (4), we should note the follow-
ing. For gases, in hydrate structures of which only 
large cavities are filled at T > 273.15 K hydrate num-
ber n = 1/v2, where v2 is a crystallochemical constant 
characterizing the number of large cavities in the hy-
drate structure. In this case, the large cavities are al-
most completely filled, the degree of their filling q2 is 
very close to unity, i.e., for propane and isobutane 
n ≈ 17, since v2 = 1/17, and for ethane n ≈ 7.67, since 
v2 = 3/23. Whereas for methane and nitrogen, when 
both types of hydrate cavities are strongly filled, 
n = 1/v1 + 1/v2 for these hydrates at pressures close 
to Peq is close to 6, and with increasing pressure tends 
to the limiting values of 5.75 and 5.67, respectively. 
At the same time, for CO2 hydrate, the hydrate num-
ber varies (due to incomplete filling of the small cav-
ity in the hydrate structure) depending on the vapor 
pressure in wider ranges. Therefore, when performing 
accurate calculations in formulas (2), (3) and (4), it is 
necessary to consider some change (decrease) of the 
hydrate number with increasing pressure. In this 
case, the calculation can be carried out and “by pres-
sure steps”, setting first n on the line of three-phase 
equilibrium with the volume phase of water (or ice, 
see below) and changing it at each step, aiming at the 
limit value q1, equal to 1. For such a calculation, q1 
can be estimated by the approximate relation

	 θ ≈ b ≈ beq eq eq
1 ,

f z P
f z P

	 (5)

where q1 is the degree of filling of a small cavity in the 
hydrate structure, and b is the proportionality param-
eter (which is calculated from the known value of the 
hydrate number (neq) on the three-phase equilibrium 
line when the degree of filling of large cavities is set 
equal to one). This calculation scheme is almost identi-
cal to the calculation by the thermodynamic model of 
van der Waals–Platteu, but it is more illustrative and 
allows us to use reliable correlations from experimental 
data for the reference curves of three-phase equilib-
rium, if necessary.

Let us further consider thermodynamic relations 
for calculating the content of nonclathrated water at 
temperatures below 273.15 K. Formally it is possible 
to apply relations (2), (3) and (4) for this tempera-
ture range, but it should be borne in mind that in this 
case the line of three-phase equilibrium “gas–bulk 
supercooled water–hydrate” as a continuous continu-
ation of the line “gas–bulk water–hydrate” to the re-
gion of subzero temperatures will be used as a refer-
ence line (reference line). It should be noted that ex-
perimental data on such lines of three-phase 
metastable equilibrium were first obtained in the 
works of [Melnikov et al., 2010, 2011]. 

It should be noted that for a given subzero tem-
perature in the pressure range between the equilibri-
um pressure with supercooled water volume phase 

liq
eqP  and the equilibrium pressure with ice volume 

phase ice
eqP , unfrozen water is physically realized in 

the pore medium (since there is no hydrate phase). 
Consequently, for such pressure range by formulas 
(2), (3) and (4) at subzero temperature the metasta-
ble nonclathrated water content is calculated as ice 
was absent in this temperature range, which is not 
physically realized in water saturated soil groundwa-
ter systems.

Thus, calculations of nonclathrated water con-
tent at subzero temperatures should be performed 
only for pressures P >  ice

eqP  (when there is no more 
ice in the soil system because pore ice is replaced by 
thermodynamically more stable hydrate phase). As a 
reference line at subzero temperatures, it is prefera-
ble, in our opinion, to use the line of three-phase equi-
librium “gas–bulk ice phase–hydrate”. The advan-
tage of this reference line is that in the practically 
significant temperature range from –15 to 0°C, n 
along this line changes insignificantly (Table 1). 

Using the VIH equilibrium as a reference line, 
the following thermodynamic relation was obtained 
in [Sergeeva et al., 2021]:
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Here DVhi = Vh – Vi  = 2.96 and 3.41 cm3/mol, respec-
tively, for hydrates of cubic structures I and II.

At low vapor pressures instead of equation (6) 
we can use the relation
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And for the case of an ideal gas:
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An important difference between relation (6) 
and relation (2) is the appearance of a new quantity 
aeq, which is included in the definition of ice

eqb .
The value aeq corresponds to the equilibrium 

“ice –  unfrozen water” for the soil system at atmo-
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spheric pressure (Figs. 3 and 4). It is significant that 
aeq is a function of temperature. This means that for 
practical application of relations (6), (7) and (8) it is 
necessary to establish the relationship between aeq 
and temperature. Such a relationship is given in in 
the express method for calculating unfrozen water 
[Istomin et al., 2017a]:

for temperature in Kelvin

	 ( )

eq

0
0 0

ln

6008 1 38.2 ln

RT a

T TT T T
T T

− =

   
= − − + −   

   
	 (9)

	 (T0 = 273.15 K;  T < T0);

for temperature in degrees Celsius

     aeq = 1 + 9.6768 ·10–3 ·teq + 4.1769 ·10–5 · 2
eq .t 	 (10)

Equation (10) can be reversed, i.e., expressed as 
a relationship between temperature (t) (in degrees 
Celsius) and pore water activity aeq on the equilibri-
um line pore water ice at atmospheric pressure:

	 teq = 103.25 ln aeq + 5.57 (1 – aeq)2.	 (11)

Practical applications of thermodynamic relations 
for calculation of nonclathrated water content

In practical calculations of nonclathrated water 
content in the soil system and temperatures above 
0°C it is recommended to use formulas (2), (3) and 
(4). The calculation scheme is as follows. The soil sys-
tem is considered, for which it is necessary to calcu-

late the content of nonclathrated water, the gas-hy-
drate-forming agent is selected and the temperature 
is set. The dependence of water activity on sample 
moisture content (at atmospheric pressure) is deter-
mined experimentally. In practice, it is most conve-
nient to use formula (4). As for the hydrate number, 
in the first approximation it is possible to set its limit-
ing value. Thus, the calculation results in the value of 

Ta b l e  1.	 Hydrate numbers and filling degrees for some gas hydrates on the equilibrium lines VIH 
	 (vapor–ice–hydrate) and VLH (vapor–water–hydrate)

Hydrate-forming gas
VIH equilibrium line, t < 0°С VLH equilibrium line, t ≥ 0°C

–15 –10 –5 0 5 7 10
Меthane neq 6.01 6.03 6.04 6.05 5.98 5.96 5.93

q1 0.89 0.89 0.88 0.88 0.90 0.91 0.93
q2 0.99 0.98 0.98 0.98 0.98 0.98 0.99

Ethane neq 7.75 7.76 7.76 7.77 7.74 7.73 7.72
q2 0.99 0.99 0.99 0.99 0.99 0.99 0.99

Propane neq ~17 ~17 ~17 17 17 – –
q2 ~1 ~1 ~1 ~1 ~1 – –

Isobutane neq ~17 ~17 ~17 17 – – –
q2 ~1 ~1 ~1 ~1 – – –

Nitrogen neq 6.19 6.21 6.23 6.18 5.99 – –
q1 0.88 0.87 0.87 0.88 0.92 – –
q2 0.99 0.99 0.99 0.99 0.99 – –

Carbon dioxide neq 6.27 6.29 6.31 6.29 6.17 6.12 –
q1 0.72 0.71 0.70 0.71 0.77 0.79 –
q2 0.98 0.98 0.98 0.98 0.99 0.99 –

N o t e: neq is the hydrate number on the line of three-phase equilibrium at setting the degree of filling of large cavities equal 
to one; q1 and q2 are the degree of filling of small and large cavities in the hydrate structure, respectively.

Fig. 4. Effect of methane pressure on the change in 
the content of nonclathrated water in kaolinite clay 
at a temperature of –7.5°C.
1 – calculated data; 2 – experimental data; 3 – equilibrium pres-
sure “ice–methane–hydrate” at a given temperature [Sergeeva 
et al., 2021].
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sample moisture content (W) (i.e., nonclathrated wa-
ter content) as a function of vapor pressure (P) at the 
considered temperature.

At the same time, for calculations of nonclath-
rated water content in the soil system at subzero tem-
peratures, it is recommended to apply a similar algo-
rithm, but use formulas (6), (7) or (8), with aeq deter-
mined by any of relations (9), (10), (11). 

It is important to note that by knowing the pore 
water activity, it is possible to calculate the nonclath-
rated water content for different hydrate forming ga
ses. An additional consideration here will be the cal-
culation of gas solubility in water (x), but the solubili
ty of gases in pore water can be largely neglected, with 
the exception of CO2 (due to high solubility) and ni-
trogen (due to high hydrate formation pressure).

The thermodynamic relations considered above 
can be used in practice also in the case when the pore 
water activity was not determined experimentally, 
but the curve of unfrozen water content for the 
ground medium was previously obtained by any other 
method (i.e. the relationship between moisture con-
tent and subzero temperature is set). Then, at the first 
step, the relationship between t and aeq is established 
by formula (10), thus determining the functional de-
pendence of the sample moisture content (W) and 
pore water activity. Knowing aeq, it is possible to 
calculate the pressure dependence of nonclathrated 
water according to the above scheme.

Using formulas (6) and (7), one can also reliably 
extrapolate experimental data on nonclathrated wa-
ter to higher pressures. For example, let an experi-
mental point for the investigated soil is obtained for 
the nonclathrated water content W at a given tempe

rature and pressure P1 by the direct contact method 
[Chuvilin et al., 2011], and the unfrozen water curve 
is already available for this soil. Then this experimen-
tal point is taken as a reference point, and a1 is calcu-
lated from the curve of unfrozen water by W. Then, 
from formulas (6) or (7), by replacing ice

eqP  by P1 and 
aeq by a1, we obtain an extrapolation formula for cal-
culating the nonclathrate water content for higher 
values of the pressure of the hydrate-forming gas.

The calculated values of hydrate numbers for dif-
ferent gases on the lines of three-phase equilibria are 
given below (the calculation was performed using the 
software HydroFLASH, Hydrafact Ltd) (Table 1).

According to the above-mentioned methodology, 
the dependence of nonclathrated water content on 
pressure in samples of kaolinite clay and sand-clay 
mixtures (sand with 14% kaolinite clay and sand with 
25% kaolinite clay) at – 7.5°С was evaluated. Charac-
teristics of soils are presented in Table 2.

The unsalted sand (salinity less than 0.01%) 
consists of quartz (more than 90%), the predominant 
fraction of sand particles 0.1–0.25 mm reaches 62.9%. 
Kaolinite clay consists mainly of kaolinite (92%) 
with 95.5% silty-clay coarseness, with the percentage 
of clay particles (<0.002 mm) reaching 42%. Kaolin-
ite clay contains insignificant amount of dissolved 
salts (0.04%). The specific active surface area of sand 
and kaolinite clay determined by nitrogen adsorption 
is 0.2 and 12 m2/g, respectively.

To determine the nonclathrated water content of 
the soils of interest, the experimental dependence of 
pore water activity (a) on the weight moisture con-
tent (W) of the sample at atmospheric pressure is re-
quired (Tables 3 and 4).

Ta b l e  2.	 Particle-size distribution and mineralogical composition of soils

Soil
Particle size (mm) distribution, % Mineralogical  

composition, %1–0.5 0.5–0.25 0.25–0.1 0.1–0.05 0.05–0.01 0.01–0.002 <0.002
Sand 0.2 35.7 62.9 0.8 0.3 0.1 – Quartz >90
Kaolinite clay 0.7 0.5 0.4 2.9 19.5 34.0 42.0 Kaolinite

Quartz
Muscovite

92
6
2

Ta b l e  3.	 Experimental data on the change  
	 in pore water activity (a) in kaolinite clay,  
	 when its moisture content W decreases at 25°C

W, % a W, % a W, % a

28.86 0.995 6.41 0.972 2.20 0.897

21.80 0.993 5.42 0.967 1.81 0.866

17.70 0.990 5.12 0.963 1.53 0.830

16.72 0.990 4.07 0.953 1.45 0.813

12.47 0.986 3.55 0.943 1.25 0.753

8.15 0.978 2.79 0.924 1.18 0.720

Ta b l e  4. Experimental data on pore water activity a  
	 in sandy-clay mixtures as a function  
	 of their moisture content W at 25°C

Composition of sand-clay 
mixtures W, % a

Sand + 14% kaolinite clay 0.70 0.9494
0.42 0.9229
0.29 0.8874
0.17 0.7822

Sand + 25% kaolinite clay 0.84 0.9411
0.61 0.9065
0.43 0.8604
0.31 0.7645
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The pore water activity (a) was determined on a 
WP4-T instrument according to the method de-
scribed in detail above [Chuvilin et al., 2020, 2022].

The equilibrium pressure was then calculated for 
each pore water activity value using formula (4). This 
pressure will correspond to the value of moisture con-
tent (W), which represents the nonclathrated water 
content. Comparison of the calculated data of non-
clathrated water content in kaolinite clay with direct 
experimental data obtained by contact method is 
shown in Fig. 4. There is a good agreement between 
the calculated thermodynamic relations and the 
experimental data of nonclathrated water content in 
kaolinite clay obtained by the contact method. The 
accuracy of the contact method is estimated to be 
~0.1%, and the largest discrepancy of ~0.15% is ob-
served in the range of nonclathrated water content of 
1.4–1.7%.

For sand-clay mixtures consisting of quartz sand 
and admixture of 14% and 25% kaolinite clay the cal-
culated and experimental data on nonclathrated wa-
ter content are presented in Fig. 5. These data also 
show a good agreement between the calculated and 
experimental parameters of nonclathrated water con-
tent. In the model soil media, there is a regular in-
crease in the amount of nonclathrated water with in-
creasing weight content of clay particles. Thus, the 
content of nonclathrated water at vapor pressure of 
4 MPa in sand with kaolinite clay content of 14% is 
0.25%, which is two times lower than in sand with 
clay content of 25%. The effect of vapor pressure on 
the nonclathrated water content is weakly pronoun
ced at pressures above 6–8 MPa. However, the regu-
lar difference in the content of nonclathrated water 
depending on the content of clay particles remains 
even under these conditions.

CONCLUSIONS

The paper presents analytical dependencies for 
calculating the nonclathrated water content in a soil 
system at a given temperature depending on the pres-
sure of hydrate-forming gas.

Qualitative regularities of the influence of vapor 
pressure on nonclathrated water content at both pos-
itive and subzero temperatures have been revealed 
(with increasing pressure the content of nonclathra
ted water sharply decreases). With the use of the ob-
tained dependences, a method of thermodynamic cal-
culation of the content of nonclathrated water in the 
sample from the pressure of hydrate-forming gas at a 
fixed temperature was developed. For its practical re-
alization it is necessary to have data on pore water 
activity from water content in the sample, or data on 
the of unfrozen water content in the range of subzero 
temperatures. 

On the basis of the proposed methodology, calcu-
lations of nonclathrated water content in kaolinite 
clay and sandy-clay mixtures at temperatures below 
0°C and methane pressures from about 2.3 MPa to 
11 MPa have been carried out. The results obtained 
by the proposed experimental-calculation method 
showed a fairly good coincidence with the data of di-
rect determinations by the experimental (contact) 
method. For the investigated range of pressures, the 
content of nonclathrated water decreases more than 
twice with pressure increase, and the greatest change 
in the content of nonclathrated water is observed at 
pressures 2–3 MPa higher than the values of equilib-
rium pressure. 

The proposed methodology for estimation of 
nonclathrated water content in soil and samples 
containing methane hydrate can be used for other 
hydrate-forming gases and various dispersed sedi-
ments.

The performed methodological developments 
can be used in assessing the efficiency of methane hy-
drate extraction from gas hydrate deposits by various 
technological methods. Data on the content of non-
clathrated water in hydrate-saturated reservoirs are 
also essential for predicting the efficiency of CO2 
burial in hydrate form.

Acknowledgements. The work was financially 
supported by the Russian Science Foundation, grant 
nos. 21-77-10074 and 22-17-00112.

Fig. 5. Effect of methane pressure on the change 
in the content of nonclathrated water in sand-clay 
mixtures at a temperature of –5°C and an equivalent 
pressure for methane Peq = 2.36 MPa.
1, 3 – calculated data; 2, 4 – experimental data [Sergeeva et al., 
2021]; 1, 2 – sand with 14% kaolinite clay; 3, 4 – sand with 25% 
kaolinite clay.
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