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Abstract

Modeling of gas hydrate formation below the seafloor requires accurate estimates of the methane solubility in
marine sediments. Although the methane solubility is relatively well-established, a practical method for calculating
solubilities under marine conditions is currently unavailable in the literature. We present a method of predicting the
solubility in a marine setting for a given water depth, seafloor temperature and geothermal gradient. In this method,
pressure and temperature conditions at the base of the hydrate stability zone (HSZ) are determined by finding the
intersection of the local P, T conditions with experimentally determined conditions for three-phase equilibrium
between water, hydrate and free gas. Phase equilibrium calculations of Zatsepina and Buffett [Zatsepina, O.Y.,
Buffett, B.A. (1997) Geophys. Res. Lett. 24, 1567^1570] are used to predict the methane solubility at the base of the
HSZ, and simple parametric models are used to extend the solubility into the HSZ. The depth dependence of the
methane solubility is computed at four known hydrate locations to provide constraints on the primary source of
methane at these locales.
> 2003 Elsevier B.V. All rights reserved.
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1. Introduction

Marine hydrate is restricted to locations where
the necessary pressure and temperature conditions
are met and where the abundance of methane is
su⁄cient to exceed the local solubility (Kvenvol-
den, 1988). Although pressure and temperature
conditions are satis¢ed throughout most of the
world’s oceans, hydrate occurrences are generally
restricted to continental margins where conver-
sion of high inputs of organic carbon or focusing

of methane bearing £uids supply the methane re-
quired for hydrate formation. The equilibrium
methane concentration (or solubility) is important
because it determines the minimum methane con-
centration needed for hydrate stability. Once hy-
drate forms in marine sediments the concentration
of methane in the pore water is ¢xed by the equi-
librium concentration. As a result, changes in sol-
ubility with depth below the sea£oor control the
di¡usive loss of methane from locations where the
hydrate is present. In fact, numerical models for
the formation of hydrate show that the shape of
the solubility pro¢le has a strong in£uence on the
methane supply needed to form hydrate, as well
the resulting vertical distribution of hydrate in the
sediments (Davie and Bu¡ett, 2001). In addition,
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the methane solubility is used to infer hydrate
volumes from direct measurements of in situ
methane quantities (Dickens et al., 1997).

The base of the hydrate stability zone (HSZ)
coincides with the depth where the local pressure
and temperature conditions match the conditions
for three-phase equilibrium between water, hy-
drate and free gas (Fig. 1). Only two phases are
expected to coexist above and below the base of
the HSZ. The abundance of water in marine set-
tings ensures that water coexists with hydrate in-
side the HSZ, whereas water and free gas are the
stable phases at depths below the HSZ (Duan et
al., 1992). Several previous studies have obtained
estimates of the methane solubility at conditions
appropriate for natural hydrate settings. The ex-
perimental study of Culberson and McKetta
(1951) measured the solubility of methane at con-

ditions appropriate for the region below the HSZ,
while Handa (1990) theoretically examined the
in£uence of pressure on methane solubility inside
the HSZ. Applying these results to marine hydrate
occurences indicates that the solubility within the
HSZ decreases towards the sea£oor (Rempel and
Bu¡ett, 1997). A subsequent study by Zatsepina
and Bu¡ett (1997) used thermodynamic calcula-
tions to predict the methane solubility within
and below the HSZ. This work was later extended
to include the in£uence of salts (Zatsepina and
Bu¡ett, 1998). More recent experimental work
of Yang et al. (2001) and Servio and Englezos
(2002) con¢rm the decrease in methane solubility
towards the sea£oor inside the HSZ.

Although the solubility of methane is now rel-
atively well-established, a practical method of pre-
dicting the solubility under marine conditions is
not presently available in the literature. In this
paper, we present a method of predicting the sol-
ubility in a marine setting for a given the water
depth, sea£oor temperature and geothermal gra-
dient. The base of the HSZ is de¢ned by the tem-
perature T3(P) for three-phase equilibrium be-
tween water, hydrate and free gas. Locating the
base of the HSZ is done by ¢nding the intersec-
tion of the local geotherm with the phase bound-
ary at T3(P). We then evaluate the methane
solubility at the conditions of three-phase equilib-
rium using the phase equilibrium predictions of
Zatsepina and Bu¡ett (1997). The solubility is
then extended into the region within and below
the HSZ using simple parametric models that
have been ¢t to the calculated solubilities.

2. HSZ

The phase boundary for methane hydrate has
been determined experimentally for both pure
water (as reviewed by Sloan (1990)) and seawater
(Dickens and Quinby-Hunt, 1994). Intersection of
the local geotherm with T3(P) de¢ned the base of
the HSZ (Fig. 1). Hydrate decomposes at greater
depths, releasing large volumes of methane. This
methane is incorporated into free gas, causing a
large P-wave velocity contrast which is commonly
observed as a bottom simulating re£ector on ma-

Fig. 1. Schematic pro¢le of the HSZ in marine sediments.
The intersection of the local geotherm with the temperature
T3 for three-phase equilibrium of the water-hydrate-free gas
system de¢nes the base of the HSZ. Experimental data for
three-phase equilibrium of pure (Sloan, 1990) and salt water
(Dickens and Quinby-Hunt, 1994) are shown as dots, while
the empirical ¢t of Brown and Bangs (1995) are shown as
solid lines. Salt water reduces the three-phase equilibrium
temperature T3(P) by V1.5‡C.
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rine seismic pro¢les (Stoll et al., 1971; Shipley et
al., 1979). Good agreement is often found be-
tween experimental estimates of T3(P) and the
observed P, T conditions at the base of the HSZ
from hydrate locations (Fig. 2). Pressure in ma-
rine settings is de¢ned by the water depth while
temperature is de¢ned by both the sea£oor tem-
perature and the local geothermal gradient. By
providing these parameters at a speci¢c site, an
estimate of the depth of the base of the HSZ
can be made.

The depth below the sea£oor, z, is converted to
a corresponding pressure by assuming a hydro-
static relationship

PðzÞ ¼ b f gðH þ zÞ ð1Þ

where bf is the density of seawater (1035 kg/m3),
g is the gravitational acceleration (9.8 m/s2), and
H is the water depth. More accurate approxima-

tions for converting depth to pressure are dis-
cussed by Peltzer and Brewer (2001). Temperature
in the sediments is expressed as a linear function
of depth,

TðzÞ ¼ Tð0Þ þ Gz ð2Þ

where T(0) is the sea£oor temperature and G is
the local geothermal gradient. The theoretical
base of the HSZ can be established by incremen-
tally increasing z from the sea£oor until T(z) in-
tersects T3(P). At each z, T(z) is calculated using
Eq. 2 and P(z) is evaluated using Eq. 1. The value
of T3(P) is determined using either an empirical
formula (Brown and Bangs, 1995) or by interpo-
lating experimental measurements (Sloan, 1990;
Dickens and Quinby-Hunt, 1994). When
T(z)6T3(P), the depth is incremented and the
calculation is repeated until T(z) =T3(P). The ¢-
nal T(z) and P de¢nes the base of the HSZ.

3. Methane solubility pro¢le

A practical method for determining methane
solubility below the sea£oor relies on simple para-
metric equations to accurately reproduce the sol-
ubilities obtained from thermodynamic calcula-
tions or experiments. We use the thermodynamic
predictions of Zatsepina and Bu¡ett (1997) to de-
termine the methane solubility in two steps. We
¢rst approximate the solubility at the conditions
of three-phase equilibrium and then extend this
solubility into the HSZ using simple parametric
equations. The region below the HSZ is handled
separately.

Fig. 3 shows the thermodynamic predictions of
methane solubility in pure water as a function of
temperature for three values of pressure. The peak
in the solubilities occurs at T3(P), which coincides
with the base of the HSZ. The solubility at T3(P)
can be represented as a linear function of temper-
ature and pressure according to

C3ðT ;PÞ ¼ C3ðTo;PoÞþ
DC3

DT
ðT3ToÞ þ

DC3

DP
ðP3PoÞ; ð3Þ

where C3(To,Po) is the solubility in mM at a suit-
able reference temperature To and pressure Po.

Fig. 2. Comparison of P, T conditions at the base of the
HSZ in natural hydrate settings (solid squares) with the
three-phase equilibrium pressure and temperature (i.e. T3,
P3) of the water-hydrate-free gas system. T3(P) is shown for
the pure water (blue) and salt water (red). Relatively good
agreement is observed between the pressure^temperature con-
ditions in natural settings and experimental three-phase pres-
sure^temperature.
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The partial derivatives DC3/DT and DC3/DP are es-
timated by ¢tting Eq. 3 to the solubilities listed in
Table 1. The resulting values are

DC3

DT
¼ 6:34 mM=�K

DC3

DP
¼ 1:11 mM=MPa; ð4Þ

when we adopt a reference solubility of
C3(To,Po) = 156.36 mM at To =292 K and
Po =20 MPa. Using Eq. 3 with the reference sol-
ubility and constants in Eq. 4 gives an accurate
estimate of solubility at the base of the HSZ.

At temperatures lower than T3(P) (within the
HSZ), water and hydrate are the stable phases.
Because the compressibility of both water and hy-
drate is small, the solubility pro¢le is relatively
insensitive to pressure. In fact, the solubility can
be accurately represented within the HSZ as an
exponential function of temperature

ceqðTÞ ¼ C3ðT3;PÞexp
T3T3

K

� �
ð5Þ

where C3(T3,P) is evaluated using Eq. 3 at con-

ditions coinciding with the base of the HSZ and
K=14.4‡C is determined by ¢tting Eq. 5 to the
theoretical values listed in Table 1. We have writ-
ten ceq(T) solely as a function of T because the
pressure dependence of C3 refers to the base of
the HSZ and not the pressure inside the HSZ
where ceq(T) is being evaluated. A graphical com-
parison of the theoretical solubilities and the pre-
dictions of Eq. 5 is shown in Fig. 3. The good
agreement con¢rms the accuracy of the simple
representation in Eq. 5.

At temperatures above T3(P), water and free
gas are the stable phases. In this case, the solubil-
ity pro¢le is a function of both the temperature
and pressure because free gas is highly compress-
able. An increase in depth z causes an increase in
both pressure and temperature according to Eq. 1
and Eq. 2. From Fig. 3, we see that increases in
pressure and temperature a¡ect the solubility be-
low the HSZ in opposite ways. Increased pressure
causes an increase in solubility, while an increase
in temperature causes a decrease in solubility. At

Fig. 3. Solubility of methane in pure water as a function of temperature at ¢xed pressures of 10 MPa (squares), 20 MPa (circles)
and 30 MPa (crosses) calculated by Zatsepina and Bu¡ett (1997) (from Table 1). The peak in the solubilities occurs at T3(P),
which coicides with the base of the HSZ. Good agreement between the results of Zatsepina and Bu¡ett (1997) and solubilities
predicted according to 5 (solid lines) is observed at temperatures below T3(P) (dashed lines connect solubility data above T3(P)).
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conditions representative of natural hydrate set-
tings, the changes in solubility with depth below
the HSZ are small due to counter-acting e¡ects of
pressure and temperature (see ¢g. 3 of Zatsepina
and Bu¡ett (1997)). For many applications (e.g.
numerical modeling) the solubility pro¢le below
the HSZ can be approximated by

ceqðzÞ ¼ ceqðT3Þ: ð6Þ

More accurate approximations are obtained by
interpolating between the values listed in Table 1,
or by using the model of Duan et al. (1992).

The variations in methane solubility with depth
can now be calculated at a marine setting using
the water depth, sea£oor temperature and geo-
thermal gradient. The thermodynamic conditions
(P,T) and depth at the base of the HSZ are de-
termined iteratively using estimates for T3(P). The
solubility at three-phase equilibrium is then calcu-
lated using Eq. 3 with the constants in Eq. 4.

Finally, the solubilities in the two-phase regions
are calculated using Eq. 5 within the HSZ and
Eq. 6 below. The pro¢le of solubility within the
HSZ can be expressed as a function of depth by
converting the temperature to depth according
to Eq. 2.

4. In£uence of salt

The presence of salts in seawater shifts the base
of the HSZ zone to shallower depths and causes a
small reduction in the solubility of methane (Han-
da, 1990). Estimates for the change in T3(P) have
been given by Dickens and Quinby-Hunt (1994),
and these results are incorporated into the empir-
ical formula of Brown and Bangs (1995). Fig. 1
shows the predicted stability curve for a typical
concentration of salts in seawater. Changes in
methane solubility have been calculated by Zatse-
pina and Bu¡ett (1998) using a 0.6-mol solution
of NaCl in water as an approximation for sea-
water (the activity of water in a 0.6-mol solution
of NaCl is comparable to that of seawater). Their
calculation for C3 indicates a linear dependence
on the concentration of salt S, so we account
for the in£uence of salt using

C3ðT ;P;SÞ ¼ ð13L SÞC3ðT ;P; 0Þ; ð7Þ

where C3(T,P,0) is calculated from Eq. 3 and
L=0.1 mol31 is determined from the results of
Zatsepina and Bu¡ett (1998).

Changes in methane solubility within the HSZ
have a more complicated dependence on S. Cal-
culations for a 0.6-mol solution of NaCl predicts
a reduction in the solubility, but most of this re-
duction relative to pure water occurs as S is in-
creased from S=0 to S=0.1 mol (see ¢g. 5 of
Zatsepina and Bu¡ett (1998)). Further increases
in S cause a very small increase in ceq, although
the rate of increase is so small that the overall
reduction in ceq (above S=0.1 mol) is nearly in-
dependent of S. The temperature dependence of
ceq in seawater is accurately described by Eq. 5
within the HSZ, so the procedure described in
the previous section for pure water is readily ex-
tended to account for the in£uence of salt. We
¢rst determine the base of the HSZ using the

Table 1
Solubility of methane in pure water as a function of temper-
ature predicted by the thermodynamic calculations of Zatse-
pina and Bu¡ett (1997) at ¢xed pressures of 10 MPa, 20
MPa and 30 MPa

P=10 MPa P=20 MPa P=30 MPa

Temp. Conc. Temp. Conc. Temp. Conc.
(‡K) (mM) (‡K) (mM) (‡K) (mM)

273.00 44.21 273.00 41.88 273.00 39.71
274.00 47.21 274.00 47.76 274.00 42.36
275.00 50.43 275.00 47.81 275.00 45.25
276.00 53.93 276.00 51.06 276.00 48.33
277.00 57.63 278.00 58.50 277.00 51.77
278.00 61.68 280.00 66.70 278.00 55.39
279.00 66.02 282.00 76.74 279.00 59.15
280.00 70.67 284.00 88.10 280.00 63.19
282.00 81.03 286.00 100.94 281.00 67.68
283.00 86.94 288.00 116.79 282.00 72.48
284.00 93.26 290.00 135.54 283.00 77.75
285.00 100.00 291.00 146.04 284.00 83.29
286.00 107.51 291.50 151.63 285.00 89.35
286.23 109.26 291.75 154.46 286.00 95.83
286.25 109.23 291.85 155.63 288.00 110.84
286.50 108.76 291.91 156.36 290.00 127.50
287.00 107.85 292.00 156.19 292.00 148.24
290.00 102.79 294.00 152.32 294.00 172.33
295.00 95.72 295.00 150.51 295.10 187.68
300.00 90.03 300.00 142.62 295.50 186.88

296.00 185.89
300.00 178.79
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stability curve for seawater. We then calculate the
solubility at three-phase equilibrium using Eq. 7.
We extend the solubility into the HSZ using Eq.
5. (A ¢t of Eq. 5 to the solubilities calculated in
saltwater yields K=14.5, which is nearly identical
to the value in pure water). Finally, we use Eq. 6
to determine the solubilities immediately below
the stability zone.

5. Discussion

The solubility de¢nes the minimum methane
concentration needed to form hydrate. This con-
centration of methane must be established and
maintained by conversion of organic matter in
hydrate bearing sediments, so higher solubilities
imply higher requirements for conversion of or-
ganic matter. Additional insight into the methane
production can be obtained from the slope of the
solubility pro¢le within the HSZ. The slope of the
solubility pro¢le determines the rate of methane
loss by di¡usion from locations where hydrate is
present. A comparable supply of methane is
needed to maintain the hydrate volume. An ex-
amination of solubility pro¢les at speci¢c hydrate
locations allows us to speculate about the mech-
anism of methane supply which prevails at these
sites. As an example, we consider four known
hydrate locations: Site 997 on the Blake Ridge
(Paull et al., 1996), Site 688 on the Peru Margin
(Suess et al., 1988), Site 889 on the Cascadia Mar-
gin (Westbrook et al., 1994) and Site 860 on the
Chile Triple Junction (Behrmann et al., 1992).
Solubility pro¢les at each of these locations are
calculated using the procedure outline in Section 4
(see Fig. 4).

Qualitative interpretation of the mechanism of
methane supply can be made by examining the
solubility pro¢les. The pressure and temperature
conditions at the Blake Ridge and Peruvian Mar-
gin result in thick zones of hydrate stability (450
and 400 mbsf respectively). As a result, the slopes
of the solubility pro¢les (within the HSZ) at the
Blake Ridge and Peruvian Margin are smaller
than those of the other two sites (Fig. 4). This
smaller slope reduces the loss of methane due to
chemical di¡usion within the depth interval where

hydrate is present, and thereby reduces the rate of
methane supply needed to maintain the hydrate.
Lower rates of methane supply mean that less in
situ conversion of total organic carbon (TOC) to
sustain the hydrate (if this is the principal source
of methane). Higher than average TOC at both
the Blake Ridge and Peruvian Margin (1.5% and
3% respectively) make both sites more likely to
accumulate hydrate through in situ conversion
of organic material.

Fig. 4. Solubility pro¢les of four known hydrate locations.
Pressure and temperature conditions at the Blake Ridge and
Peruvian Margin result in thicker zones of hydrate stability
and smaller slopes in the solubility pro¢le within the HSZ
(solid lines). On the other hand, the Cascadia Margin and
Chile Triple Junction have thin HSZ’s and a steeper slope of
the solubility pro¢le within the HSZ.
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On the other hand, pressure and temperature
conditions at both the Cascadia Margin and Chile
Triple Junction yield thin zones of hydrate stabil-
ity (V230 mbsf and 160 mbsf respectively). Con-
sequently, the slope of solubility pro¢les (within
the HSZ) are steeper at both the Cascadia Margin
and Chile Triple Junction (Fig. 4). As a result,
methane is lost more rapidly from the hydrate
zone, increasing the demand on the methane sup-
ply. However, low average TOC within the sedi-
ments at both the Cascadia Margin and Chile
Triple Junction (6 1% and 6 0.5% respectively)
indicates that in situ biogenic conversion of or-
ganic carbon may not be su⁄cient to maintain
hydrate at these sites. Such low TOC values argue
for other sources of methane. Of course, it is pos-
sible that these occurrences formed at an earlier
time when the average TOC was higher and are
now disappearing due to the persistent loss of
methane by di¡usion through the pore water.
However, focusing of deep methane sources is
thought to be the primary mechanism of methane
supply at the Cascadia Margin (Hyndman and
Davis, 1992) and the Chile Triple Junction
(Brown et al., 1996).

Locations of hydrate occurrence are controlled
by the combination of the pressure and temper-
ature conditions (which de¢ne the solubility pro-
¢le) and an adequate supply of methane. In order
to make better predictions of hydrate occurrence
and global hydrate inventories, numerical models
must account for the solubility and the methane
supply. Recent numerical models of Davie and
Bu¡ett (2001) show that the conditions for hy-
drate formation cannot be de¢ned simply by the
TOC in the sediments or by a critical £ux of
methane due to £uid migration (Xu and Ruppel,
1999). The shape of the solubility pro¢le and even
the rate of sedimentation can also be important
factors for determining whether hydrates form.
Previous attempts to estimate the global abun-
dance of hydrate based on estimates of TOC
(Kvenvolden, 1988) or on satellite data of phyto-
plankton concentration as a proxy for TOC (Gor-
nitz and Fung, 1994) do not account for site-de-
pendent pressures and temperatures, which
greatly in£uence the pro¢le of methane solubility
and thus the demands on the methane supply.

Some improvements in the global estimate of hy-
drate volume might be obtained by adjusting the
required TOC (or methane £ux) to account for
variations in the rate of methane loss due to dif-
fusion, although more reliable results will require
the use of site-dependent solubility pro¢les in nu-
merical models.

6. Conclusions

We present a practical method of calculating
the solubility pro¢le within the HSZ in a marine
setting. By providing the water depth, sea£oor
temperature and geothermal gradient at a speci¢c
location, we are able to calculate the pressure and
temperature conditions at the base of the HSZ.
The methane solubility is then calculated at the
conditions of three-phase equilibrium using the
phase equilibrium results of Zatsepina and Bu¡ett
(1997). Simple parametric models are used to ex-
tend the results into the regions above and below
the HSZ.

The solubility pro¢les at four hydrate locations
were examined to qualitatively interpret possible
mechanisms of methane supply. It was found that
sites with steep solubility pro¢les and low TOC
(i.e. Cascadia Margin and Chile Triple Junction)
favored the focusing of deep methane sources as
the main mechanism of methane supply, while
sites with a smaller slope of the solubility pro¢le
within the HSZ and higher TOC (Blake Ridge
and Peruvian Margin) suggest that biogenic pro-
duction of methane may be important at these
locations.
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