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Abstract

Hydrates in marine sediments are estimated to contain more methane than conventional reserves. Previous estimates of the amounts of
methane hydrate ignore pore size effects and variations in hydrate saturation of the pore space. The model presented here uses sediment type,
geothermal gradient, and seafloor depths as inputs, and leads to predictions for the maximum depth of hydrate stability for data collected in
the Ocean Drilling Program with an average error of 5%. Reaction-mass transfer partial differential equations are solved to estimate the
amount of hydrate filling of the pore space, rather than using previous ad hoc choices for hydrate saturation. Predictions for the amounts of
methane hydrate in the Mediterranean Sea, the Black Sea, the Gulf of Mexico, and the Northern Indian Ocean are made.
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1. Introduction

Gas hydrates or clathrates are crystalline compounds
that form from water with at least one other compound,
and are stable at conditions above the normal freezing
point of water. Methane is one of many guests that can
form hydrates and will be considered here because of its
abundance in the ocean seafloor regions where large
masses of hydrates exist. There has been interest in
developing methods to harvest the huge amounts of
methane present in natural gas hydrates. A recent
estimate of the amount of methane trapped in hydrates
is as much as 300 times that in conventional US reserves
(Sloan, 1998). Also, the melting and dissociation of gas
hydrates in the ocean floor and in permafrost regions
might increase global warming (Hatzikiriakos & Engle-
zos, 1993; Hatzikiriakos & Englezos, 1994) resulting in
further hydrate dissociation. Conversely, sequestering of
carbon dioxide in hydrates has been proposed to reduce
the amount of this greenhouse gas in the environment.
Brewer, Friederich, Peltzer, and Orr (1999) and Brewer,
Orr, Friederich, Kvenvolden, and Orange (1998) have
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experimentally shown the formation of CO, hydrates in
the ocean.

Most measurements and models have been for bulk gas
hydrates that are important in industrial pipelines, but for
which capillary effects are unimportant. Methane hydrates
in nature occur in porous media, e.g. clay, silt, and sand,
where capillary forces (surface tension) can be important,
and result in a hydrate equilibrium pressure that increases as
the pore size decreases. Handa and Stupin (1992) first
examined the effect of pore size on the equilibrium
pressures of methane hydrates with laboratory prepared
porous silica gel, and Uchida, Ebinuma, and Ishizaki (1999)
measured the equilibrium pressures of methane hydrates in
pores of different sizes. However, measurements of hydrate
equilibrium pressures in natural porous media (clay, silt, or
sand) in the laboratory are limited.

Seafloor hydrates are thermodynamically stable when at
a given temperature the hydrostatic pressure is higher than
the equilibrium pressure. However, the hydrate equilibrium
pressure increases with depth due to increasing temperature
as a result of the geothermal gradient. Therefore, there is a
maximum depth of hydrate stability in the seafloor below
which the hydrostatic pressure is less than the hydrate
equilibrium pressure. Clennell, Hovland, Booth, Henry, and
Winters (1999) and Henry, Thomas, and Clennell (1999)
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Nomenclature

a activity

A area

AAD  absolute average deviation

c concentration

D diffusion coefficient

E methane expansion factor from hydrate to gas at
STP

f fugacity

h hydrate saturation of pore space

L length scale (2000 m)

mbsf  meters below sea floor

P pressure

r pore radius

Ry, rate constant for hydrate

R gas constant

R, mean radius of the pore

sd standard deviation of pore sizes
S sedimentation rate

STP standard temperature and pressure
t time

T temperature

up fluid velocity

Vg sediment velocity

vdWP van der Waals and Platteeuw

Vv volume

by molar composition in Liquid phase

Xclay fraction of clay in sediment

y depth below seafloor

Z scaled radius

Az equivalent thickness of pure hydrate in sediment

Greek characters

mass fraction of organic carbon
change in a property

shape factor

probability distribution function
activity coefficient

conductivity

rate constant for methanogenesis
chemical potential

porosity

density

temperature scale (10 °C)
contact angle

surface tension

I DIAID /T >ALE SR

Superscripts and subscripts

bulk bulk phase

eq equilibrium

f fluid

hydro hydrostatic

H hydrate phase

L liquid water

m methane

S sediment

sat saturated conditions
\Y% vapor phase

w water

ws wet sediment

o ice phase

B empty hydrate phase
"IT ice or liquid water

adapted the bulk hydrate model originally developed by van
der Waals and Platteeuw (1959) to include the effect of
surface tension on hydrates confined in pores. However,
with their model, predictions for the maximum depths of
methane hydrate stability differed significantly from those
observed from the Ocean Drilling Program (ODP) Leg 164
(Paull et al., 1996).

The model we present here extends our recently
developed fugacity-based model to predict bulk hydrate
equilibrium pressures in pure water (Klauda & Sandler,
2000) to hydrates formed in natural porous media and
from seawater. This model includes the effect of a
distribution of pore sizes, and, as we show, leads to an
accurate prediction for depths of hydrate stability in the
seafloor. Our estimates for the amount of methane
hydrate in several regions of the world are based on
this thermodynamic model to determine the thickness of
the hydrate stability zones and a mass transfer model
of Davie and Buffett (2001) to estimate the amount of
hydrate saturation of the sediment pore space.

2. Modeling hydrate equilibrium

The first model to predict bulk hydrate equilibrium was
developed from statistical mechanics by van der Waals
and Platteeuw (1959, vdWP) and extended by Parrish and
Prausnitz (1972) to account for multiple guests in hydrate
structures. Details of these models can be found in Sloan
(1998). Recently, we have developed a somewhat
different, classical thermodynamic approach to modeling
gas hydrates, which has led to improved hydrate phase
behavior predictions (Klauda & Sandler, 2000) for bulk
single-guest hydrates. However, natural hydrates form in
porous media, e.g. clayey sediments, so that capillary
effects can be important. Also natural porous media have
pores of varying sizes; in some locations the pore size
distribution (PSD) can be quite narrow, while in others it
is broad (Clennell et al., 1999). Extensions of the vdWP
type models to hydrates formed in laboratory porous
media (Clarke, Pooladi-Darvish, & Bishnoi, 1999) and in
marine sediments (Henry et al., 1999) have used a single
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pore size to determine the capillary effect on hydrate
equilibrium pressures. We have found that extending our
fugacity-based model to hydrates formed in silica gel with
a distribution of pore sizes improved upon single pore size
and vdWP type model predictions (Klauda & Sandler,
2001). Therefore, a model of hydrate formation in porous
media should include a PSD when such information is
available.

The equality of fugacity phase equilibrium condition was
used in our model (Klauda & Sandler, 2000)

(T, P) = f3(T,P) (1)

where f (T, P) is the fugacity of water in the liquid (7 = L)
or solid ice (7 = a) phase, and the fugacity of water in the
bulk hydrate phase is

(@)

_ H
TPy = (T, P)exp( M)

RT

Here f\g’(T, P) is the fugacity of the hypothetical empty
hydrate lattice and Aufl(T,P) is the difference in the
chemical potential between the empty and filled hydrate
lattice. The details and parameters used for this model, and
especially the calculation of the fugacities f\S(T, P) and
fa(T, P) can be found elsewhere (Klauda & Sandler, 2000).

At temperatures above the normal freezing point of
water, methane hydrate can develop from dissolved
methane (Fig. 1(a)) in the aqueous phase (that is, without
free gas), but usually there is gaseous methane present
(Clennell et al., 1999). Since the interfacial tension between
gaseous methane and liquid water is almost twice that of the
ice-water interface, methane gas will preferentially fill the
larger pores (Fig. 1(b)). Consequently, hydrate crystal-
lization in pores will occur in direct contact with a
continuous water phase, forming a granule of hydrate in
the pore space (Fig. 1). It is assumed that on crystallization,
the hydrate progressively protrudes into the pore space with
a convex spherical cap. Therefore, for a pore with a radius of
r the pressure in the hydrate phase, P;I(,re(r), is higher than

Hydrostatic Hydrostatic
Pressure Pressure
U U

Bound Water

BIIL

(@ (b)

Fig. 1. Schematic of water interfaces in natural porous media.

the hydrostatic pressure in the bulk, Phygro

S o
Pglore(r) = Phydro - HLr i cos G, 3)

where { is the shape factor, o is the surface tension, and 6 is
the contact angle of the hydrate-liquid water (HL) interface,
which is greater than 90° since the contact surface is convex.
This differs from the formation of hydrates in artificial
porous media (Handa & Stupin, 1992; Uchida et al., 1999)
where the liquid water phase is discontinuous from the bulk.
That is, the pressure on the water is not equal to the bulk
pressure of the surrounding gas. For this situation the
hydrate forms initially in pores open to the bulk gas phase,
and then protrudes inwardly through the porous media
(Klauda & Sandler, 2001), thereby affecting the pressure of
the liquid water phase rather than the hydrate phase.

There has been no experimental determination of the
surface tension between liquid water and hydrate; it will be
assumed here to be equal to the ice-water surface tension of
27 mJ m~2 (Clennell et al., 1999; Handa & Stupin, 1992).
Since there is a distribution of pore sizes in natural marine
sediment, the average pressure in the hydrate phase is

- © {gLo
Ppore(r) = Phydro - Lt cos Oy e(r)dr “4)
0 r

where ¢(r) is the probability distribution function for pore
size, which is assumed to be a normal distribution in our
calculations

1 (r — R,)? _ r—R,
QD(F) - mexp( 2Sd2 )’ <= sd (5)

where R, is the mean pore radius, sd is the pore size standard
deviation, and z is the scaled radial distance.

A simple adaptation of our fugacity-based model
(Klauda & Sandler, 2000) can be used to predict hydrate
formation in natural porous media by assuming that the
increase in pressure of the confined hydrate phase is
accounted for by a Poynting correction to the fugacity

S (T Pryare) = far ™™ (T, Pryaro )" (T) = ™™ (T, Ppyyro)
[ VAT, Poyaro) (Pryaro — Pu P (1)) ]
Xexp| —

RT
XJ ay (T, 2)¢(z)dz (6)
7Rp/sd
with
VLo
aw(T,z) = exp[ — R_; ﬁcos O 7)

where fiouk(T, Prydro) s the fugacity of water in the bulk
hydrate, Eq. (2). Since it is assumed that the hydrate in a
pore has a convex spherical cap, the shape factor, (g, is
equal to two. The lower integration limit in Eq. (6), —R,/sd,
results from the physical limitation of positive pore radii.
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Since the hydrate phase forms a convex shape in the pore,
the contact angle for hydrate is assumed to be 180° (Fig. 1).
The fugacity of liquid water is modeled by

f\}/‘(T’Phydro)zxw(T’Phydro)’)’w(xw’T)Pi\?[,L

__ psatLL
Xexp[%(T,Phydme?dm Py (T))] ®)

where the composition of water, x,,, is determined from the
solubility of methane in water computed using Henry’s Law
with constants for seawater (Cramer, 1984) and using the
known concentration of electrolytes in seawater (Lide &
Frederiskse, 1995). The activity of water in seawater was
described using the Pitzer model for a single electrolyte in
solution (Pitzer & Mayorga, 1973) and its extension to a
mixed electrolyte solution by Patwardhan and Kumar
(1986), where the seawater ion concentrations were
obtained from the CRC Handbook (Lide & Frederiskse,
1995). Therefore, the equilibrium pressure at a specified
temperature is determined by substituting Egs. (6) and (8)
into Eq. (1) and iteratively solving for the pressure.

3. Hydrate formation in nature

The necessary criteria for a methane hydrate to form in
nature are: a sufficient amount of methane or organic matter
and methane producing bacteria, and that the actual or
hydrostatic pressure is greater than or equal to the methane
hydrate equilibrium pressure. The first criterion can be
satisfied by direct observation of hydrate occurrence from
well logs, or indirect determinations of a free methane gas
zone using seismic seafloor data to locate a region of strong
reflections of sound waves (referred to as abottom-simulating
reflector or BSR) above which hydrates are stable. From
ocean drilling data, the depth of the BSR corresponds closely
to the deepest occurrence of hydrate in the seafloor (Paull
et al.,, 1996). Therefore, the BSR is generally taken to
represent the base of hydrate stability (Ruppel, 1997), and
below which the hydrostatic pressure is less than the hydrate
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Fig. 2. Schematic of hydrate thermodynamic stability zone: shaded in gray.

equilibrium pressure (due to the increasing temperature as a
result of the geothermal gradient).

The zone of hydrate stability is determined by comparing
the hydrostatic pressure and equilibrium pressure at each
depth below the seafloor. The hydrate phase is thermo-
dynamically stable if the hydrostatic pressure is greater than
or equal to the hydrate equilibrium pressure, as shown by the
shaded gray region in Fig. 2. Thermodynamics cannot give us
information on the amount of hydrate in this stability zone,
though the available sediment pore space provides an upper
bound to the volume available for hydrate growth. Later we
will discuss how we estimate the percentage of the pore space
filled by the hydrate using a previously developed set of mass
transfer equations (Davie & Buffett, 2001).

3.1. Model parameters to determine hydrate zone thickness

The geothermal gradient, seafloor temperature and depth,
and pore distribution are needed to predict the equilibrium
pressures of the hydrate at a given depth below the seafloor
and thereby the methane hydrate stability zone in the
seafloor. The hydrostatic pressure is determined based on
the density of seawater and the sum of the seafloor depth
below sea level and the depth below seafloor, and compared
with the equilibrium hydrate pressure to establish if the
hydrate is thermodynamically stable.

3.1.1. Geothermal gradient

The geothermal gradient is essential in determining the
temperature profile in the ocean sediment. A large
geothermal gradient will produce a thin hydrate stability
zone because of the steep increase in the ocean sediment
temperature. Therefore, an accurate representation of the
geothermal gradient is necessary. Previously Gornitz and
Fung (1994) used an oceanic average for the geothermal
gradient to estimate the amount of methane trapped in
oceanic gas hydrates. However, in our calculations a region-
specific geothermal gradient was used and obtained by
interpolation of 19,807 global data points compiled by the
International Heat Flow Commission (Gosnold, 2001;
Pollack, Hurter, & Johnson, 1993).

3.1.2. Seafloor temperature and depth

The temperature at the ocean bottom compiled by in the
1998 World Ocean Atlas (Antonov et al., 1998a—c) varies
between 1 and 5 °C at depths sufficient for hydrate stability.
For the Indian Ocean a constant seafloor temperature of
1.5 °C has been used. However, for the inland seas and gulfs
(Mediterranean Sea, Black Sea, and Gulf of Mexico) bottom
water temperatures are typically higher than in the oceans.
Therefore, the seafloor temperature in each inland sea was
taken as an average value from those reported by Antonov
et al. (1998a). The seafloor depth was obtained from high-
resolution bathymetry data by Miller, Smith, Kuhn, and
Sandwell (2000) and Smith and Sandwell (1997).
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3.1.3. Pore size distribution

The pore size distribution (PSD) of the sediment is
needed to accurately predict the hydrate stability zone in the
seafloor. Soil and marine sediments can be considered to be
of three general types: (1) clay—the finest of all sediments
resulting in the smallest pores, (2) silt—coarser than clay,
and (3) sand and gravel—the coarsest of the sediments
producing large pores. Dewhurst, Aplin, and Sarda (1999)
and Dewhurst, Aplin, Sarda, and Yang (1998) measured the
effect of consolidation pressure and sediment particle size
on various physical properties of sediment. Mercury
intrusion porosimetry was used on different London Clay
samples to determine the PSD as a function of sediment type
and pressure. They found that the mean pore size decreased
with an increase of consolidation pressure and with the
percentage of clay in the sample. A previous prediction of
the PSD for marine sediment in a region of known methane
hydrate occurrence (Henry et al., 1999) did not consider the
effect of consolidation pressure on pore size. The mean pore
size they measured at atmospheric conditions is expected to
be larger than that at the bottom of the ocean, which may be
why the predictions for the BSR by Henry et al. (1999) were
deeper than the measured values.

Since sediment type is easily determined, we developed a
correlation (Klauda & Sandler, 2001) for mean pore size as
a function of consolidation pressure and percentage of clay
in the sediment using the porosimetry data (differential
intrusion volume as a function of pore radius) measured by
Dewhurst et al. (1999, 1998)

In(R,) =15.4215 — 21.9773x,y + 11.5670x7,,
+0.2e7%%7 [P in MPa and R, in A] 9)

where x.,, is the fraction of clay-sized particles in the
sediment sample. With this correlation a simple measuring
technique, e.g. smear slides, can be used to estimate pore
sizes instead of direct measurements. Here we have used
values for the percentages of clay that were globally
interpolated from 250 data points reported by the Deep Sea
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Fig. 3. Predicted maximum depth of hydrate stability or BSR as a

function of the standard deviation in pore size distribution for site 994 of

ODP Leg 164.

Drilling Project at methane hydrate stability depths below
the seafloor (Musich et al., 2000).

The standard deviation of the fitted normal distribution
decreased with increasing pressure, but there was no evident
dependency on the fraction of clay. We have found that the
effect of the PSD is important near the depressed freezing
point in artificial porous media, because of the variation in the
freezing point of water with pore size (Klauda & Sandler,
2001). However, the effect of the PSD on the predicted
equilibrium pressures at temperatures higher than the freezing
pointis less. The geological properties at Site 994 of ODP Leg
164 (Paull et al., 1996) are used in Fig. 3 to show the effect of
the pore size standard deviation on the predicted maximum
depth of hydrate stability. For the range of standard deviations
considered, there is less than a 10 m decrease in the maximum
depth of hydrate stability. The porosimetry measurements of
Dewhurst et al. (1998, 1999) showed a range of standard
deviations from about 10 to 30 A. A constant standard
deviation of 20 A was used here for all sediment types.

3.2. Hydrate saturation of pore space

The degree of hydrate saturation in the pore space is
crucial to accurately estimate the total quantity of methane
hydrate. This factor has introduced a large uncertainty in
previous calculations because of the ad hoc choice of
hydrate saturation. In most estimates a globally constant
hydrate saturation value between 5 and 10% of the pore
space within the hydrate stability zone has been assumed
(Gornitz & Fung, 1994; Kvenvolden & Grantz, 1990).
However, hydrate saturation varies depending on the
amount of methane available from the in situ production
of methane from bacteria or from thermogenic sources from
deep in the ocean floor. In the Blake Ridge Region, offshore
of South Carolina, hydrate saturation varies from 2 to 7% of
the pore space (Holbrook, Hoskins, Wood, Stephen, &
Lizarralde, 1996), while at the Chile Triple Junction region,
up to 18% of the pore space is filled with hydrate (Brown,
Bangs, Froelich, & Kvenvolden, 1996).

Recently, Davie and Buffett (2001) developed a set of
mass transfer equations for methane, organic carbon,
chlorine, and hydrate that can be used to determine the
pore space hydrate saturation profile. In this model hydrate
growth is assumed to begin when the concentration of
methane in water exceeds the equilibrium concentration in
seawater and hydrate dissociates if the methane concen-
tration is below the equilibrium value. The source of methane
is assumed to be from methanogenic bacteria feeding on
seafloor organic carbon. The partial differential equations for
hydrate growth, organic carbon, and methane are

oh -
(Dg + V-3, Ph) = Ry (e — Ceq) (10)
0
a_‘: = —9.Va — \a (11)



464 J.B. Klauda, S.1. Sandler / Marine and Petroleum Geology 20 (2003) 459—470

o -
(p(l - h)W + I/tf'VCm
= V[Dm @(1 - l’l)VCm] + (Cm - ch)g‘Rh(cm - Ceq)

]6ps(1 - CD)
+ (—30pf )/\a (12)

where 4 is the hydrate volume fraction, @ is porosity, ¢, is
the methane concentration in liquid water, ¢, is the methane
concentration in the hydrate, « is the mass fraction of organic
carbon, p, is the sediment density, and p; is the seawater
density. The diffusivity of methane in seawater, D,,, and
the rate constant for hydrate growth, R}, were assumed to be
constant at 10 °m*s ™' and 10 ®s™!, respectively. The
sediment and fluid velocities are considered only for the z
direction (the seafloor depth)

- _ (1= 0
= (a0 )" “”

dL) P(2)h(z) ] 5 (14)

e = (1 — PO —

i = 1= 20)| =50 ~ T g
where S is the sedimentation rate. For the equilibrium
methane concentration, Ceq> Davie and Buffett (2001) used an
exponential decay from the methane concentration at the
maximum depth of hydrate stability, ceq(Timax)

Ceq(T) = Ceq(Timax)eXPUT = Tinax)/ 7] 15)

where 7is equal to 10 °C. Here ceq(Tnax) is determined from
Henry’s Law with the constants for seawater (Cramer, 1984).
The initial conditions for methane concentration and hydrate
volume were assumed to be zero. For organic carbon a steady
state solution for Eq. (11) was used for the initial condition.
The seafloor boundary conditions for methane concentration
and hydrate volume were taken to be zero.

The parameters that have the most noticeable effect on
the steady state solution of Egs. (10)—(12) for hydrate
saturation are the sedimentation rate, amount of available
organic carbon at the seafloor, and rate constant for
methanogenesis. However, the thickness of the hydrate
zone, geothermal gradient, and seafloor porosity all affect
the amount of hydrate in the pore space.

A steady state solution to the mass transfer partial
differential equations is obtained between 1 and 10 Myr.
The above-mentioned parameters may change during this
time period. However, if we assume that the steady state
solution is reached in the current time period, the initial
conditions for these mass transfer equations are in the late
Miocene and Pliocene Epochs, where most of the current
continental margins were established. Climatic changes
between ice ages and warm arid periods may also cause
variations in these parameters, however, due to an inadequate
understanding of such dependencies, the parameters will be
assumed constant and equal to their current values.

The rate constant for methanogenesis from bacteria in
ocean sediment, A, is unknown, but Davie and Buffett

(2001) determined a value of 3 X 10”2 s ' to reproduce the
salt water freshening for ODP Site 997 (Paull et al., 1996).
However, this rate constant and the parameters given in
Davie and Buffett (2001) lead to a prediction of the average
hydrate saturation of 9% for the region between the BSR
and 200 m above the BSR, which is higher than the 5-7%
measured by Holbrook et al. (1996). Using the geological
data for ODP Site 994, 995, and 997 (Paull et al., 1996) and
the measured hydrate saturation (Holbrook et al., 1996), a
value of A was optimized to best fit the amount of hydrate
saturation at steady state. We found that a value of
1.5x 107" 57" best correlates the hydrate saturation at
ODP Leg 164, and assume that this is representative for the
all regions we have considered.

The in situ microbial production of methane is largely
constrained by the availability of organic carbon at the
seafloor, and it is been reported that greater than 0.5% by
weight of organic carbon is required (MacDonald, 1990;
Revelle, 1983) for hydrate formation. The amount of organic
carbon necessary to produce significant hydrate mass can be
evaluated with the model of Davie and Buffett (2001). Fig. 4
is a contour plot of the predicted hydrate saturation as a
function of sedimentation rate and percent organic carbon for
A= 15x10""*s"! and additional parameters taken from
Davie and Buffett (2001). For sedimentation rates between
15and 25 cm kyr~ ' and 0.5% by weight of organic carbon on
the seafloor, hydrate will, on average, fill from 0.5 to 1% of
the pore space. At 0.4 wt% of organic carbon the hydrate pore
space saturation is less than 0.5% for all sedimentation rates.
Therefore, we considered areas of seafloor organic carbon of
less than 0.4 wt% to have insufficient organic carbon to
produce significant amounts of hydrate.

Fig. 4 also demonstrates the sensitivity of hydrate
saturation of the pore space to the sedimentation rate. For
example, with a seafloor organic content of 1% by weight,
sedimentation rates of 50 and 15 cm kyr ™' result in 1 and
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Fig. 4. Contour plot of the average percent hydrate saturation of the pore
space in the hydrate thermodynamic stability zone.



J.B. Klauda, S.1. Sandler / Marine and Petroleum Geology 20 (2003) 459—470 465

2% hydrate saturation of the pore space, respectively.
Sedimentation rates can vary significantly within a sea or
ocean (Romankevich, 1984), but such data are sparse.
Therefore, our assumption of an average sedimentation rate
for each ocean or sea is appropriate given the limited
available data. However, once more widespread sedimen-
tation rate data become available, more accurate predictions
of hydrate saturation of the pore space can be made.

The amount of organic carbon on the seafloor was
interpolated from the data of Premuzic, Benkovitz, Gaffney,
and Walsh (1982) and Romankevich (1984) for the regions
considered here. Since the numerical data used in these
references were not available, interpolation from their
contour plots were used. The data of Romankevich (1984)
was used for all locations except for the Gulf of Mexico,
which were obtained from Premuzic et al. (1982).

The conductivity of wet sediment at the seafloor, K, at
any point was interpolated from 15,529 global data points
(Gosnold, 2001; Pollack et al., 1993) and indirectly used to
predict the local porosity of the sediment at the seafloor, &,
(Gornitz & Fung, 1994) using the geometric mean of the
conductivity of water, k,,, and dry sediment,

Ky = KOO (16)

where k, =0.57Wm 'K and k,=24Wm 'K
The porosity as a function of the depth can be approximated
by an exponential decay (Davie & Buffett, 2001; Gornitz &
Fung, 1994)

D(z) = Dy exp(—z/L) (17

where z is the depth below the seafloor and L is the
characteristic length scale for compaction assumed to be
2000 m.

3.3. Predicting locations and amount of methane hydrate

The amount of organic carbon on the seafloor and
hydrate thermodynamic stability conditions determine
whether a methane hydrate can form in given area. Here
we will assume that methane comes from in situ production
from bacteria and not from thermogenic methane

Table 1
Experimental and predicted baselines of hydrate stability in seafloor

production from deep in the seafloor, which we cannot
determine. As stated above, 0.4 wt% of organic carbon is
needed to produce a significant amount of hydrate, and we
assume that values below this do not form hydrate.

The volume of methane at STP in methane hydrate is
given by
Base of Hydrate

V= AEJ hz)P(z)dz = AEAZ (18)

0
where Az is the equivalent hydrate zone thickness, 4(z) is the
fraction of hydrate filling of the pore space solved from Eqgs.
(10)—(12), A is the aerial extent of the hydrate zone, and E is
the gas expansion of methane from the hydrate to gas at
STP. Since methane occupancy in the hydrate varies by only
a few percent for the temperature and pressure ranges where
hydrates form in the seafloor, E was set to 180 or 95%
occupancy.

4. Results for local predictions of gas hydrate
occurrences

4.1. BSR predictions

Estimating the maximum depth of hydrate stability
without including the effect of pore size can lead to
overpredictions by as much as 100 m (Klauda & Sandler,
2001) especially for clayey sediment. Our present predic-
tions of the stability zone of hydrates in the seafloor are
compared with measurements from the Ocean Drilling
Project (ODP) (Behrmann et al., 1991; Paull et al., 1996;
Westbrook et al., 1994) for seven drill sites with observed
hydrates. The maximum depth of hydrate stability was
measured indirectly by strong seismic reflection, BSR,
which is taken to be the end of the hydrate zone and the
beginning of the zone of free gas in the subsea sediment.
Direct observations from ocean boreholes have also been
used to determine the maximum depth of hydrate stability.

The percent differences between the measured base of
hydrate and predictions from the fugacity model including
porosity effects (sediment type) developed here are given in
Table 1. In this table there are two predictions, one with

ODP drilling %Clay near ~ Water depth Base of hydrate Measured error Predicted base® %AD from Predicted base” %AD from
site BSR (m) (mbsf) (m) (mbsf) measured” (mbsf) measured®
997 82.4 2770.1 464 8 428.72 7.60 441.73 4.80
995 86.3 2778.5 440 10 460.64 4.69 476.54 8.30
994 86.8 2799.1 433 6 419.93 3.02 434.6 0.37
892 18.6 670 74 4 68.65 7.23 68.66 7.22
889 36.7 1320 224 10 242.27 8.16 242.47 8.25
861 50.2 1652 250 25 245.55 1.78 246.56 1.38
859 49.1 2741.2 97 5 92.06 5.09 93.29 3.82
Avg. 5.37 4.88

* Hydrate as discontinuous phase.
® Liquid water as discontinuous phase.
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Fig. 5. Line 18 Ship Track Seismic Profile: the black line is the prediction using Eq. (6) with clay percent of 85.2 and the circles are the predictions assuming a

bulk phase, both with a geothermal gradient of 7(z) = 276.71 4 0.0356z (K).

hydrate as a discontinuous phase, that is having a different
pressure than in the bulk, and the other with liquid water as
the discontinuous phase. Details of calculations for discon-
tinuous liquid water can be found in Klauda and Sandler
(2001). The variation between the results for different
choices of the discontinuous phase is small, with both
predictions having about 5% AAD from the observed values,
and both leading to similar predictions for the maximum
hydrate stability depths. The differences between the two
predictions are largest for the more clayey (small pore)
sediment. Because of the similarity of the results, the likely
discontinuous phase cannot be determined from comparison
with observed maximum depths of hydrate. However, in
general, hydrates fill less than 10% of the pore space
substantiating the assumption that the hydrate phase is not
continuous with the bulk, and this is what will be used here.
Previous predictions for the maximum depth of hydrate
stability for ODP Leg 164 were made by Henry et al. (1999),
and these were systematically more than 100 m deeper than
the observed BSR for site 995. Henry et al. (1999) assumed
that the hydrate phase was discontinuous, and used a
measured PSD for site 995 with an average radius of about
1000 A (Clennell et al., 1999). However, from Eq. (9) we
estimate that the average pore radius to be about 170 A, which
changes the depth of the predicted BSR to within 20 m of the
observed value. We believe that the BSR overprediction of
Henry et al. (1999) was due to use of an inaccurate PSD.
Fig. 5 shows a seismic profile of the seafloor along Line
18 near Leg 164 (Taylor, Dillon, Anton, & Danforth, 1999).
In our predictions of hydrate stability (the BSR), we
assumed that the geothermal gradient and sediment type are
the average values of those reported for ODP sites 994, 995,
and 997, and that the speed of sound in the sediment was the
average value reported in the ODP Initial Report (Paull et al.,
1996). The heavy black line in Fig. 5 is the predicted BSR
using our porous fugacity-based model, and the circles are
the predictions assuming bulk phase equilibrium (that is,
assuming an infinite pore radius). From the seismic graph
the measured BSR is shown as the first black line between
the model predictions and is almost parallel to the irregular

seafloor for the ship track distance of 0.5-18.5 km. The
dashed lines or open circles are the predictions in areas for
which there was no measured BSR. The region labeled
Blanked Zone in the figure is an area of weak reflection
amplitude assumed to be the zone where methane hydrate
fills the pore space to an appreciable extent such that there is
a cementation of the strata by the methane hydrate (Dillon,
Hutchinson, & Drury, 1996).

A heat transfer analysis was preformed to estimate the
subseafloor temperature profile at a ship track distance of
greater than 14 km (Fig. 5). In a two-dimensional heat
transfer analysis, we assumed a triangular shape of the peaks
with a constant seawater temperature on both sides of the
peaks, and a constant geothermal heat flux at the base of
the triangle from the geothermal heat flux. From this analysis,
the temperatures in these peaks were essentially constant and
equal to the seafloor temperature. Therefore, for the ship track
of greater than 14 km in Fig. 5, the predictions are almost
equivalent to those if the peaks are removed from the seafloor.
Using this analysis, the porous fugacity model follows the
measured BSR closely with only a 3.3% AAD, while the bulk
phase prediction is systematically below the measured BSR
(generally by 70 m) resulting in a 13.3% AAD.

4.2. Regional predictions

Next, we have used our model to estimate potential gas
hydrate reserves in the Mediterranean Sea, Black Sea, Gulf of
Mexico, and Northern Indian Ocean. For the Mediterranean
Sea, water temperature near the seafloor and at a sufficient
depth for hydrate stability can vary from 12 to 14 °C
(Antonov et al., 1998a); a constant average value of 13 °C
was used without a significant loss of accuracy. Similar 1 °C
variations from the mean were observed for the bottom water
temperatures in the Black Sea and Gulf of Mexico. The
thickness of the hydrate stability zone is shown in Fig. 6(a)
and is reduced by half compared to predictions for a ocean
floor temperature of 1.5 °C. As stated above, predictions for
the hydrate thermodynamic stability zone were made for
regions with only 0.4 wt% of organic carbon or greater.
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Fig. 6. Mediterranean Sea: (a) thickness of hydrate zone, (b) volume of
methane in hydrate expanded to STP in a 0.1° Latitude by 0.1° Longitude
area.

However, solving the set of mass transfer equations with a
sedimentation rate of 12 cm kyr_1 (Romankevich, 1984)
leads to negligible amounts of methane in some regions. For
example, compare the western Mediterranean Sea areas in
Fig. 6(a) that have hydrate stability zones ranging from 100 to
250 m thick with those same areas in Fig. 6(b) that are found
to have little methane hydrate. This is largely a result of a
relatively thin hydrate zone and only moderate levels of
organic carbon, which results in a low hydrate saturation of
the pore space. If the common assumption of a worldwide
uniform hydrate filling of the pore space were used, those
areas without hydrate in Fig. 6(b) but with the possible
hydrate zone thicknesses shown in Fig. 6(a), would be
incorrectly predicted to have hydrate. Therefore, accounting
for methane transport is essential for accurate predictions for
the amount of methane hydrate.

We predict that several areas in the Mediterranean Sea
have significant amounts of gas hydrate: south of Cyprus,
west of Greece, and off the western coast of the Corsica and
Sardinia Islands. In these areas the conditions are favorable
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Fig. 7. Volume of methane in hydrate expanded to STP in a 0.05° Latitude
by 0.05° Longitude area for the Black Sea.

due to a relatively high organic content in the sediment. Two
samples of hydrate were recovered south of Crete near the
region labeled with an x in Fig. 6, and this area is correctly
predicted to be a hydrate-containing area using our model.
However, our model does not predict hydrate at the observed
location south of Turkey, as the amount of organic material is
insufficient to produce methane from bacteria. Though it has
been reported that this hydrate originates from a mud
volcano, which is a region on the seafloor that episodically
releases methane from deep sources and causes a
nearby increase of seafloor temperature. To our
knowledge, the locations of mud volcanoes and their
methane fluxes cannot be predicted, and therefore our
predictions do not include regions on the seafloor with mud
volcanoes. Ignoring such sources of methane, the total
amount of methane expanded to STP in the Mediterranean
Sea is 0.59 x 10" m’.

We predict a relatively even distribution of methane in
hydrated form in the Black Sea, with some local areas of
high concentration as shown in Fig. 7. Here, a seafloor
temperature of 9 °C (Antonov et al., 1998a) and an average
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Fig. 8. Volume of methane in hydrate expanded to STP in a 0.1° Latitude by
0.1° Longitude area for the Gulf of Mexico.
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sedimentation rate of 21 cm kyf1 (Romankevich, 1984)
were used in our predictions of hydrate volumes. Our model
predicts the presence of hydrate in the observed location of a
Black Sea hydrate (Kvenvolden & Loreson, 2001), though
we estimate that the greatest amount of methane hydrate can
be found in the southern Black Sea bordering Turkey. From
our model we predict the amount of methane in hydrates
expanded to STP in the Black Sea to be 0.85 X 10'° m>.

The northwestern region of the Gulf of Mexico is known
to have a widespread distribution of gas hydrates (Milkov &
Sassen, 2001). From Fig. 8 all observed hydrate locations are
correctly predicted by our model using a seafloor temperature
of 4 °C taken from Antonov et al. (1998a) and a sedimen-
tation rate of 13 cm kyr~ ' (Romankevich, 1984). Previously
Milkov and Sassen (2001) have estimated 0.012 X 10" m?
of methane expanded to STP for a region covering
59,000 km? in northwestern Gulf of Mexico, but we predict
a methane reserve of 0.12 X 10" m3, an order of magnitude
greater. Milkov and Sassen (2001) used a conservative value
of 0.5% hydrate saturation of the pore space, but from our
model the predicted average value is 5%, and this is the
source of the discrepancy in the reserve estimates. Since we
estimate hydrate saturation based on geologic variables
rather than using ad hoc estimates, our predictions should be
more accurate. Fig. 8 shows that the largest concentrations of
methane hydrate are located in the center of the Gulf and
northeast of the Yucatan Peninsula, with a total methane
volume of 1.4 X 10'° m? for this region.

We predict that the Northern Indian Ocean (Arabian Sea
and Bay of Bengal) has large concentrations of methane
hydrate (Fig. 9). The seafloor temperature and sedimen-
tation rate for this region was assumed to be constant at
1.5°C and 10 cm kyr~ !, respectively. Bottom water tem-
peratures can vary from 1 to 5 °C in the Northern Indian
Ocean, but at depths below 2000 m where most of the
hydrate is predicted by our model this range was reduced to
1-3 °C. Rao, Subrahmanyam, Rastogi, and Deka (2001)
found that the highest concentrations of hydrates off the
western coast of India occurred near Goa, on the central part
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Fig. 9. Volume of methane in hydrate expanded to STP in a 0.2° Latitude by
0.2° Longitude area for Northern Indian Ocean.

of the Indian peninsula south of Bombay. Similarly, we
predict potentially high volumes of methane in this region
just east of the observed location in Fig. 9. However, the
largest amount of methane hydrate is predicted to occur in
the Arabian Sea offshore of Pakistan and Oman, and in the
Bay of Bengal just south of Bangladesh. In these regions the
high organic carbon content and moderately low seafloor
porosity combine to result in high filling of the pore space
by methane hydrate. For the region shown in Fig. 9 we
predict that the total amount of methane in hydrate form
when expanded to STP is 14.6 X 10"° m°.

5. Conclusions

Natural accumulations of methane hydrate in the seafloor
depend on the conditions of thermodynamic stability and the
mass transfer of methane. Hydrates are thermodynamically
stable if the hydrostatic pressure is greater than the
equilibrium pressure at a given sediment temperature. For
accurate hydrate stability zone predictions the effect of pore
size or sediment type should be included.

Although hydrates could be thermodynamically stable as
a result of the sufficient hydrostatic pressure throughout
most of the deep oceans, the availability of seafloor methane
determines actual hydrate locations. In our model, based on
methane production by bacteria from organic matter in the
seafloor, we have found that 0.4% by weight of organic
carbon is a reasonable estimate of the minimum amount
required to produce significant amounts of methane. The
amount of seafloor organic carbon interpolated from
Premuzic et al. (1982) and Romankevich (1984) was used
to determine the probable locations of methane hydrate.

Using this information and our fugacity-based model to
determine hydrate zone thickness, the mass transfer
equations of Davie and Buffett (2001) were solved to
determine local amounts of methane hydrate for the
Mediterranean Sea, Black Sea, Gulf of Mexico, and
Northern Indian Ocean. Of the regions studied, our
predictions show that the Arabian Sea potentially has
large accumulations of methane hydrate, though the Gulf of
Mexico and Black Sea also contain large methane reserves.

Although the focus of this research was to determine
areas of hydrate occurrence, a similar approach could be
used to determine locations in the ocean that could be used
for the stable sequestering of carbon dioxide in the form of
hydrate. Marine sediment injection of CO, within such
zones of hydrate stability could reduce the amount of carbon
dioxide released to the atmosphere as has been previously
proposed. Such a study is currently underway.

Thermogenic and other deep sources of methane can also
contribute to hydrate growth; one example is the observed
hydrate near a mud volcano in the Mediterranean Sea.
Although not included in our predictions, these sources of
methane can produce hydrates that completely fill the pore
space as a result of the high flux of methane (Milkov &
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Sassen, 2002). Once estimates for their locations and fluid
fluxes are available the mass transfer model Davie and
Buffett (2001) can be used to estimate the amount of
hydrates from these sources.
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