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Abstract: Gas hydrate reservoirs are widespread on the world’s continental margins and in
the Arctic, but little is known about the way in which they form. We use conservation prin-
ciples to derive a set of equations that describe hydrate formation in uniform porous media.
Using scaling arguments, we identify the physical processes that are most important to
hydrate accumulation in different environments. This knowledge is used to construct
models that quantitatively predict the development of hydrate layers under a variety of cir-
cumstances. These models compare favourably with recent field observations of hydrates in

marine sediments.

How much gas is contained in a given hydrate
reservoir and how is it distributed? These ques-
tions are of paramount importance in determin-
ing the impact of these deposits on margin
stability, the global climate, future energy con-
cerns and the methane budget. To address these
issues properly, we must also know why the gas
is distributed as it is and how long it takes to
accumulate. Extensive exploration using bore
hole (e.g. Kvenvolden & Bernard 1983; Brooks
et al. 1985; Kastner er al. 1995; Dickens et al.
1997) and seismic techniques (e.g. Hyndman &
Spence 1992; Minshull er al. 1994; Yuan et al.
1996) has provided insight into the present-day
characteristics of hydrate deposits at numerous
locations around the world. Researchers have
extrapolated these observations to estimate the
total volume of carbon contained in these
reserves globally (Kvenvolden 1993; Holbrook
et al. 1996). These ongoing studies will continue
to improve our understanding of the current
state of the hydrate deposits found on our conti-
nental margins and in the Arctic. Unfortunately,
however, these methods provide little informa-
tion regarding the reasons for the observed spa-
tial distribution of hydrate at a given reservoir
and the duration over which the hydrate has
accumulated.

The accumulation rate and spatial distribution
of hydrate are determined by the physical condi-
tions at each location. We can predict the
amount of hydrate we expect to encounter in a
particular reservoir by modelling the ways in
which the various physical processes interact.
Field observations and laboratory simulations
can be used to help refine these models and
improve our understanding of the potential of
these deposits. Alternatively, with accurate data

on the distribution of hydrates within a reservoir,
we can use models of hydrate accumulation to
address the question of how the hydrate satura-
tion acquired its present profile. Models of
hydrate dissociation have been developed pre-
viously (Selim & Sloan 1989; Tsypkin 1991,
1992a,b), but little quantitative work on model-
ling hydrate formation under geological condi-
tions has been reported in the literature.

In the current paper we present models of
hydrate accumulation in different physical envir-
onments. We begin by outlining the stability
requirements necessary for hydrates to be in
equilibrium with their surroundings. This leads
to a discussion of the governing equations that
describe how hydrate deposits form in uniform
porous media. Next, we use scaling arguments
to delineate physical effects that are most impor-
tant in various circumstances. Finally, we give a
few illustrative examples of the predictions of
some models of hydrate accumulation in uniform
porous media and discuss their implications.

Stability requirements

The three-phase equilibrium conditions neces-
sary for the stable coexistence of hydrate,
water, and free gas are determined by the hydrate
former and the pore-water chemistry (e.g. Engle-
zos & Bishnoi 1988; Sloan 1990; Dickens &
Quinby-Hunt 1997). On continental margins,
the high pressures and relatively low tempera-
tures in the shallow sediments provide a stable
environment for hydrates when there is sufficient
gas (see Fig. 1). Knowledge of the hydrostatic
pressure, the geothermal gradient and the appro-
priate three-phase equilibrium curve is sufficient
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Fig. 1. A schematic representation of the thermal
conditions near the sea floor. The dashed line
represents the temperature 7; for three-phase
equilibrium between hydrate, pore fluid and free gas at
the hydrostatic pressure. Hvdrate is stable in the upper
region of the sediment column where the temperature 7
falls beiow T3; beneath this level, hydrates are no longer
stable.

to estimate where and to what depth the stability
zone extends. (In general, sediment properties
may alter the three-phase equilibrium through
the (Gibbs—Thompson) effects of curvature for
example (Clennell et al. 1995); these complica-
tions act to adjust the pressure—temperature con-
ditions for three-phase equilibrium, and in
principle they may be accounted for in the
choice of the appropriate three-phase equili-
brium curve.) The stability boundary is often
marked by a bottom simulating reflector (BSR)
In seismic experiments, which is caused by a
jump in acoustic impedance as hydrate-bearing
sediments give way to fluid-saturated sediments
which can contain free gas (e.g. Bangs er al.
1993; MacKay er al. 1994; Singh & Minshull
1994; Yuan et al. 1996). When the sediment per-
meability is too low to permit the transport of
free gas away from the three-phase equilibrium
boundary. a plane of weakness can develop at
the BSR and lead to sediment failure.

While the three-phase equilibrium conditions
determining the base of the hydrate stability
field have received much attention and are
fairly well known (e.g. Englezos & Bishnoi
1988: Sloan 1990: Dickens & Quinby-Hunt
1997). the two-phase equilibrium conditions
which prevail above the base of the stability
zone have been the subject of comparatively
little research. If sufficient gas is available. we
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Fig. 2. A schematic representation of a portion of the
phase diagram of a gas—water system at constant
pressure. In the case of a closed system which is cooled
from the point marked X, hydrate does not begin to
form until some temperature T,q, which is less than the
three-phase equilibrium temperature 73(P). As the
system is cooled below T, hydrate continues to form
with gas mass fraction ¢, as the gas concentration in
solution is depleted along the curve marked ¢¢q.

expect the pore space within the stability region
to be occupied by a combination of solid hydrate
and aqueous solution (Handa 1990). (In
extremely gas-rich environments, it is possible
to envision a two-phase equilibrium between
hydrate and a mixture of free gas and water
vapour, but this is not expected to be a
common arrangement in the sea floor.) In a
two-phase region with hydrate and aqueous solu-
tion, the equilibrium gas concentration dissolved
in the water is a function of the in situ tempera-
ture and pressure. Experimental evidence and
theoretical predictions show that the solubility
of gas in water decreases when the system is
brought further into the hydrate stability field
by either increasing the pressure or reducing the
temperature (Handa 1990; Yamane & Aya
1995; Zatsepina & Buffett 1997). (The presence
of salts and multiple gas components will affect
the value of the equilibrium gas concentration,
but the basic form of the temperature and pres-
sure dependence will be similar.) As shown in
Fig. 2, this is the opposite of what occurs outside
the hydrate stability field, where gas solubility is
enhanced by increased pressure or decreased
temperature (Fogg & Gerrard 1991). Because
temperature largely controls the solubility beha-
viour under geological conditions, hydrate can
crystallize from a gas-saturated aqueous solution
without the presence of any frec gas. Free gas
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would normally only be found beneath the gas
hydrate zone. (The possibility that the effects of
crystal growth kinetics may allow free gas to per-
sist well into the hydrate stability zone will be dis-
cussed later.)

Governing equations

The interactions of several competing physical
processes determine the rate of accumulation
and spatial distribution of hydrate in a develop-
ing reservoir. As gas is removed from the intersti-
tial fluid and incorporated into the hydrate
structure, there is an associated latent heat
release. The local hydrate accumulation rate is
dependent on how quickly additional gas can
be supplied and latent heat can be removed by
advective and diffusive processes. By modelling
the sediment—hydrate—liquid system as a conti-
nuum, we can use conservation principles to
derive equations that describe these interactions.
We restrict our attention to single-component
hydrates in sediments which initially contain
pure water, although our arguments may be
easily modified to consider multi-component
hydrates and the presence of salts. (The dynamics
of heat and mass transport which control the
hydrate accumulation process also govern the
formation of mushy layers during the solidifica-
tion of a binary melt. This related class of prob-
lems contains many fundamental similarities to
the hydrate accumulation problem (e.g. Huppert
& Worster 1985; Worster 1992).)

We consider the hydrate reservoir to consist of
a uniform porous medium in which the void space
¢ is partitioned into hydrate, with pore-volume
fraction /1, and an aqueous solution with pore-
volume fraction | — /i and gas concentration ¢
(see Appendix 1 for a list of symbols and their defi-
nitions). The latent heat of formation L and the
mass fraction of gas contained in the hydrate ¢
are treated as constants; as are the densities p
and specific heats C of each of the components
(subscripts: s = sediment, h = hydrate, f =
fluid). The bulk thermal conductivity K(#), the
bulk heat capacity C(k), and the combined diffu-
sion—dispersion coefficient D(/) all depend on the
amount of hydrate present, /.

Heat and gas are transported both through the
fluid by advection, and by diffusion and disper-
sion down the temperature and gas concentra-
tion gradients. Latent heat release provides a
source of heat as hydrate is produced, and the
gas which is incorporated into the hydrate struc-
ture reduces the aqueous solution’s gas content.
The conservation of energy and gas lead to the
primary governing equations which describe

how these processes change the temperature T
and the mass fraction of gas in the fluid ¢
(Rempel 1994; Rempel & Buffett 1997); (Appen-
dix 2 contains a brief derivation)
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is defined as the ratio of the bulk thermal conduc-
tivity to the heat capacity of the fluid, and the
bulk heat capacity is
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The fluid velocity u is altered by the reduction
in effective permeability k() which must accom-
pany the reduction in effective porosity when
hydrate occupies a portion of the pore space. In
addition, the density difference between hydrate
and the pore fluid will cause a divergence in
flow as hydrate forms. These effects are described
by Darcy’s law and the continuity condition

u :k_(ﬁlvp’
n
and

P(or — pn) Oh

Vou= Pr ot

(2)
where VP' is the non-hydrostatic component of
the pressure gradient, and 7 is the dynamic visc-
osity of the pore fluid.

Within the hydrate reservoir, the equilibrium
condition gives a relationship between the fluid’s
gas concentration and the temperature. In prin-
ciple the equilibrium concentration depends on
both pressure and temperature, but in geological
applications the temperature dependence is
expected to be the controlling factor. The tem-
perature dependence of c.q may be expressed in
the convenient form

Ceq(T) = Ceq(T3)eXp[a(T_ T3)] (3)

where T3 is the temperature for three-phase equi-
librium and ¢,q(73) is the corresponding solubi-
lity. The two-phase equilibrium calculations of
Zatsepina & Buffett (1997) show that
a” '~ 10°C for the methane hydrate-water
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system in the range of temperature-pressure con-
ditions that represent marine sediments.

Crystal growth kinetics can lead to departures
from the equilibrium state. Kinetic effects have
been the subject of numerous laboratory studies
(e.g. Englezos et al. 1987; Sloan 1990), but
many details remain poorly constrained. Given
the uncertainties involved, we choose to model
non-equilibrium effects by adopting a simple
linear equation in which the rate of gas consump-
tion is proportional to the concentration in
excess of the equilibrium value

de

a = _éR(C - Ceq) (4)

where R is the reaction-rate constant.

Scaling arguments

To assess the relative importance of the different
terms in equation (1) we compare coefficients in
the corresponding dimensionless equations. We
introduce  the dimensionless temperature
T=(T-T,)/AT and gas concentration
¢ ={(c—cg)/Ac, where AT and Ac are typical
variations over the region of interest, and Ty
and cq are convenient reference values. Hydrate
deposits are normally located in regions where
the temperature and the equilibrium dissolved
gas concentration change most rapidly in the ver-
tical dimension. The fluid flow is also often
oriented in a predominantly vertical direction.
For simplicity then, it is reasonable to restrict
our attention to one-dimensional problems and
write the dimensionless form of equation (1) as

C(h)%«?+ POl _ 0 (ﬂﬂ‘) L s

0z~ 9z \k(0) 87 ot
and
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Phos = Oh
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where the dimensionless position is Z = z//, with
/ chosen as a typical length scale, and time is
made dimensionless using the thermal diffusion
time scale 7 = tx(0)//*. Provided we choose the
length scale / and the temperature and gas con-
centration scales, AT and Ac, appropriately,
the derivatives in equation (5) will be roughly
the same order of magnitude and the size of
their dimensionless coefficients will indicate the
relative importance of the various terms.

The new parameters introduced in equation (%)
are the Peclet number, Pe the Stefan number, S,

the Lewis number, ¢, and the dimensionless
hydrate gas concentration, &,. The Peclet
number,

measures the speed with which heat can be trans-
ported through the fluid by advection, at fluid
velocity u, relative to the speed with which it is
conducted through the sediment—fluid mixture
(%(0) is the thermal diffusivity in the absence of
hydrate, i.e. # = 0). The Stefan number,

— ol
- pCAT

indicates the relative importance of the latent
heat which is liberated as hydrate is produced
compared to the heat required to change the tem-
perature. The Lewis number,

D(0)

TTRO)

is defined as the ratio of the combined diffusion
and dispersion coefficient for dissolved gas trans-
port (with 4 =0) to the thermal diffusion co-
efficient x(0). The dimensionless hydrate gas
concentration,

~ _Cp— 0

, “="Ac

is the ratio of the difference between the mass
fraction of gas in the hydrate ¢, and the reference
gas concentration in the fluid ¢, to typical varia-
tions in fluid gas content Ac. The high gas sto-
rage capacity of hydrates ensures that ¢, is
always much larger than the amount of gas
which can be dissolved in the fluid, so ¢, > ¢
and ¢, = ¢y /Ac.

The thermal conductivities of hydrate and
water differ by about 10-20% depending on
the hydrate former (Sloan 1990). As this differ-
ence is relatively small, and heat is also trans-
ported through the sediment and the pore fluid,
we can expect the ratio of the bulk thermal diffu-
sivity of hydrate-bearing sediments to the bulk
thermal diffusivity of hydrate-free sediments
#(h)/k(0) to be of the order of 1. Thus, by com-
paring the coefficients in equation (5) we see that
thermal diffusion dominates the heat transport if
the Peclet number is much less than 1, and advec-
tive transport dominates if Pe is much greater
than 1. On the Cascadia margin, where extensive
hydrate deposits are found, the background fluid
velocity is of the order of several millimetres per
year (Hyndman er al. 1993). A typical vertical
dimension for a hydrate deposit is roughly
10’ m, and typical thermal diffusivities are on
the order of 107" m*s™" (Davis er al. 1990). In
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this case the Peclet number is much less than 1
(Pe ~ (107" ms™H(10° m)/(107" m? s~ 1)~ 1072)
and therefore advection of heat can be neglected
when modelling the large-scale hydrate accumu-
lation. In the same reservoir, however, fluid velo-
cities in localized cracks and faults might be
several orders of magnitude higher than the
background field. In these local environments,
where the Peclet number is large, it is essential
to retain the advective term in models of hydrate
accumulation.

In the equation for ¢ we compare the Peclet
number and the Lewis number to determine the
principal mechanism for transporting gas. The
compositional diffusivities of dissolved hydro-
carbons in sedimentary rocks vary over several
orders of magnitude (Kroos & Leythaeuser
1988). In general we expect thermal diffusion to
be more efficient than chemical diffusion so the
Lewis number is usually very much less than 1.
With the large uncertainty involved in estimating
D(0), however, it is difficult to ascertain whether
advection or diffusion dominates gas transport.
Flow in cracks and faults can enhance advective
transport, but it also seems reasonable to expect
diffusive transport to be important in reservoirs
where the large scale fluid velocity is only a few
millimetres or less per year.

In laboratory hydrate formation experiments,
non-equilibrium effects have been shown to con-
trol the rate of gas consumption when vigorous
stirring is used to enhance the transport of gas
and heat. The methane hydrate formation experi-
ments of Uchida & Narita (1996) give reasonable
fits to the empirical first-order equation (4) when
R is of the order of 107> s™'. When the time scale
R~! for non-equilibrium effects is short com-
pared to the shortest time scale for the transport
of heat and gas, we can assume that the gas con-
centration in the two-phase region is close to the
equilibrium value given by equation (3). In many
situations the shortest time scale for transport is
the thermal diffusion time /?/x(0) which can be
several orders of magnitude larger than R In
these cases we infer that the equilibrium assump-
tion is valid. In cracks and fractures, however,
the advective time scale //u might be comparable
to éR‘l, and the non-equilibrium effects described
by equation (4) become more important. Non-
equilibrium effects could also play an important
role in laboratory simulations, where the fluid
velocity is negligible but the length scale is short.

Hydrate accumulation models

Idealized physical models are useful for illustrat-
ing some of the important features of solutions to

the governing equations. For example, a simple
model can be obtained for the case of a uniform
porous half-space cooled on its boundary to a
temperature T, less than the equilibrium tem-
perature T¢q (see Fig. 3). In this case, the fluid
velocity, and hence the Peclet number, is initially
zero. A divergence of flow is produced by the
volume change due to hydrate formation,
according to equation (2), but the associated
velocities are small so the Peclet number remains
close to zero and advective transport of heat and
gas may be neglected. When the Lewis number is
also small the diffusive gas transport is much
slower than the diffusive heat transport. The tem-
perature drops quickly relative to the speed of
gas transport, so the gas cannot move appreci-
ably before the temperature drops below the
two-phase equilibrium temperature given by
equation (3) and hydrate begins to form. Ther-
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Fig. 3. A schematic representation of the temperature,
fluid gas concentration and hydrate volume fraction
profiles for a uniform porous half-space cooled on its
boundary. Initiaily, the temperature is constant at T,
and the gas concentration is constant at ¢,,. The base at
z = 0 is then cooled to a temperature T, (where the
corresponding equilibrium gas concentration is ¢). A
hydrate layer develops with an advancing interface at
z = a(r) along which the temperature is equal to the
equilibrium value T,q. The hydrate volume fraction in
the layer is a function of both position and time, and
decreases from a high of Egl at the base, to zero at the
moving interface.



68 A. W. REMPEL & B. A. BUFFETT

mal diffusion determines the position of the
moving phase change interface separating the
growing two-phase hydrate stability region
from the warmer gas-rich aqueous solution.
Given a constant initial temperature 7. and
gas concentration ¢, the problem reduces to
become a member of the well-known class of soli-
dification problems known as Stefan problems
(e.g. Turcotte & Schubert 1982). The equations
can be solved analytically to give expressions
for the hydrate volume fraction and the growth
rate of the layer (Rempel & Buffett 1997).

This model for hydrate formation in a porous
half-space gives the hydrate volume fraction as
approximately

I~ (6)

where ¢ is the dimensionless form of the two-
phase equilibrium concentration and the values
of ¢y and Ac used to define &, are the equilibrium
gas concentration at the boundary and the differ-
ence between ¢, and the initial gas concentration
¢ In practice, the large gas storage capacity of
hydrates ensures that the dimensionless hydrate
gas concentration ¢y, is always much larger than
the fluid gas concentration ¢, so the maximum
value of /i tends to be less than 1%. The hydrate
distribution described by equation (6) decreases
from a high of &;' at the chilled boundary to
zero at the moving interface a(7) (see Fig. 3).
The position of the phase change interface is of
the form a(7) = 2AV/7. where the constant A
is found by imposing energy conservation on
the interface. An interesting feature of this prob-
lem is that the hydrate volume fraction at the
interface goes to zero so there is no discontinuity
in /i at a(7): energy conservation implies that the
temperature gradient must therefore be continu-
ous across the interface. The most important
parameters determining the value of A, and
hence the speed of the moving interface, are the
Stefan number S, defined with AT =T, — Ty,
and the dimensionless equilibrium temperature
Toqg = (Teq — To)/(Tx — T). The Stefan number
measures the relative importance of the latent
heat and the heat required to change the tem-
perature. When S is high, the growth of the inter-
face is slowed by the large heat release associated
with the phase transition (see Fig. 4a). As S tends
to zero, the latent heat release becomes negligi-
ble, and the only constraint on the growth rate
of the layer is the time required to cool the sedi-
ments below the equilibrium temperature Tg.
When the initial temperature 7, is much
warmer than T, the dimensionless equilibrium

temperature 7., is small; more heat must be
extracted to cool the system, and the layer
growth is slow (see Fig. 4b). When T, is close
to 1, the initial temperature is near the equili-
brium temperature and the phase change inter-
face moves rapidly.

In naturally occurring hydrate deposits, the
manner in which the gas gets incorporated into
the hydrate structure is a matter of some dispute.
One theory holds that in situ biogenic gas pro-
duction from buried organic material is the
main gas source (Kvenvolden & Barnard 1983;
Brooks et al. 1985). Others argue that there is
insufficient organic material available to account
for the large volumes of hydrate present, so there
must be significant gas transport into the stability
region from below (Hyndman & Davis 1992).
Numerical solutions to the governing equations
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Fig. 4 (a) A plot of the growth-rate parameter A as a
function of the Stefan number

S = phol/(prCe(To — Ty)). At higher values of S. the
growth rate is reduced by the need to remove more
latent heat. (b) The dependence of A on the
dimensionless equilibrium temperature

Teq = (Teq ~ Tp)/ (T — Tp). When the equilibrium
temperature T4 equals the initial temperature T .
T.q = | and layer growth is limited only by the need to
remove latent heat.
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can be used to explore the implications of these
two models (Rempel & Buffett 1997).

For the gas flux model, we assume that the
temperature profile is initially conductive and
there is no gas in the hydrate zone. Beneath the
level of the hydrate stability zone, the gas concen-
tration is fixed at a constant value, and this gas is
transported upwards by the combined effects of
advection and diffusion. For typical parameter
values (see Table 1) the temperature perturba-
tions caused by hydrate production are insignifi-
cant, and the Peclet number is sufficiently small
so that the temperature profile remains linear.
After several thermal diffusion time cycles the
gas concentration reaches a steady, equilibrium
profile. When the Lewis number is small com-
pared to the Peclet number the gas transport is
dominated by advection and the hydrate accu-
mulation rate is given by

o _
ot pro{en = Ceq) .

pru-Ve,
! )

Using the relationship from equation (3)
between ¢, and temperature, we infer from
equation (7) that the rate of hydrate accumula-
tion decreases exponentially upwards into the
stability zone. This prediction yields a hydrate
saturation profile that is highest near the BSR,
consistent with some estimates based on field
observations (see Fig. 5) (e.g. Brown et al.
1996; Yuan et al. 1996). Using parameter
values representative of conditions in marine
sediments (see Table 1), we get an additive
increase in hydrate volume of order 1% of the
pore space in 10° years near the base of the
hydrate stability field.

For the in situ gas production model we initi-
ally assume that the gas production rate is uni-
form throughout the entire sediment column.
When the temperature profile is conductive, as
in marine sediments, the gas solubility behaviour
suggests that hydrate should form most readily
where the system is furthest into the hydrate sta-
bility field at the top of the sediment column.
This would lead to a hydrate saturation profile
with a hydrate volume fraction that decreases
with depth. If we allow the temperature condi-
tions in the sediments to evolve due to the effects
of continuing sedimentation, however, we get a
much different result. The temperature at the
base of the stability field increases and the posi-
tion of the BSR migrates upwards as hydrate dis-
sociates to liberate free gas (see Fig. 6). This gas
rises back into the stability region by advection
and compositional diffusion, and the new
hydrate it forms is concentrated near the BSR.
The overall hydrate saturation profile that

Table 1. Parameter values

Property Nominal value Units

ot 1000 kgm™?

oh 930 kg m~?

24 2650 kg m™

Cr 4200 Jkg ' K™!
Gy 2080 Jkeg ' K™
G 2200 Jke 'K
o} 0.5 -

L 430 kJ kg™!
1(0) 1077 ms™>
D(0) 107 ms™

u 107" ms™!

¢ 0.13* -

¢y 107 -

o 0.1 K™

R 107} 57!

G 0.04 Km™'

* Assumes CH, - 6H.O; tsolubility of methane at
6.06 MPa and 298K (Fogg & Gerrard 1991). Other
sources are Lide (1990), Sloan (1990), Hyndman &
Davis (1992), and Uchida and Narita (1996).
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Fig. 5. The hydrate saturation profile for the gas flux
model with a fluid velocity of 1 mm year™'. The hydrate
volume fraction decreases exponentially with height
above the BSR. The ocean maintains the gas
concentration at the sea water value at the sea floor
(dimensionless height 1.0). This results in large gas
concentration gradients near the sea floor, and
compositional diffusion causes a sudden drop in
hydrate volume fraction near dimensionless height 0.8.
If the fluid velocity were higher, this drop in hydrate
volume fraction would occur closer to dimensionless
height 1.0.
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Fig. 6. A schematic diagram showing the effects of
ongoing sedimentation on the temperature profile near
the sea floor and on the position of the BSR. As time
progresses and the sea-floor position migrates upwards,
the temperature in the sediments changes from the solid
line marked 7'(z = 0) to the dashed line marked T'(z).
The intersection of the geotherm and the three-phase
equilibrium temperature 73 migrates upwards, and
hence the base of the stability region moves upwards as
well.

emerges from this scenario could contain two
regions with an elevated hydrate volume frac-
tion, similar to recent observations on the
Blake ridge (Dickens et al. 1997). In Fig. 7, the
upper region near the sea floor at dimensionless
height 1.0 has an elevated hydrate volume frac-
tion because of the decreased equilibrium gas
concentration at lower temperatures. The peak
in hydrate volume fraction near the BSR is
caused by gas transported back into the stability
region from hydrate that has dissociated because
of the evolving thermal conditions. The time
scale for this recycling of gas at the base of the
stability zone depends on the rate of sedimenta-
tion and the rate of gas transport back into the
stability zone, while the time scale for the total
accumulation depends on the rate of biogenic
gas production.

Discussion of model results

The observed vertical profiles of gas hydrate
saturation in submarine deposits vary consider-
ably from site to site. In addition, different
methods of estimating hydrate saturation at the
same location have yielded quite different results.
For example, on the Cascadia margin, ODP Site
889, Yuan er al. (1996) found that velocity data
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Fig. 7. The hydrate saturation level / as a function of
dimensionless height above the initial BSR position for
the in situ biogenic production model with the
additional effects of sediment accumulation. The
uniform dimensionless rate of biogenic gas production
dé¢/dris 1. The sedimentation velocity is 0.01 so the new
position of the BSR when 7 = 5 is 0.05. In this example
the fluid velocity is zero so gas liberated from
dissociated hydrate is transported back into the
stability zone by compositional diffusion alone.

from vertical seismic profiles and multi-channel
seismic profiles suggest hydrate saturation levels
of about 20% of the pore space immediately
above the BSR, whereas chlorinity data indicate
a pore saturation approaching 40% near the
BSR. However, both data sets display the same
general trend of increasing hydrate saturation
levels with depth below the sea floor until a max-
imum is reached in the vicinity of the BSR. This
is consistent with the predictions of the fluid-flux
model of hydrate accumulation presented here
(see Fig. 5). The fluid flux model suggests that
hydrate saturation levels of order 10% of the
pore space would require on the order of 10°
years to accumulate.

Dickens et al. (1997) made direct measure-
ments of methane content in recovered pressure
core barrels at sites 995 and 997 of ODP Leg
164 on the Blake Outer ridge. They determined
that the in situ methane concentration exceeds
the two-phase hydrate-liquid equilibrium con-
centration-in a region from 190 to 450m below
the sea floor (mbsf). The data indicate two
peaks in hydrate saturation; the first at approxi-
mately 200 mbsf, and the second, more promi-
nent peak immediately above the BSR at
450 mbsf. These data are qualitatively similar to
the predictions of the in situ gas production
model with the effects of sedimentation (see
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Fig. 7). Dickens et al. (1997) report that the sedi-
ments from 0 to 190mbsf and from 240 to
380 mbsf appear not to contain enough methane
to support significant amounts of hydrate. These
observations could also be explained by the in
situ production model if we allow the rate of bio-
genic gas production to vary with depth. For
example, near the sea floor bacterial gas produc-
tion is not expected to occur above the base of
the sulphate reduction zone (Claypool &
Kaplan 1974). In addition, variations in the
amount of organic material available at different
depths could result in different rates of biogenic
gas production. Over certain depth ranges this
could lead to insufficient biogenic production of
methane to enable the local gas concentration
to exceed the two-phase equilibrium value.

Caution must be exercised when comparing
the model results to field observations. For
example, while the upper peak in hydrate satura-
tion at ODP Leg 164 can be explained by the in
situ gas production model, it could also have
resulted from enhanced gas migration accompa-
nying hydrate dissociation during past climate
change. Alternatively, if sediment failure were
to occur immediately above a BSR it would
change the position of the sea floor and the ther-
mal conditions in the sediment. The free gas pre-
viously beneath the initial location of the BSR
could be converted to hydrate and lead to a
region of enhanced hydrate saturation well
above the subsequent depth of the base of the
hydrate stability zone. The models presented
here do not account for sea-level changes or sedi-
ment failure, which could both strongly influence
the hydrate saturation profile. In principle, these
effects would not alter the form of the governing
equations (1), and the current models could be
modified to consider such events. With the lim-
ited amount of data currently available, however,
it could be difficult to determine which of the var-
ious model scenarios best explains the observed
hydrate distribution.

Hydrate saturation profiles determined using
bore hole techniques can be heavily influenced
by anomalous zones containing segregated
hydrate. Segregated hydrate can result from
enhanced fluid transport in confined regions or
from the influence of the sediment properties
on hydrate formation (Clennell et al. 1995). Frac-
tures can act as preferred fluid migration path-
ways where the rapid flow increases the gas
flux. The hydrate accumulation models presented
in this study have all been applied to uniform
porous media. The actual geological settings
where hydrate deposits are found can be much
more complex. However, the general form of
the equations in equation (1) should not be

altered by features such as fractures. Hydrate
accumulation is still controlled by balances
between advection and diffusion of gas and
heat, and the latent heat release and gas con-
sumption associated with the phase change.
When modelling hydrate accumulation in non-
isotropic and inhomogeneous media, solutions
to the governing equations, must be fully three
dimensional. These complications are beyond
the scope of the current paper, but the basic phy-
sical processes are described by equation (1).

Conclusions

We have presented a set of governing equations
which describes the accumulation of hydrate in
porous media. We use scaling arguments to
show that simplifications to the governing equa-
tions are justified in a number of physical set-
tings. This allows us to produce simple models
that describe how hydrate deposits form.

We first examined the case of an isothermal
porous half-space cooled on its boundary. We
found that the growth rate of the stability zone
is controlled by thermal diffusion, while the
hydrate saturation profile is determined by the
gas available in excess of the equilibrium concen-
tration. Next we looked at the resuits of two
numerical models of hydrate accumulation in a
region with a conductive thermal profile similar
to that found in marine sediments. In the fluid
flux model, we considered the development of a
hydrate layer as gas is advected and diffused
into the layer from below. For the case where
advection dominates the gas transport, we
obtained a simple expression for the change in
hydrate volume fraction with time after a
steady-state equilibrium gas concentration profile
has developed. The predicted rate of increase in
hydrate saturation level is greatest at the base of
the stability field, which is consistent with some
indirect observations of hydrate deposits. For
the in situ biogenic production model coupled
with ongoing sedimentation, we obtained a simi-
lar saturation profile to that for the fluid flux
model. One of the principal differences between
the two models is the suggestion of two possible
regions with elevated hydrate saturation in the
biogenic model. The upper maximum is caused
by the reduced gas solubility at lower tempera-
tures in the hydrate zone, while the lower maxi-
mum is caused by the redistribution of gas from
dissociated hydrate as the geotherm migrates
due to ongoing sedimentation.

Hydrate reservoirs are actively maintained and
the hydrate saturation profile is continuously
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evolving as additional gas is transported by diffu-
sion and dispersion down the equilibrium con-
centration gradient, and by advection when
there is a non-zero fluid velocity. Outgassing
events such as those caused by sediment failure
or sea-level changes are probably responsible
for moderating the hydrate content of submarine
reservoirs. Continued development and refine-
ment of hydrate accumulation models using the
results of laboratory experiments and field obser-
vations will improve our understanding of this
important resource.

The authors would like to thank G. R. Dickens for
thoughtful comments and suggestions that have
undoubtedly improved the manuscript. A. W. Rempe]
thanks the organizers of the First Master Conference
for their excellent work and hospitality.

Appendix 1. Nomenclature

¢ mass fraction of gas in fluid
¢ dimensionless gas concentration
¢=(c—cy)/Ac

¢h mass fraction of gas in hydrate

Ch dimensionless hydrate gas concentration
eh = (o — ¢y)/Ac

C specific heat capacity at constant pressure

C(h) bulk heat capacity

D(h) chemical dispersion—diffusion coefficient
at hydrate pore-volume fraction /

D(0) chemical dispersion—diffusion coefficient
with no hydrate (i.e. h=0)

G geothermal gradient

I hydrate pore-volume fraction

H specific enthalpy
H  total enthalpy

K (1) bulk thermal conductivity at hydrate pore-
volume fraction /1

k(h) effective permeability to fluid flow at
hydrate pore-volume fraction /.

/ length scale

L latent heat of formation for hydrate
Pe  Peclet number Pe = ul/x(0)
0 heat flux

R reaction-rate constant for kinetic law,
equation (4)

S Stefan number S = proL/(piCiAT)

T temperature

T dimensionless temperature
T=(T-1,)/AT
time

~

H

dimensionless time 7 = 1x(0)/1*

u fluid velocity

z vertical coordinate

z dimensionless vertical coordinate Z = z//
o constant in empirical two-phase equili-

brium equation (3)
€ Lewis number € = D(0)/x(0)
1) porosity
7 dynamic viscosity of pore fluid
bulk thermal diffusivity
w(h) = K(h)/(peCr)
bulk thermal diffusivity with # =0
similarity coordinate for interface position
density

Subscripts

s sediment

f fluid

h hydrate

0 reference value

eq  equilibrium

Appendix 2. Governing equations

The conservation equations for energy and gas
are applied to a fixed volume in a continuum
composed of sediment, pore fluid and hydrate.
The heat equation relates the change in enthalpy
H to the heat flux Q into the volume by

0H
5 =0 (BI)

The total enthalpy H is written as

H = peHid(1 — h) + pyHydh + psHy(1 = 9),
(B2)

where Hy, Hy and H, are the specific enthalpies of
the fluid, hydrate and sediment components. The
heat flux Q into the volume may be carried by

advection and conduction
Q=-V-(pHru) + V- (K(H)VT)  (B3)

where the advective transport is through the fluid
at velocity u, and the bulk thermal conductivity is
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K (). The specific heat at constant pressure is
defined as

L

C=—-=

and the latent heat per unit mass of hydrate is
L=H;—H,

We treat each of the components as incompres-
sible and substitute (B2) and (B3) into equation
(B1) using the definitions for C and L and rear-
ranging terms to get

‘ ‘ L oT
[prCrp(1 — h) + prCrooh + psCs(1 = ¢)] En
+ piCru-VT
‘ oh
+ Hf{@(ﬂh - PF)E + oV - U}
. Oh
=V (K(VT) + pnoL o (B4)

The term in braces {} is equal to zero by conser-
vation of mass. Dividing through by p;Cr we
have
... 0T
C(h)EnL u-V7T =V (k(h)VT)
pndL Oh
piCy O1

(BS)

where the bulk thermal diffusivity and the bulk
heat capacity are

K(#h)
w(h) = ——= and
) peCy

Clh) = peCro(1 — h) + prCroh + psC(1 — @) '
oiCr

Changes in the total mass of gas in a fixed
volume are due to the combined effects of advec-
tion, diffusion and dispersion. The mass of gas
per unit volume is

proc(l = h) + pnoenh (B6)

where the mass fraction of gas in the hydrate ¢
may be treated as a constant. The advective gas
flux into the volume through the fluid is
=V - (preu). (B7)

We neglect the effects of the temperature gradi-
ent and the pressure gradient on the diffusive

flux, and write the combined diffusive and disper-
sive flux as

prdV - (1 — h)D(h)V¢). (B8)
The change in the mass of gas (B6) is equal to the

sum of the transport terms, equations (B7) and
(BS), so that

dc oh
=4 ond(en — ¢) A pra- Ve

prd(1 —h) e 5

+ C{/W-u + ¢(pn — Pr)%/;}
= poV - ((1 — )D(h)Vc). (B9)

Dividing through by p¢ and using conservation
of mass to eliminate the term in braces {} we
arrive at

oc 1
(1—"h) E+ Eu -Ve=V-[(1 —hDH)Vc]
P — 2l
s (ep — ) 5 (B10)
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