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Abstract

An interpretation of 8450 line-km of seismic reflection data acquired during four cruises in the northwestern Sea
of Okhotsk shows widespread occurrence of free gas or gas hydrates in the sediment. This occurrence is documented
seismically by gas escape structures, acoustic blanking, and by a bottom simulating reflector (BSR). Gas escape
structures and vents are concentrated on the northern Sakhalin continental margin. Here, they are associated with
local tectonic movements along a N^S trending dextral shear system (the Inessa Shear Zone). Mud diapirism is
common in the Derugin Basin where compression dominates. This diapirism is probably closely related to the gas
accumulations in the sediment below the base of the gas hydrate stability zone (BGHSZ). Conductive heat flow
derived from the BSR depth distribution averages about 30< 8 mW m32. Only adjacent to basement highs and
around the Inessa Shear Zone do values higher than 80< 22 mW m32 occur. These high values are attributed to an
elevated geothermal gradient in the tectonically active zone where fluid venting takes place. Areas of drift
sedimentation and mass wasting, where sedimentation rates are high, are characterised by computed heat flow values
below 30< 8 mW m32. However, these values must be corrected upwards by 3^20% depending on the sedimentation
rate applicable (3.8^100 cm/kyr). The total amount of methane preserved in the hydrate stability zone (HSZ) and
trapped as free gas beneath the BSR is estimated at 17< 14U1012 m3 for the northwestern Sea of Okhotsk and
15< 12U1013 m3 for the entire Sea of Okhotsk. The latter figure represents about 0.8% of the global reservoir of
methane gas from hydrates. Our study documents that the semi-enclosed Sea of Okhotsk offers favourable conditions
for the accumulation of gas in its sediments on account of its subarctic climate and the prevailing hydrologic regime.
These conditions include high primary productivity, low bottom water temperatures and high sedimentation rates.
@ 2003 Elsevier B.V. All rights reserved.
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1. Introduction

KOMEX (Kurile-Sea of Okhotsk Marine
Experiment) is a joint German^Russian research
project aimed at a multi-disciplinary study of the
geological evolution, palaeoceanography, and
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vent phenomena of the Sea of Okhotsk. One of
the KOMEX geophysical study areas lies in the
northwestern Sea of Okhotsk with the Derugin
Basin at its centre (Fig. 1). It is bounded to the
west by the northern Sakhalin continental slope,
and to the north by the Staretsky Trough and the
Kashevarov Bank of the North Okhotsk margin.

In the winter, under the in£uence of a subarctic
climate, 75% of the Sea of Okhotsk is covered by
an ice sheet averaging 1 m in thickness. Ice for-
mation and the accompanying brine release pro-
duces cold saline waters of the basin-wide, 100-m-
thick, subzero (31.5‡C) dichothermal layer that
lies between 50 and 150 m below the sea surface
(Kitani, 1973; Talley and Nagata, 1995). The
average temperature of the water column is about
2‡C. The sediments in the Derugin Basin are
dominated by ice-rafted detritus, mass wasting
deposits and hemipelagics of high organic content
because of the high primary productivity (Sancet-
ta, 1981; Gorbarenko et al., 1990; Gorbarenko,
1991; Botsul et al., 1999; Astakhov et al., 2000;
Shiga and Koizumi, 2000; Wong et al., in press).
Major source of sediments is the Amur River (in-
set, Fig. 1); its sedimentary load is redistributed
at the Sakhalin continental margin by strong
southward £owing bottom currents and gravita-
tional downslope processes (Wong et al., in press).

Gas accumulation in the sediments of the semi-
enclosed Sea of Okhotsk is made favourable by
the subarctic climate and the prevailing hydro-
logic regime, which result in high primary produc-
tivity, low bottom water temperatures and high
sedimentation rates (3.8^100 cm/kyr; Gorbarenko
et al., 1990; Botsul et al., 1999; Astakhov et al.,
2000). Regions where gas hydrates are associated
with gas seepage ¢elds include areas o¡shore of
Paramushir Island (inset, Fig. 1) and on the
northeastern Sakhalin continental slope (Fig. 1)
(Cranston et al., 1994; Soloviev and Ginsburg,
1994; Basov et al., 1996; Gaedicke et al., 1997;
Soloviev and Ginsburg, 1997). Gas hydrates have
been sampled in both of these areas in gravity
cores.

Because gas dispersed in the subsurface leads to
attenuation of the seismic energy, gas-saturated
deposits are often characterised by zones of
acoustic masking and wipeout of the primary

strati¢cations (Yun et al., 1999). The so-called
bottom simulating re£ector (BSR) marks the
base of the thermobaric gas hydrate stability
zone (BGHSZ). It is generated by the large impe-
dance contrast between high-velocity gas hydrate-
cemented sediments and low-velocity free gas be-
neath (Stoll and Bryan, 1979; Hyndman and
Spence, 1992). However, results from ODP Leg
164 indicate that gas hydrates are present in the
hydrate stability zone (HSZ) even where a BSR is
absent and that the impedance contrast generat-
ing the BSR is principally caused by gas, not hy-
drate (Holbrook et al., 1996). According to the
seismic study of Hyndman and Spence (1992), a
BSR can appear without free gas below the
BGHSZ if gas hydrate ¢lls more than 30% of
the pore space.

A BSR is observed on almost all seismic lines in
the research area below a water depth of c. 250 m.
In this study, we focussed our attention on the
geophysical signatures of gas accumulations in
the sediments and the associated gas escape struc-
tures in the northwestern Sea of Okhotsk. Addi-
tionally, we made a ¢rst attempt to quantify the
amount of methane gas associated with these ex-
tensive gas and gas hydrate occurrences.

Another widespread phenomenon in the Sea of
Okhotsk is mud diapirism. Our studies suggest
that it is closely related to the production of
free gas below the BHGSZ. It may also have re-
sulted from the prevailing high sedimentation
rates which lead to over-pressuring of the sedi-
ments during disequilibrium compaction.

2. Acquisition and processing of seismic data

Within the framework of the German^Russian
joint KOMEX project, four re£ection seismic sur-
veys have been carried out in the northwestern
Sea of Okhotsk (Fig. 1). A total of 8450 km of
seismic re£ection data were obtained. These
cruises are: cruise 16 of the R/V Professor La-
vrentyev (GERDA: Geophysical Research in the
Derugin Basin Area, in 1995), cruise 22 of R/V
Professor Gagarinsky (INESSA: Investigations of
Eastern Sakhalin Shelf Areas, in 1998), cruise 26
of R/V Professor Gagarinsky (SAKURA: Kurile^
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Okhotsk Marine Experiment in the Sakhalin and
Kurile Areas, in 1999) and cruise 32 of R/V Pro-
fessor Gagarinsky (SERENADE: Seismo-Strati-
graphic Research o¡ Northern Sakhalin and in
the Derugin Basin, in 2001). Two di¡erent seismic
systems were used: The ¢rst comprises a single-
channel streamer with an active section of 100 m,

and a Russian Impuls-1 air gun (dominant fre-
quencies 40^60 Hz) with a volume of 3 l (GER-
DA cruise). The second system consisted of a
GECO Prakla eight-channel mini-streamer with
an active length of 100 m, and two S.S.I. GI
guns (dominant frequencies 70^90 Hz) with a to-
tal volume of 6.88 l as well as an S.S.I. mini-GI

Fig. 1. Seismic pro¢les obtained within the KOMEX project in the northwestern Sea of Okhotsk. Pro¢les presented in later ¢g-
ures are shaded in grey. Inset shows the location of the study area (framed).
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gun (dominant frequencies 80^170 Hz) with a vol-
ume of 1.04 l (the three remaining cruises).

Processing of the multi-channel seismic data in-
cluded bandpass ¢ltering, spherical divergence
correction, signature deconvolution, stacking and
time domain F^K migration. Unfortunately, ve-
locity information on the sedimentary column in
our study area was not available, either from
analysis of our own data, because of the short
streamer o¡set, or from the published literature.

3. Method of deducing heat £ow from the depth of
the BSR

The two-way travel time to the BSR was read
from the seismic sections by picking the onset of
the negative swing of the BSR re£ection, the
phase of which is opposite to that of the sea£oor
re£ection. These travel times were converted
to depths (ZBSR) using a constant velocity of
1.7 km/s. For heat £ow calculations (H), we as-
sumed a linear temperature gradient and used the
simple conductive heat transport relation:

H ¼ k
TBSR3Tbottom

ZBSR

where the bottom temperatures (Tbottom) are de-
termined from CTD measurements of the KO-
MEX cruises (Biebow and Hu«tten, 1999; Biebow

et al., 2000) (Fig. 2) and the temperature at the
BSR depth (TBSR) was computed by assuming
that the BSR represents the lower boundary of
the methane HSZ having a known pressure^tem-
perature relationship (Dickens and Quinby-Hunt,
1994). The measured bottom temperatures below
900 m should be in equilibrium with the sediments
because the water mass below this depth is re-
garded as a more or less stagnant body (Freeland
et al., 1998) with a consistent temperature of
about 2‡C. Analyses of gas hydrates from sea£oor
samples obtained by Cranston et al. (1994)
(CH4W97% and CO2W2%, 30 ppmv ethane,
15 ppmv propane, 5 ppmv n-butane and 2 ppmv
I-butane) and Obzhirov et al. (2000) (CH4W98^
99% and CO2W1%) at the northeastern continen-
tal margin of Sakhalin show that methane is the
dominant gas. The isotopic composition points to
a biogenic origin of the gas hydrates (Cranston et
al., 1994). Moreover, the e¡ect of local salinity
variations on methane stability conditions in sea-
water was taken into account using measured
CTD bottom water salinities (Fig. 2). For the
heat £ow calculations (H), the pressure at the
BSR depth was assumed to be lithostatic and
the average density of the sediments above the
BSR was estimated to be 1.7 g/cm3. To convert
the geothermal gradient into heat £ow, an average
conductivity (k) of 0.92 W m31 K31 was applied.
Density, P-wave velocity and conductivity are for

Fig. 2. Vertical salinity and potential temperature as a function of water depth measured at a number of CTD stations in the
northwestern Sea of Okhotsk during the KOMEX cruises (Biebow and Hu«tten, 1999; Biebow et al., 2000).
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the upper 700 m of diatomaceous silty clay and
diatom ooze at sites 190, 191 and 192, based on
borehole logging during DSDP Leg 19 in the Be-
ring Sea (Creager et al., 1973). Analyses of sedi-
ment cores of the KOMEX cruises show that the
lithology in the study area is comparable to that
at the DSDP sites, although here the dominance
of £uvial input is absent. Changes in conductivity
at the ODP sites are mainly due to variations in
the content of clay, diatom ooze, ice-rafted detri-
tus and volcanic ash in the sediments and do not
increase systematically with depth. Because litho-
logical information down to the observed BSR
depths is lacking, an average conductivity value
for the whole sedimentary column was assumed.

3.1. Estimation of error

For the computation of heat £ow from BSR
depth, the following uncertainties have to be tak-
en into account (percentages represent heat £ow
errors) : (a) inaccuracies in salinity determinations
( < 0.1x) and picking error of the BSR (< 5 ms).
These can be considered negligible ; (b) uncertain-
ties in the measured bottom water temperature
( < 0.05^0.5‡C depending on the location). The
temperature is nearly constant at depths below
600 m, while its associated error increases at shal-
lower depths because of bottom currents. Here,
this relative error leads to a maximum heat £ow
error of 6%; (c) a possible deviation of < 200 m/s

Fig. 3. Part of pro¢le 8 (INESSA) showing gas escape structures and a prominent BSR. See Fig. 1 for pro¢le location.
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from the average velocity of 1700 m/s used for the
determination of the BSR depth leads to an error
of approximately 8%; (d) the error in the thermal
conductivity used is estimated to be of the order
of < 0.1 W m31 K31. This results in an error of
11%; (e) density variations of < 0.2 g/cm3 account
for an error of 2%. The cumulative error in the
di¡erent parameters gives uncertainties in the un-

corrected heat £ow of approximately 27%. An
additional source of error is suggested by the ob-
served discrepancy between the inferred BSR tem-
peratures and those derived from in situ measure-
ments (borehole logging), as reported by Ruppel
(1997) and Wood and Ruppel (2000) for the
Blake Ridge. Also, at the ODP sites, the measured
surface heat £ow values extrapolated to the BSR

Fig. 4. Parts of seismic pro¢les (a) 3 (SAKURA) and (b) 39 (INESSA) showing examples of mud volcanoes and gas escape
structures. See Fig. 1 for pro¢le locations.
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depth are generally lower than the in situ data.
The reason for this remains speculative and in our
study, this error source has not been considered.

4. Results and discussion

4.1. Gas escape structures, mud diapirism and
venting

Gas escape structures, mud diapirs and £uid
venting sites have been mapped seismically in
the Sea of Okhotsk. In this paper, we will focus

on its northwestern part. This area is dominated
by the Derugin Basin (Fig. 1), a rift basin prob-
ably of Cretaceous to Lower Palaeocene age (Gni-
bidenko, 1985). Its sedimentary cover thickens
from east to west, where it reaches s 4 km in
places (Worrall et al., 1996).

Gas escape structures characteristically pene-
trate the sedimentary column nearly vertically
and represent a zone of acoustic masking where
the original strati¢cation is wiped out (Roberts
and Carney, 1997; Bouriak and Akhmetjanov,
1998; Mienert et al., 1998) (Fig. 3). In most cases,
these zones are narrow (200^300 m in dimension).

Fig. 5. Map with locations of gas escape structures, vents and mud diapirs as well as the regional fault pattern mapped in the
study area. See text for further explanations.
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They are broader at their base and taper to the
top. When they reach the sea£oor, they may be
associated either with pockmarks or dome-like
structures (Figs. 3 and 4a). Fig. 5 shows the dis-
tribution of gas escape structures and vents at the
sea£oor in the northwestern Sea of Okhotsk. The
gas escape structures related to seeps show gener-
ally a pull-down and occasionally a pull-up re£ec-
tion pattern as well as an increase in amplitude
near the sea£oor (Fig. 3). Gas within the sedi-
ments signi¢cantly decreases the seismic velocities
of the P-waves, which leads to pull-down of the
re£ectors in the contact area of the zone of gas
ascent (Fig. 3). The zone itself shows acoustic
masking due to the gas content. A pull-up of
the re£ectors points to a seismic velocity increase
which may be due to gas hydrate cementation or
authigenic carbonate precipitation near the sur-
face as observed by Derkachev et al. (2000). The
BSR amplitude varies laterally, increasing signi¢-
cantly where the conduits break through the
BGHSZ (Fig. 3). The same is true of the sedi-
ments below the BGHSZ adjacent to the conduits.
This may be due to lateral migration of gas in the

escape structures into the surrounding permeable
layers where it accumulates, thereby increasing
the impedance contrast signi¢cantly. This process
may start at depths where the solubility of gas in
the ascending water is considerably reduced as a
result of decreasing pressure and temperature.
The majority of the gas escape structures and
vents are located on the northern Sakhalin con-
tinental margin. We attribute this distribution
pattern to the regional tectonic regime, which is
marked by the prominent, N^S striking, active,
dextral Inessa Shear Zone (Baranov et al., 2002)
(Fig. 5). The faults of this zone are generally steep
and their fault planes act as conduits for £uids.
The shear zone is also associated with a higher
heat £ow (see Section 4.3). A detailed discussion
of the tectonic regime is beyond the scope of this
paper.

Mud diapirism is widespread in the northwest-
ern Sea of Okhotsk (Fig. 5). It is con¢ned largely
to the Derugin Basin, but is also found on the
North Okhotsk and northern Sakhalin continen-
tal margins. Only occasionally do mud diapirs
£ank basement uplifts. Previous studies have at-

Fig. 6. Part of seismic pro¢le 9 (SERENADE) showing tilted basement blocks and sediment folding. See Fig. 1 for pro¢le loca-
tion.
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tributed anticlinal and horst-like structures in the
Derugin Basin to uplifted basement blocks or vol-
canic edi¢ces (Savostin et al., 1983; Gnibidenko,
1985, 1990; Worrall et al., 1996). Our seismic data
document the occurrence (especially in the NE
basin) of basement blocks (Fig. 6), which corre-
late well with positive gravity anomalies (altimet-
ric data from the Geosat and ERS 1 satellites,
Sandwell and Smith, 1997). Mud diapirism-re-
lated structures, on the other hand, are associated
with negative anomalies. Most of the interpreted
basement blocks which outcrop at the sea£oor
have been veri¢ed by dredging, while several of
our mapped mud diapirs dredged in the frame-
work of the KOMEX project yielded soft sedi-
ments and dropstones.

Seismically, mud diapirs are characterised by
chaotic re£ections which have higher amplitudes
at their rims than at the centre (Fig. 7). In places,
the original layering is preserved within the body
of the mud structures. The seismic pattern of the

transition zone to the nearby strati¢ed sediments
consists of both layered and chaotic re£ections.
The internal seismic transparency of the mud dia-
pirs could be a result of mud ascent, which leaves
the diapirs internally homogeneous and hence un-
re£ective. Alternatively, the layering could be
masked by gas (Hampton and Anderson, 1974;
Minshull and White, 1989). Even in low concen-
trations, gas in pore £uids causes a distinct reduc-
tion in seismic velocity while leaving the density
relatively una¡ected. Most of the mud diapirs give
rise to doming of the overlying strata, but only a
few penetrate the sea£oor to become mud volca-
noes (Figs. 4b and 7). The majority rise from
below the BSR, thereby interrupting its continu-
ity. In places diapirs are conical in shape, with
heights of a few metres to more than 500 m and
a width at their base of 1^5 km. However, ridge-
like structures also occur with rough mound-like
tops of more than 10 km in width (Fig. 7).

The driving mechanism for mud diapirism is

Fig. 7. Part of seismic pro¢le 15 (GERDA) showing several mud diapirs and a possible mud volcano as well as a BSR. See
Fig. 1 for pro¢le location.
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the existence of a source layer with a density low-
er than that of the overlying strata and a viscosity
su⁄ciently low to enable upward £ow or creep.
This is usually the case if salt underlies denser
sedimentary layers, but is true also when over-
pressuring occurs in mud and mudstones (Braun-
stein and O’Brien, 1968). Over-pressuring can be
generated by: (1) an increase in compressive stress
(i.e. a reduction in pore space) triggered by dis-
equilibrium compaction and tectonic compres-
sion; (2) a £uid volume change caused by temper-
ature increase (aquathermal pressuring), diagene-
sis, hydrocarbon generation, and cracking to gas;
and (3) £uid movement as well as processes re-
lated to density di¡erences between £uid and gas
caused by a hydraulic (potentiometric) head, os-
mosis, and buoyancy (Osborne and Swarbrick,
1997).

In the study area, conditions for over-pressur-
ing are met by the dominance of rapidly accumu-
lated diatomaceous clays especially during inter-

glacial times (Gorbarenko et al., 1990; Astakhov
et al., 2000; Shiga and Koizumi, 2000) (which
have been compacted during burial), and the pres-
ence of free gas below the BGHSZ. Whether the
stratigraphic layers below the BGHSZ or the gas
hydrate in the HSZ serve as a seal for the rising
£uids or gas is unknown. That gas hydrates func-
tion as an e¡ective seal appears unlikely because
gas migration through the BGHSZ and within the
HSZ has been reported (Taylor et al., 2000; Gor-
man et al., 2002). Diapirism triggering may be due
to vertical hydraulic fracturing, when the pore-
£uid pressure exceeds the lithostatic pressure (Di-
mitrov, 2002), or it may be tectonic, which we
consider most probable. Folding of and faulting
in the sediments observed in our seismic pro¢les
suggest the occurrence of high compressional
stress (Fig. 6). This may have led locally to dis-
ruption of the impermeable layer, especially on
top of anticlinal structures and along fault planes.
The mud ascends until the internal pressure and

Fig. 8. Part of seismic pro¢le 9 (GERDA) illustrating a mud diapir with shoaling of the BSR at its southern £ank and deepening
at its northern £ank (circle). Also shown are computed heat £ow values derived from the BSR depth. See text for further explan-
ations and Fig. 1 for pro¢le location.
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density are in equilibrium with their ambient val-
ues.

Diapirism in association with gas hydrate oc-
currence is well-known from the Blake Ridge
(Dillon et al., 1983; Taylor et al., 2000), the Fair-
way Basin (Auzende et al., 2000) and the VVring
Plateau (Bouriak et al., 2000). In our study area,
shoaling as well as deepening of the BSR occurs
adjacent to the diapirs. An example is shown on
GERDA pro¢le 9 (Fig. 8). Here, the BSR deepens

distinctly on the northern £ank of the southern
diapir, leading to a much lower calculated heat
£ow (25.3 < 7 mW m32) compared to that
(32.8< 9 mW m32) on the southern £ank, where
the BSR is shallower. We attribute this down-
bending of the BSR to a signi¢cant increase in
pressure associated with the injection of gas and
£uids into the adjacent sediments (transparent
zone on the northern £ank; Fig. 8, circle). We
infer that expansion of gas here has increased

Fig. 9. Map showing the distribution of the depth of the BSR in m below sea£oor (continuous lines) and the water depth
(dashed lines).
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the in situ pressure and, because the expansion is
an endothermic process, lowered the surrounding
temperature. These combined e¡ects shift the
BGHSZ increasingly downward towards the rim
of the mud diapir. Gas expansion during upward
mud intrusion has also been reported by Van
Rensbergen et al. (1999) for diapirs o¡shore Bru-
nei Darussalam. In contrast, on its southern £ank,
the diapir is sealed by the convex sedimentary
strata (Fig. 8). Here, conductive heat £ow from
the interior of the mud diapir may have raised the
BGHSZ in the contact zone.

Another phenomenon which seems to be closely
related to mud diapirism is barite and calcite min-
eralisation associated with cold seeps as described
by by Greinert et al. (2002) for the deep Derugin
Basin. They interpret the region where these min-
eralisations occur at the sea£oor as a tectonic
horst, but our seismic lines suggest an uplifted
and tectonised mud diapir, whose bounding fault
planes provide pathways for £uid migration.

4.2. Gas hydrate occurrence

The depth distribution of the BSR in the north-
western Sea of Okhotsk is shown in Fig. 9. The
BSR can be traced from c. 50 m subbottom on
the upper continental slope to more than 800 m
below the sea£oor in the Derugin Basin. Charac-
teristic for the BSR in our study area is an over-
lying broad zone in which the amplitudes of the
re£ectors are signi¢cantly reduced (Figs. 6^8). The
average thickness of this zone is c. 180 m in the
Derugin Basin. On the Blake Ridge, a similar
zone of low re£ectivity has been ascribed to lith-
ologic homogeneity of the sediments (Holbrook et
al., 1996; Wood and Gettrust, 2001). We do not
consider this attribution applicable to the Sea of
Okhotsk because the transparent zone here occurs
irrespective of the depo-environment and must
therefore be independent of sedimentation pro-
cesses. We suggest that the ¢nely dispersed gas
hydrate which replaced water in the pore space
of the sediments above the BGHSZ but is still
in the HSZ has sharply reduced the acoustic im-
pedance between the adjacent layers and with it
the re£ection coe⁄cient. The hydrates accumulate
preferably in the pores of the less dense material

(diatomaceous ooze; as shown for the Blake
Ridge by Kraemer et al., 2000) as nn-contact ce-
ment (nn-contact cement model of Ecker et al.,
1998), thereby reducing its density contrast to
the denser material (e.g. silty clay) without signi¢-
cantly increasing Vp. The accumulation may have
taken place during the pressure-controlled gradual
downward shift of the BGHSZ in the course of
sedimentation and basin subsidence, when the
sediment and water loads increase.

We shall now attempt an order-of-magnitude
estimate of the amount of gas preserved in the
form of gas hydrate at the base of the stability
zone. Due to the lack of Vp and Vs information
our calculation is based on data from other re-
gions. On the Blake Ridge, a sediment drift com-
posed of homogeneous nannofossil-rich clays with
¢nely disseminated gas hydrates occupies 5^7% of
the pore space between 200 and 450 m below sea

Fig. 10. Histogram of estimates of methane carbon in world-
wide gas hydrate occurrences (grey bars). Results of this
study are shown in dark grey (modi¢ed after Kvenvolden
and Lorenson, 2001; data from: Kvenvolden, 1988; Mac-
Donald, 1990; Gornitz and Fung, 1994; Harvey and Huang,
1995; Ginsburg and Soloview, 1995; Holbrook et al., 1996;
Dickens et al., 1997; Magokon, 1997).
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level (Holbrook et al., 1996; Paull et al., 1996,
1998). The free gas in a zone up to 200 m below
the BGHZ is estimated to occupy 1% of porosity.
For the Storegga Slide area (Norwegian slope),
Bouriak et al. (2000) suggest a hydrate concentra-
tion of 5^10% of the pore volume. Hovland et al.
(1997) estimate the amount of hydrate residing in
the sediments of the Niger delta front (continental

margin of West Africa) at 3% by volume and free
gas below the BSR at 5% by volume. Data from
convergent margin settings are not applicable to
our study area because they show much higher
£uid expulsion rates, which result in signi¢cant
higher hydrate and free gas concentrations.

For our estimates, we adopted for the gas hy-
drate-bearing sediments in the northwestern Sea

Fig. 11. Map showing the distribution of heat £ow in mW m32 (continuous lines), water depth (dashed lines) and the Inessa
Shear Zone. (A) Area of tectonic activity indicated by gas escape structures, £uid venting and high heat £ow values; (B) area of
drift sedimentation characterised by high sedimentation rates and low heat £ow values; (C) area of mass wasting deposits marked
by rapid sedimentation and very low heat £ow values. In addition, measured surface heat £ow values are given.
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of Okhotsk an average thickness of 100^200 m
(thickness of the gas hydrate-saturated low-re£ec-
tivity zone above the BSR), an average sediment
porosity of 50^70% (DSDP Leg 19, Creager et al.,
1973), and an average hydrate-¢lled pore volume
of 3^10%. Furthermore, to estimate the amount
of free gas beneath the BSR, we assumed an aver-
age thickness of the gas-enriched sediments of
100^200 m, and an average gas-¢lled pore volume
of 1^5%. We also assumed that gas hydrates are
always present above the BSR. Our seismic pro-
¢les suggest that a BSR occurs in about 90% of
the study area in the northwestern Sea of Okhotsk
(c. 13 500 km2 ; Table 1). This yields estimates of
50< 43U109 m3 for the amount of free gas below
the BSR and 17< 14U1012 m3 for the volume of
gas associated with gas hydrates above the BSR
(1 m3 gas hydrate = 164 m3 gas at STP). The total
is therefore approximately 17< 14U1012 m3. To
extrapolate to the entire Sea of Okhotsk, we
note that a BSR was observed in the water depth
range of 250 to over 3000 m, including the Kurile
Basin. This implies an area of about 145 200 km2,
of which c. 20% is BSR-free, namely where the
basement crops out at the sea£oor. Thus, the
area in which gas hydrates occur in the Sea of
Okhotsk is c. 116 000 km2, yielding 43< 37U
1010 m3 free gas and 15< 12U1013 m3 gas from
gas hydrates (Table 1). The total methane volume
in the Sea of Okhotsk is therefore of the order of
15< 12U1013 m3. Fig. 10 shows a comparison of
the computed values (Table 1) for the study area
with estimates of the global reservoir of methane
carbon associated with gas hydrates from the lit-
erature. It suggests that the Sea of Okhotsk rep-
resents c. 0.8% of the mean global reservoir of
10 teratonnes methane carbon (Kvenvolden and
Lorenson, 2001).

4.3. Heat £ow variations vs tectonic regime

Where heat £ow measurements are not avail-
able, the local conductive heat £ow can be esti-
mated from the BSR depth (Yamano et al., 1982;
Hyndman et al., 1992; Townend, 1997; Kaul et
al., 2000). Even where heat £ow has been mea-
sured directly, such estimates are still valuable.
This is because heat £ow probes penetrate only
a few metres of the sedimentary column and are
sensitive to lateral advection and local topo-
graphic e¡ects, so that the measured geothermal
gradient is subject to error and must be extrapo-
lated to greater depths. Fig. 11 shows the heat
£ow distribution derived from BSR depths in
the study area. The average heat £ow is about
30< 8 mW m32 ; values exceeding 85< 23 mW
m32 are found only on the northeastern Sakhalin
continental margin, where the isolines show a pro-
nounced N^S elongation (Fig. 11A). Responsible
for the higher heat £ow are tectonic movements
along the N^S trending dextral Inessa Shear Zone
(Fig. 11, only the trend of the master fault is
shown) in which faults reach the sea£oor in pla-
ces. The trace of this shear system is characterised
by a restraining bend at the continental slope o¡
northeastern Sakhalin (Figs. 5 and 11), which is
also re£ected in the heat £ow pattern (Fig. 11).
Likewise many of the gas escape structures and
vents are located on the faults of this zone (Fig.
5). They act as pathways for warm £uids ascend-
ing to the sea£oor and heating the surrounding
sediments, which accounts for the BSR rise. In
the Derugin Basin, the heat £ow is more or less
uniform. Higher values are associated with base-
ment horsts where uplifted blocks presumably
lead to higher thermal gradients and to a rise in
the gas hydrate stability boundary. Regions of

Table 1
Volume of methane gas associated with gas hydrates and free gas below the BGHSZ in the KOMEX study area

Northwestern Sea of Okhotsk Entire Sea of Okhotsk

Area of gas hydrate occurrence (km2) 13 500 116 000
Methane con¢ned to gas hydrate layer (m3) 17< 14U1012 15< 12U1013

Free gas below gas hydrate layer (m3) 50< 43U109 43< 37U1010

Free gas and gas from hydrates (m3) 17< 14U1012 15< 12U1013

Methane carbon (teratonnes) 0.009< 0.008 0.08< 0.06
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low heat £ow marked by B and C in Fig. 11 are
associated with high sedimentation rates due to
drift sedimentation and mass wasting (Wong et
al., in press) respectively. Compared to the com-
puted values, measured heat £ow values at the
continental margin are of about the same magni-
tude but are generally higher in the Derugin Basin
(Fig. 11). However, they have a large scatter
(29.3^212 mW m32, mean 85.1 mW m32). The
discrepancy between the measured and computed
heat £ows in the Derugin Basin might be partially
caused by the e¡ect of sedimentation. Particles
which settle onto the sea£oor have the tempera-
ture of the water column and a part of the rising
conductive heat has to be used to heat the newly
accumulated sediment which in e¡ect reduces the
conductive heat £ow at the surface. A correction
of the estimated heat £ow using the method of
Jaeger (1965) leads to 3% or 20% higher heat
£ow for a mean sedimentation rate of 3.8 cm/
kyr or 1 m/kyr (Gorbarenko et al., 1990; Botsul
et al., 1999; Astakhov et al., 2000) respectively. A
second explanation for the deviation could be lat-
eral advection because many of the heat £ow sta-
tions close to our pro¢les are located around mud
diapirs and are probably a¡ected by £uid circula-
tions in the tectonised sedimentary cover on top
of the diapirs.

5. Conclusions

Our seismic studies within the framework of the
KOMEX project show that there is a widespread
occurrence of free gas or gas hydrates in the
northwestern Sea of Okhotsk. They are docu-
mented seismically by gas escape structures,
acoustic blanking and by a BSR.

Gas/£uid escape structures and gas seeps are
located mainly on the northern Sakhalin conti-
nental margin. Here, they are associated with dex-
tral transpressional movements along the N^S
trending Inessa Shear Zone. Mud diapirism is
concentrated in the Derugin Basin, where it orig-
inates at or below the BGHSZ and in places pen-
etrates the sedimentary column to form mud vol-
canoes at the sea£oor. We attribute this diapirism
to the compressional tectonic regime in the De-

rugin Basin and to free gas and £uids beneath the
BGHSZ.

The total amount of gas bound to gas hydrates
in the HSZ and free gas beneath is approximately
15< 12U1013 m3 for the entire Sea of Okhotsk
(about 0.8% of the global amount of methane
carbon from hydrates) and 17< 14U1012 m3 for
its northwestern part. Heat £ow computed from
the BSR depth averages 30< 8 mW m32. Values
of 80< 23 mW m32 and higher are related to
transpressional tectonic movements along the
shear zone o¡ Sakhalin and basement uplift in
the Derugin Basin; lower values are associated
with areas of high sedimentation rates. A correc-
tion of the estimated heat £ow for the e¡ect of
sedimentation using the method of Jaeger (1965)
leads to 3% or 20% higher heat £ow for a mean
sedimentation rate of 3.8 cm/kyr or 1 m/kyr, re-
spectively.

This study shows that the Sea of Okhotsk must
be regarded as a large reservoir for methane and
associated gases. However, ¢nely disseminated gas
hydrates in the sediments are at present not of
economical interest (Laherrere, 2000). Any signif-
icant environmental changes such as global warm-
ing may destabilise the hydrates and lead to a
major release of methane into the atmosphere.
Gas hydrates could have been involved in the de-
stabilisation of the slope sediments in the north-
ern Okhotsk Sea (Wong et al., in press) and near
Paramushir Island (Gaedicke et al., 1997).
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