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Heating of sediments and their compaction accom-
panied by filtration of pore fluids to the surface are the
basic processes of heat-and-mass transfer, which occur
during formation of sedimentary sequences on the geo-
logical time scale. However, filtration of pore fluids
containing dissolved gas to the surface, many cases of
which are described in the scientific literature, leads to
the formation of layers saturated with gas hydrates at
different depths in the sedimentary column, because
pressures and temperatures favorable for the formation
and stability of gas hydrates are widespread in the
structures of the ocean floor. If the amount of gas is suf-
ficient, gas hydrates are formed [1].

Accumulation of gas hydrates in the sedimentary
column depends on the course of basic processes of
heat-and-mass transfer, which govern 

 

PT

 

 conditions of
the stability of hydrates and the transfer of fluid and gas
into the the hydrate stability zone. In turn, accumula-
tion and decomposition of gas hydrates in the pore
space should influence the development of these basic
processes: the gas hydrates create additional sources
and sinks of fluid and gas, because they change porosity
and permeability in the zones of their localization; thus,
they influence the dynamics of the basic process of
compaction of sediments and filtration of the pore fluid
to the surface.

In the papers dedicated to the modeling of hydrate
formation in the sedimentary sequences, as well as in
the studies of compaction of sediments, the problem of
the mutual influence of the processes mentioned above
was not studied. Several papers devoted to modeling of
the accumulation of gas hydrates in the sediments have
been published. The authors of [2] presented a model of
gas hydrate accumulation in a porous saturated half-

space, where temperature 

 

T

 

 at the initial moment was
greater than the equilibrium temperature of gas
hydrate–gas saturated fluid. It was supposed that the
half-space has constant porosity and is saturated with
the gas–fluid mixture. An analytical solution was
obtained for the displacement rate of the boundary of a
gas hydrate layer in the case of two-phase equilibrium
without advection of fluid and without account for the
kinetics. It was shown that the boundary growth rate
decreases with an increase in the Stephan number, i.e., a
decrease in the difference between the initial temperature
of the medium and the cooling boundary. The model pre-
dicts that up to 1 vol % of the share of hydrates would be
accumulated during a time of 

 

2

 

 · 

 

10

 

5

 

 yr. In 1999, the
authors of [3] studied the role of diffusion and advec-
tion of pore fluid in the formation of methane hydrates
in the ocean floor. The model system included the equa-
tions for the fluxes of pore fluid 

 

q

 

f

 

, methane 

 

q

 

m

 

, and
energy 

 

q

 

e

 

 in the porous medium of sediments. The
authors of [2] concluded that if advection dominates,
the gas hydrate layer is usually accumulated rapidly to
make up a thick hydrate layer. If the velocity of the fluid
is constant and exceeds 1.5 mm/yr, the concentration of
gas hydrate appears greater near the base of the zone of
gas hydrate stability than at smaller depths. The authors
of [2] showed that, if diffusion dominates, gas hydrates
are deposited more uniformly in the stability zone, but
the accumulation rate is one order of magnitude smaller
than in the case of the predominance of advection. In
2004, the authors of [4] presented a numerical model of
the formation and accumulation of gas hydrates in sed-
iments. The problem was solved with respect to the
evolution of concentrations of dissolved methane in
pore fluids and hydrate concentration in pores. Organic
material transported with the accumulated sediments
was the source of the gas (methane). The balance equa-
tions of hydrate accumulation and evolution of dis-
solved gas concentration in pores were solved for sta-
tionary sedimentation, constant rates of pore fluid filtra-
tion, and distribution of porosity with depth. The model
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calculations illustrated the formation of the gas hydrate
layer in time. The model calculations showed that a prom-
inent hydrate layer appears during a period of ~2.5 Ma and
reaches a stationary position after 10 Ma under condi-
tions of constant sedimentation (22 cm/ka) and filtra-
tion rates. The proportion of hydrate in pores was
approximately 6%, and the maximum was located near
the base of the gas hydrate layer.

Thus, in all the papers mentioned above, accumula-
tion of gas hydrates was modeled at constant values of
the filtration rate and porosity. However, investigations
of compaction of accumulated sediments demonstrate
that the porosity and filtration rate of pore fluids are not
constant and depend on time and depth [5, 6]. Compac-
tion of accumulated sediments includes interrelated
mechanical and hydrodynamic processes, which depend
on physical and hydrodynamic characteristics of the sed-
iments and conditions of their accumulation. Filling of
pores with gas hydrates potentially creates a hydrody-
namic barrier for the filtration of fluids and can influence
the process of compaction. In order to perform quantita-
tive investigations of the regularities and peculiarities of
the interrelation of gas hydrate accumulation and com-
paction of the accumulated sediments, an integrated
mathematical model is formulated below and the results
of model calculations for the typical values of the geo-
physical parameters of the problem are given.

FORMULATION OF THE PROBLEM

Compaction of a porous saturated medium of sedi-
ments and accumulation of gas hydrates in their stabil-
ity zone are modeled during the formation of a basin.
This process includes sedimentation and subsidence of
the basin basement. In the case of compensated sedi-
mentation, this means that the thickness of sediments
increases, while the upper boundary of the domain
remains at rest. The evolution of the distribution of
porosity and accumulation of gas hydrates would be
obtained as the solution of the equation system in par-
tial derivatives, which connect porosity, pressure, pore
fluid velocity, and hydrate accumulation. Compaction
of accumulated sediments is considered under the
assumption of viscoelastic rheology of sediments of the
Maxwell type [7].

The flow of pore fluid to the surface is described by
the Darcy equation

 

(1)

 

where 

 

p

 

f

 

 is fluid pressure, 

 

V

 

f

 

 is the velocity of pore fluid,

 

V

 

s

 

 is the velocity of the sediment matrix, 

 

t

 

 is time, 

 

z

 

 is
depth coordinate (directed upward), 

 

m

 

 is porosity, 

 

ρ

 

f

 

 is
density of fluid, 

 

k

 

 is permeability, 

 

µ

 

 is the viscosity of
the fluid, 

 

g

 

 is acceleration due to gravity, and 

 

gh

 

 is
hydrate saturation of pores.

The equations of mass balance for a saturated
porous medium are written as

V f Vs–
k

µ m gh–( )
-------------------------

∂ p f

∂z
--------- ρ f g+⎝ ⎠

⎛ ⎞ ,–=

 

(2)

(3)

(4)

 

where 

 

ρ

 

s

 

 is the density of sediments. The source terms
in Eqs. (2) and (4) (volume velocity of fluid absorption
and increment of hydrate formation under the assump-
tion of local thermodynamic balance) are written in
accordance with [4], in which they are considered in
detail.

The gas contained in the pores is absorbed during
the growth of gas hydrates. Modification of the conser-
vation equation for gas [2] in the case of not constant
porosity gives

 

(5)

 

where 

 

c

 

 is concentration of methane in pore fluid and

 

c

 

h

 

 is concentration of methane in hydrate.
Compaction of a saturated sediment medium obey-

ing the rheological Maxwell law, which is modified
with the account of the Bio-Terzaghi principle of effec-
tive stress in a porous medium [5], can be written as

 

(6)

 

where 

 

p

 

e

 

 is the effective pressure 

 

p

 

e

 

 = 

 

p

 

tot

 

 – 

 

p

 

f

 

 (

 

p

 

tot

 

 is
total pressure). Here, we assume that external pressure
is equal to zero and 

 

p

 

tot

 

 = 

 

p

 

s

 

 = –

 

ρ

 

s

 

gy

 

; 

 

p

 

s

 

 is the pressure
of the solid phase, 

 

η

 

 is the effective viscosity of the
medium, and 

 

K

 

p

 

 is the volume modulus of elasticity.
Owing to the assumption of viscoelastic rheology of
the  medium, the value inverse to 

 

K

 

p

 

 is pore elasticity

 

β

 

 = –

 

.

Let us write equation of heat conductivity as

 

(7)

 

where 

 

f

 

 is temperature; 

 

κ

 

 is the thermal diffusivity of
sediments, 

 

C

 

f

 

, 

 

C

 

s

 

, and 

 

C

 

 are heat capacity of the fluid,
sediment matrix, and medium, respectively [8]. The
term describing the source caused by the formation of
hydrates is absent in Eq. (7) because the authors of [4]
showed that accumulation of hydrates does not intro-
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duce notable perturbations to the temperature profile in
sediments. System (1)–(7) becomes complete and
closed after formulation of the following boundary con-
ditions: at the lower impermeable boundary of sedi-
ments z = b(t), the velocities of the solid Vs and fluid Vf

phase are equal to V1, the velocity of the basin basement
subsidence. Porosity at the upper (drainage) boundary
is constant m((z = 0), t) = mb; the temperature at the
upper boundary is maintained constant and equal to
0°ë; at the lower boundary, a constant temperature gra-
dient is specified. Dependence ceq (equilibrium meth-
ane concentration in the pore fluid) on pressure and
temperature is also specified. It is used for determining
the thickness of the layer of gas hydrate stability: ceq(T)

= ceq(T3(P))exp , where τ ~ 10°C [9, 10]. The

natural condition of zero hydrate content in pores
below (beyond) the stability boundary is specified for
gas hydrate.

PHYSICAL PARAMETERS OF THE PROBLEM 
AND SOLUTION

Equations (1)–(7) include coefficients that are phys-
ical parameters of the model. Permeability, which is a
nonlinear function of porosity according to the experi-
mental data, is usually considered in models as a power
function of porosity, and the exponents vary from 2 or
3 [11] to 8 in [12]. In the works carried out within the
“Basin modeling,” permeability is assumed as a loga-
rithmic function of porosity and the problem of the
form of the permeability–porosity dependence is an
object of research. In this work, we follow [5] and
assume a cubic dependence of permeability on porosity
k = k0ml, l = 3. The k0 value depends on the type of sed-
iments. Experimental values of permeability for sedi-
ments can range from 10–12 to 10–21 m2 [13]. In this
work, we assumed the value equal to 10–14 m2. The
influence of gas hydrates formed in pores on permeabil-
ity of sediments is not practically studied at present and
remains a debatable issue [13, 14]. Therefore, we shall
consider below that the formation of hydrates can influ-
ence permeability only by means of the decrease in the
free pore space. This is one of the most likely mecha-
nisms of the influence of hydrate formation on perme-
ability. The next model parameter is the effective vis-
cosity of the sedimentary medium, which usually varies
in the range 1019–1022 Pa s [11, 12, 15]. Parameter β is
estimated as 10–10–10–9 Pa–1 [6]. The subsidence rate of
the basement of sediments is not constant in the general
case. In the model, the rate varies from 10−10 to 10–11 m/s.
Such values are typical according to the literature data
[12]. Under the assumed condition of compensated sed-
iment accumulation, the sedimentation rate appears
slightly greater but the order of its magnitude remains
the same [5]. The other assumed parameters of
the model are as follows: µ = 2.6 · 10–3 Pa s, ρf = 1.0 ·

T T3 P( )–
τ

------------------------

103 kg m–3, and ρs = 2.65 · 103 kg m–3. The calculations
were carried out for a finite thickness of sediments
equal to 6 km and constant porosity at the surface of
sediments equal to 0.3.

The boundary condition for the thermal problem
corresponds to the supposed value of the temperature
gradient at the base of the sedimentary layer equal to
40 K/km, which is widespread in the scientific litera-
ture. In [8], the author showed that accumulation of
sediments, their compaction, and associated filtration
of pore fluids do not introduce any significant distor-
tions to the temperature distribution in the sediments at
low and medium rates of sedimentation corresponding
to the majority of the sedimentary structures. Taking
into account the results of these studies, it seems possi-
ble to simplify system (1)–(7) by excluding the equa-
tion for heat conductivity and use the linear distribution
of temperature corresponding to the parameters of the
problem for calculating the values depending on tem-
perature and the boundary of gas hydrate stability. The
PT conditions of hydrate stability and the values of the
equilibrium concentration of dissolved gas as a func-
tion of depth and temperature needed for the calcula-
tions were taken from [9, 10].

After reducing system (1)–(6) to dimensionless
form, it was solved numerically according to [5] using
semi-implicit schemes with a time-variable step and
stability control on the basis of two Courant–Gilbert
criteria.

RESULTS AND DISCUSSION

Figures 1 and 2 present results of calculations of
sediment compaction and gas hydrate accumulation
using model (1)–(7) carried out for representative phys-
ical parameters of the sediments described above and
two typical values V1 = 10–10 and 10–11 m/s, respectively.
A comparison of the results shows that, if the sediments
have equal final thickness, a greater amount of hydrates
(~9%) is formed in the case of faster sedimentation and
greater gradient ceq. During slow sedimentation and
smaller gradient ceq at the same final thickness of sedi-
ments, the saturation with hydrates is smaller (~2–3%).
Compaction at given physical parameters of the model
does not lead to anomalously high pore pressure in the
subsurface zone, and the fluid velocity in the surface
zone in the absence of hydrates is greater in the case of
faster sedimentation. The influence of accumulation of
hydrates on the pore fluid velocity was found in both
cases, but it is more prominent in the case of faster
accumulation of sediments and greater gradient ceq,
which reflects the interrelation of these processes. It is
interesting that the process of hydrate formation lacks
any influence on the compaction of sediments and the
pore pressure determined by compaction in the range of
the representative physical parameters of sediments
considered here, which is probably due to the small per-
centage of hydrate and its near-surface localization.
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Thus, the results of the study showed that processes
of the formation of gas hydrates from the gas dissolved
in the pore fluid, compaction of sediments, and filtra-
tion of pore fluids influence each other. Integrated cal-
culations are needed in modeling gas hydrate formation
in specific regions to obtain a realistic estimate of the
saturation of gas hydrates.
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