Mathematical models of gas hydrate accumulation
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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



amount ot hydrate present, 1.

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
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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



