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a b s t r a c t

The sudden release of methane from seas due to ocean warming and/or sea level drop, leading to
extensive mass wasting at continental margins, has been suggested as a possible cause of global climate
change. In the northeastern continental slope of the Sakhalin Island (Sea of Okhotsk), numerous gas
hydrate-related manifestations have been reported, including hydroacoustic anomaly (gas flare) in the
water column, pockmarks and mounds on the seafloor, seepage structures and bottom-simulating re-
flectors (BSRs). The gas hydrate found at 385 mbsl represents the shallowest occurrence ever recorded in
the Okhotsk Sea. In this study, we modeled the gas hydrate stability zone (GHSZ) using methane gas
composition, water temperature and geothermal gradient to see if it is consistent with the observed
depth of the BSR. An important distinction can be made between the seafloor containing seepage fea-
tures and normal seafloor in terms of their thermal structure. The depth of the BSR matches well with
the base of GHSZ estimated from the background heat flow (geothermal gradient). A large slope failure
feature is found in the northern Sakhalin continental slope. We explore the possibility that this failure
was caused by gas hydrate dissociation, based on the past climate change history and inference from the
GHSZ calculation. Prediction of the natural landslide is difficult; however, new stratigraphic evidence
from subbottom profiles suggests that the landslide occurred at 20 ka which is roughly consistent with
the late stage of the Last Glacial Maximum.

� 2013 Elsevier Ltd. All rights reserved.
1. Introduction

Gas hydrate is a gas clathrate consisting of water and gas mol-
ecules, commonly found in themodern-day seafloors in deep water
(e.g., Matsumoto et al., 2011). Because it is stable under high
pressure and cold temperature conditions, gas hydrate is frequently
found in polar regions, below onshore permafrost and in arctic
oceans, and in superficial section of marine sediments of conti-
nental margins (Kvenvolden, 1998). Gas hydrate has been sug-
gested as a source of energy (Collett, 2002) and potential geohazard
including mass wasting and ensuing tsunami (Bouriak et al., 2000;
Paull et al., 2000), and as a factor affecting global climate change if a
large amount of greenhouse gas is suddenly released into the at-
mosphere (Kennett et al., 2000).

Since the first finding of methane hydrate in the Okhotsk Sea in
1986 (Zonenshayn et al., 1987), numerous geophysical surveys have
All rights reserved.
been carried out in this region by KOMEX (Kurile-Okhotsk sea
Marine EXperiment) (Lüdmann and Wong, 2003; Obzhirov et al.,
2004; Wong et al., 2003), and more recently, by CHAOS (hydro-
Carbon Hydrate Accumulation in the Okhotsk Sea) and SSGH
(Sakhalin Slope Gas Hydrate) projects. While the KOMEX project
tried to elucidate the overall geologic features of the western
Okhotsk Sea, the CHAOS and SSGH projects, have examined the
detailed aspects of gas hydrate system in the northeastern conti-
nental slope of Sakhalin Island (Hachikubo et al., 2009; Jin et al.,
2011; Shoji et al., 2005).

The northeastern continental slope of Sakhalin Island is also
well known for its diverse manifestations of gas hydrate (Jin et al.,
2011; Obzhirov et al., 2004; Shoji et al., 2005). A widespread
occurrence of bottom-simulating reflectors and numerous seepage
structures as well as pockmarks and mounds can be seen on the
seafloor. Gas flares can also be frequently observed from
echosounders. In this region, gas hydrate was recovered at a depth
as shallow as 385 mbsl due to the cold water temperature, com-
parable to arctic regions (e.g., Biastoch et al., 2011). However, the
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spatial and temporal relationships among various gas-hydrate-
related features are not well understood.

Understanding the extent of the gas hydrate stability zone
(GHSZ) in this region would provide an important constraint in
explaining the relationships among diverse features and their
possible variations. Theoretically, the stability of gas hydrate
depends on numerous factors including pressure and tempera-
ture, salinity (de Roo et al., 1983), gas composition (Sloan, 1990),
gas concentrations in the pore water (Xu and Ruppel, 1999),
dissolved ion contents (Dickens and Quinby-Hunt, 1997), pore
size (Turner et al., 2005) and mineralogy of host sediment (Cha
et al., 1988) to name a few. However, the factors affecting the
GHSZ may be divided conceptually into regional and local fac-
tors. By considering that the effects of local factors can be aver-
aged out over a wide region or assuming that they are pertinent
to special features or phenomena, one may simplify the rela-
tionship. Of course, the validity of such an approximation or
model needs to be checked. One of the goals of this study is to
compare regional parameters with observed manifestations of
gas hydrates. In particular, we investigate the role of background
heat flow (geothermal gradient) on the stability of gas hydrate
zone.

One of the important features in our study area is the evidence
for massive landslide in the northern slope. If the landslide was
really caused by gas hydrate dissociation, it would represent a rare
modern-day example. Previously Wong et al. (2003) argued that
this slide event occurred before 350 ka. However, a careful reex-
amination of subbottom profiler data together with reassessment
on the sedimentation rate sheds a new light on the timing of this
landslide.
Figure 1. The location of the study area in the northern slope of Sakhalin slope, Sea of Okh
Eurasia (EU), Amurian (Am), and Pacific (Pa) plates. Kashevarov Shear Zone (KSZ) and Sakha
AT ¼ Aleutian Trench. The box represents the location of Figure 1b. (b) The study area, pre
Deryugin Basin lies to the west. The thick lines indicate major faults in this region. Lavr
morphology into 2 types: concave-upward to the north of itself, and convex-upward to the
survey. The boxes represent the location of Figures 1c and 8a, respectively. (c) The detailed
instrument, the subbottom survey line (thin line), the locations of CTD casting sites to measu
(triangles), and heat flow measurements (circles) are shown. The reverse triangle represents
contour is shown at 100-m interval. Sites where sediment cores containing gas hydrates we
represents the location of Figure 4.
2. Environmental setting

The Sea of Okhotsk is a marginal sea of the Northwest Pacific,
semi-enclosed to the east by the Kamchatka Peninsula, to the west
by the Sakhalin Island, and to the south by the Kuril Islands. The
straits along the Kuril Islands serve as pathways for exchange of sea
waters between the Okhotsk Sea and the Pacific. According to
Kitani (1973) and Talley and Nagata (1995), the surface water flows
inward along the west of Kamchatka Peninsula and outward along
the east of Sakhalin Island, thus making a counterclockwise rota-
tion before exiting to the Northwest Pacific.

Sea-ice forms during the winter as a result of an influx of fresh
water from the Amur River and westerly cold winds (Katsuki et al.,
2010). The formation of ice has a strong influence on the water
temperature profile in this region especially at shallow depth. A
subzero minimum-temperature (as low as �1.7 �C) develops at a
depth of 50e150 mbsl by influx of cold water from melted ice. In
the summer, the water temperature at shallow depth is largely
affected by the halocline (Gorbarenko et al., 2002a). However, the
water temperature stays almost constant (2.5e3 �C) below
800 mbsl.

Geologically, the Sea of Okhotsk is bounded by the North
American, Eurasian, Amurian, and Pacific plates (Fig. 1a). Most of
the large earthquakes in the Sea of Okhotsk are caused by the
subduction of the Pacific plate and are located along the Kuril Island
arc. In addition, many small earthquakes were recorded in the re-
gions far away from the trench including the Sakhalin Shear Zone
which runs NeS along the Sakhalin Island.

The Sea of Okhotsk can roughly be divided into two regions: a
broad continental shelf/slope to the north with water depth less
otsk. (a) The Okhotsk plate (Okh) is bounded by 4 tectonic plates: North America (NA),
lin Shear Zone (SSZ) exhibit dextral movement. JT ¼ Japan Trench, KT ¼ Kuril Trench,
sented as box, is located in the northeastern continental slope of Sakhalin Island. The
entyev Fault Zone in the southern part of the study area divides cross-section slope
south (see text and Fig. 8). The shaded area represents the coverage of side-scan sonar
map of survey area. The seismic survey lines (thick lines) conducted using the sparker
re water temperature and salinity (squares), gas flare detected by hydroacoustic survey
a site where core containing the gas hydrate was retrieved (see text). The bathymetric
re taken are shown in star symbols: DU ¼ Dungeon and GI ¼ Giselle structure. The box
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than 1500 m and a deeper section to the south, which generally
correspond to the Kuril Basin, formed by back-arc spreading
associated with strike-slip along the SSZ (Baranov et al., 2002).
Within the broad continental slope the Deryugin Basin lies to the
east of our study area (Fig. 1b and c). The maximumwater depth in
this basin is w1760 mbsl. According to Rodnikov et al. (2002),
sediment thickness in the basin can reach up to 12 km. They also
argued that a hot mantle plume is present in this basin. Although
its extent and timing is not clear at this stage, high heat flow
(>120 mW/m2) was found only in the basin center (Tanaka et al.,
2004).

An Early Oligocene-to-recent sedimentary succession with 9e
14 km in thickness is observed in the study area as a result of
sediment outflow from the paleo-Amur River (Kharakhinov, 1998,
2010). The exact thickness of the succession and the nature of the
underlying acoustic basement are presently not clear. According to
Worrall et al. (1996), the abundance of gas within sediments may
be one of the important factors obscuring the seismic image.

An important morphological feature in this area is that the
profile of the slope is very different between the north and south of
the Lavrentyev Fault Zone (LFZ): it is concave-upward in the
northern part and convex-upward in the southern part (Fig. 1b).
Based on sedimentary core analysis, Wong et al. (2003) insist that
such a difference in morphology is caused by mass wasting in the
northern part and its timing is not later than 350 ka.

During the Quaternary, a unique oceanographic current pattern
is thought to have developed in the region, resulting for instance in
widespread deposition by bottom currents (contourites, sediment
waves) in the Northern Sakhalin slope, and erosion and sediment
reworking on the Northern Sakhalin shelf (Wong et al., 2003). In
addition, mass-wasting deposits were found, which might have
been triggered by shallow earthquakes or by slope failure associ-
ated with gas hydrate dissociation. The high rate of sediment
outflow near the mouth of the Amur River together with high
content of organic carbon within the sediment (Astakhov et al.,
1998; Gorbarenko and Nürnberg, 2002b) makes this region a
favorable location for gas generation and accumulation.

3. Survey data

Most of the data used in this study were collected duringmarine
surveys as part of the CHAOS (2003, 2005, 2006) and SSGH (2007,
2008, 2009) projects. The latter is still on-going and will continue
till 2015. One of the areas CHAOS and SSGH projects focused on is
the northeastern continental slope of Sakhalin Island. A large
amount of geophysical, geochemical, oceanographic, biological, and
sedimentological data were obtained using the Russian research
vessel Akademik M. A. Lavrentyev (Jin et al., 2007, 2008; Matveeva
Figure 2. Gas flares as recorded by echosounder. The backscatter intensity is represented by
seen (core track). The top of gas hydrate stability zone (TGHSZ) is depicted as a dotted line. V
sometimes coincides with TGHSZ. (For interpretation of the references to color in this figu
et al., 2005; Mazurenko, 2006; Shoji et al., 2008, 2010). Isotope
analyses on pore water within sediments and gas hydrate samples
were also performed. The gas hydrates in this areamostly consist of
biogenic methane (>97.8%) with minor amount of thermogenic
hydrocarbon gases (Hachikubo et al., 2009).

The presence of gas in the northeastern continental slope of
Sakhalin Island can be recognized through diverse forms and
structures that were created as a consequence. The manifestations
include gas flares within the water column, seepages, mounds and
pockmarks on the seafloor, actual gas hydrate, and BSR and
chimney-like structures within the sediment.

During the CHAOS project (Jin et al., 2007;Matveeva et al., 2005;
Mazurenko, 2006), 51 sparker seismic lines over w1100 km and
side-scan sonar image of w650 km2 were obtained as well as
conductivity, temperature and depth sensor (CTD) profiles at 63
stations and sediment cores at 69 stations. The geothermal gradient
was also measured at 8 stations. In total, over 500 gas flares and
over 40 seepage structures were found.

Based on preliminary findings obtained from the CHAOS project,
detailed investigations and full-coverage mapping studies at
particular sites were conducted during the SSGH project. In 2007,
2008, side-scan sonar image of totalw2000 km2 at three areas and
52 subbottom profile lines of w1270 kmwere collected. About 130
new gas flares were recognized. In 2009, sediment coring and CTD
water sampling were made around the seepage structures. Twenty
one sediment cores and 11 CTD profiles were acquired. Also from
geophysical and geochemical studies, 102 gas chimneys and w50
gas flares were additionally recognized.

A gas flare being emitted from the seafloor can be identified
using the echosounder system mounted on the vessel. Figure 2
shows numerous examples of gas flares in various shapes (i.e.,
linear, bent, or floated types). Some gas flares are quite extensive
and appear to reach the sea surface.

In addition, a GSP-2 gravity hydrocorer with a length of 5.5 m
was deployed on numerous occasions to collect sediment and gas
hydrate samples. At Dungeon and Giselle sites, gas hydrates were
recovered at w390 mbsl, which is the shallowest occurrence in the
Sea of Okhotsk to date (Fig. 3). The age of sediment recovered
ranges from Late Pleistocene to Holocene (Greinert and Derkachev,
2004). Carbonate crusts/concretions and glendonite are frequently
found within the sediment.

An interesting phenomenon that was observed during the ma-
rine survey is the dissociation of gas hydrate within the gravity
hydrocorer as it was retrieved from the seafloor. Methane bubbles
resulting from the dissociation of gas hydrate can be seen by the
echosounder. Figure 2d is an example of gas flare coming out from
the hydrocorer above relatively constant depth. By measuring the
depth at which the gas flare appears on the echosounder images,
colors fromwhite for low to red for high. Reflection during the retrieval of cores can be
arious shapes of gas flares are seen in (a), (b) and (c). (d) The depth where flare begins
re legend, the reader is referred to the web version of this article.)



Figure 3. The picture of gas hydrate samples from sediment core. See Figure 1 for the
location of the recovered gas hydrate samples. (a) From Dungeon (DU) and (b) from
Giselle (GI) seepage structures are retrieved. The water depths at which these samples
were recovered are repectively 385 and 390 mbsl.

Figure 4. The location of heat flowmeasurements. Measurements at seepage structure
are marked as blue circles, and those at non-seepage as yellow circles on top of side-
scan sonar image where light area represents the region of high backscatter. Dotted
signs represent failed measurements. The red dots indicate gas flares observed by the
echosounder. Inset is a blow-up image of the box. The side-scan sonar image in the
inset is the one below between overlapped two images. Numbers in italic represent
geothermal gradient values. See Figure 1 for the location of the heat flow measure-
ments. (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)
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one may obtain an indirect estimate of the top of the GHSZ in the
water column.

The geothermal gradient that we used in this study was ob-
tained during CHAOS-I project in 2003 (Table 1; Fig. 4). A violin-
bow type GEOS-T thermo-probe having an accuracy of 2 mK/m
on the geothermal gradient was deployed (Matveeva et al., 2005).
The purpose of measuring heat flow at the timewas to investigate if
there is a meaningful variation in heat flux near the seepage sites.
The survey was centered around the two main seepage sites.
Table 1
Heat flow measurements in the northeastern continental slope of Sakhalin Island
during 2003 CHAOS survey using a marine heat probe after Matveeva et al. (2005).
Eight measurements were made at different sites showing flare in the water column
and seepage structure on the seafloor. To compare these sites with normal seafloor,
two measurements were made at the reference sites.

Station
(LV31-#HF)

Water depth
(mbsl)

Geothermal gradient
(mK/m)

Description
of station

1 06 763 34 Reference site 1
2 18 967 Failed Flare 1
3 26 969 Failed Flare 1
4 35 957 144 Flare 1
5 37 957 56 Flare 1
6 38 958 64 Flare 1
7 39 952 67 Flare 1
8 40 953 249 Flare 1
9 42 722 36 Reference site 2
10 43 678 59 Flare 2

In-situ thermal conductivity measurement could not be made at all sites due to
instrumental failure.
Unfortunately, 2 of the measurements failed and so did thermal
conductivity measurements. In summary, 6 geothermal gradient
measurements were made near the seepage structures, and 2
geothermal gradientmeasurements away from the seepage area for
comparison. However, in this study, we utilize those 2 measure-
ments that were taken for reference for background regional esti-
mation, leaving out those taken near the seepage structures.

The presence of seepage structures can be readily recognized by
examining the backscattering images of side-scan sonar (Fig. 4).
High backscatter intensity shown as white in Figure 4 represents
surface expression of seepage structures in this area (Baranov et al.,
2008; Jin et al., 2011; Shoji et al., 2009, 2005). The side-scan sonar
system used in this study had a frequency of 30 kHz and lateral
resolution of greater than 2 m.

Another way to estimate the regional heat flow is to use BSR
depths (e.g., Kim et al., 2010). This is because the BSR marks the
base of the GHSZ, and therefore, its depth can be used as a proxy for
regional heat flow. According to Yamano et al. (1982) who
compared the BSR depths with actual heat flow observations in
Nankai Trough, if done carefully, this approach has the advantage
that it may provide an estimate on a regional scale. In our study
area, the BSR is found extensively within the continental slope
(Figs. 1b, c and 5), and therefore, the comparison between the
observed and estimated BSRs may be important.

The BSRs were obtained during seismic experiment. We used
SONIC-4 sparker system (500e2000 J in energy; 20e1200 Hz) as
source and a single-channel streamer (<w50 m in active section
length) as receiver. The vertical resolution and bottom penetration
of the system are roughly 2e5 m and 50e300 m, respectively.

The water temperature and pressure information in the study
area was obtained using CTD castings which have resolutions of
0.1 mK and 10 kPa, respectively. Three profiles are represented
(Fig. 6). They exhibit the characteristic water temperature features
in the Sea of Okhotsk.



Figure 5. Seismic profiles showing the bottom-simulating reflectors (BSRs). The dotted curves represent estimated BSRs based on geothermal gradients of 30 (blue), 40 (green) and
50 (red) mK/m using the stability curve by Tishchenko et al. (2005). The horizontal lines indicate the top of gas hydrate stability zone (TGHSZ). Gas hydrate sample was taken at
Giselle seepage structure (GI, reverse triangle), which is shown in Figure 3b. See Figure 1 for the location of the echosounder profiles. (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of this article.)
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4. Thermal calculation

To understand the extent of GHSZ in the study area, we used the
equation of Tishchenko et al. (2005) relating depth of base GHSZ to
temperature and salinity, replacing the salinity variable by local
value of 33.5& (Fig. 6). The relationship drawn from the intrinsic
thermodynamic properties of methane and variations shows good
agreement with reliable experiments widely used in gas hydrate
community (e.g., Dickens and Quinby-Hunt, 1994; Brown et al.,
1996). For instance, Lüdmann and Wong (2003) also used the
equation of Dickens and Quinby-Hunt (1994) to assess the
Figure 6. Water temperature profiles taken from three CTD stations. See Figure 1 for
the location of CTD stations. Subzero temperature layer can be seen at 50e150 mbsl at
all locations. The water temperature reaches a uniform value of w2.2 �C below
w800 mbsl. Vertical bars represent gas hydrate stability zone (GHSZ) at water depths
of D1, D2 and D3. For given water depths, the top and base of GHSZ can be determined
by hydrotherm (solid curves), geotherm (thin lines), and gas hydrate stability curve
(dashed curve). Note 1) that the base of GHSZ deepens with water depth deeper than
D1 while the top of GHSZ is constant, and 2) that the GHSZ does not occur for water
depth shallower than D1.
thickness of gas hydrate stability zone in the Sea of Okhotsk. They
found a good agreement between estimated and observed BSR
depths in the deep section of the Deryugin Basin.

The relationship is based on a number of important assump-
tions. They include the conditions that methane should be
concentrated beyond its maximum solubility and that the salinity
and dissolved ion contents in the pore water should remain almost
constant with respect to depth. Because numerous manifestations
of gas are found in this area, we assume that the concentration of
methane gas within the sediment is sufficiently high. The salinity in
the water column ranges from 33 to 34& below 150 mbsl, and
according tomeasurements taken from the cores, at least to a depth
of several meters from the seafloor it is unchanged. The possibility
that the salinity may change at greater depth within sediment
exists and is amatter of concern. However, it is unknown at present.
The content of dissolved ion was measured from the retrieved
cores, but whether it varies as a function of depth and if so, how
much have not been addressed.

Gas hydrate occurs under various environments and therefore it
may be difficult to suppose that one single model or equation
would explain all the features. For example, the regions where
seepage structure and gas flare are present may differ from the
‘normal’ seafloor where they are absent. Conceptually, the input
parameters may be distinguished into ‘regional’ and ‘local’ pa-
rameters. The pressure and background heat flow can be consid-
ered as regional parameters as they would vary little spatially on
normal seafloor. On the other hand, factors such as capillarity due
to grain size and pore water migration vary from locations to lo-
cations depending on the proximity of seepage structure. It is
important to note that the thermal model in this study is used in
the regional sense.

The regional parameters for the thermal model include pres-
sure, temperature gradient, salinity and gas composition. The
pressure can be directly obtained from the water depth and
overlying sediment thickness. The sound velocities in water and
sediments are set as 1450 and 1700 m/s, respectively. The former
estimate is derived from the CTD measurements and the latter
from DSDP Leg 19 in the Bering Sea (Creager et al., 1973). The
reason to adopt the sound velocity in sediments in the Bering Sea
is that it is the only result from direct measurement in the vicinity
of Okhotsk Sea.
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In this study, the thermal model is used once again to infer the
stability of gas hydrate zone in the past and for the future. A
similar attempt was made by Milkov and Sassen (2003) in the Gulf
of Mexico where they assumed that the gas hydrates reach im-
mediate equilibrium state after water temperature and sea level
changes.

5. Present-day GHSZ

In the northeastern continental slope of Sakhalin Island, diverse
manifestations of methane gas are found. Furthermore, some
relationship can be seen among various features. For instance,
hydroacoustic anomalies emitted from the seepage seem to
disappear above certain elevation from the seafloor. An important
element in understanding the nature of gas hydrate system is the
extent of GHSZ in the water column and sediment.

The temperature profile is needed to determine the depth of
GHSZ. The temperature within the water columnwas obtained at 3
CTD stations. The thermal gradient within the sediment is deter-
mined from a marine heat flow probe. The average background
geothermal gradient at our study area, not affected by advective
flow at the seepage, is 35 mK/m.

For a given temperature profile, the GHSZ may lie within the
water column or in the sedimentary pile (Cases D2 and D3 in Fig. 6)
or just on the seafloor (Case D1 in Fig. 6) depending onwater depth.
In any case, the top of GHSZ is constant while the base of GHSZ
deepens with water depth. In the study area, we obtained 322 mbsl
as the top of GHSZ using the equation of Tishchenko et al. (2005)
with parameter values above. In addition, the estimated top of
GHSZmay be comparedwith two types of observation: 1) the flares
as seen by echosounders as the sediment sample containing gas
hydrate is retrieved from the seafloor (Fig. 2d), and 2) the point at
which the BSR intersects the seafloor as seen in the seismic sections
(Fig. 5).

In our study area, the depth of BSR below the seafloor becomes
greater with water depth. The BSRs generally resemble topography
of the seafloor except in the case where they are interrupted by
seepage structures. Around seepage structures, the shape of BSR in
general becomes concave upward (Fig. 5b). At shallow depth, the
BSR depth becomes so shallow that it intersects the seafloor. In our
study area, such intersection occurs at w290 mbsl (Fig. 5). This
means that there is about 10% difference between the observation
and our estimation.

The estimated top of GHSZ can be compared with the depth
where dissociation occurs as hydrate sample is retrieved. This can
be done by measuring the appearance and disappearance of flare
on echosounder records. According to our observations during
retrieval of sediment cores, the flares occur at w320 mbsl,
matching well with the estimation. On the other hand, disappear-
ing depth of gas flare triggered naturally on the seafloor does not
necessarily match with the estimated depth of GHSZ top.

The bottom of GHSZ needs to be examined as well. Figure 5
shows that estimated BSR locations based on different
geothermal gradient values. Observed BSRs reside between loca-
tions of 30 and 40mK/m and seem to decrease in deepening toward
basin. This may suggest that in the study area, BSR-derived
geothermal gradient is consistent with the averaged background
geothermal gradient of 35 mK/m, and that the actual geothermal
gradient slightly increases to the basin in terms of PeT relationship
of gas hydrate stability. The exact cause of that slight shoaling of
BSR to the basin is not clear at this stage. On the other hand, BSR
depth seems to shoal up slightly near the seepage structures (see
BSR below GI seepage structure in Fig. 5b). This may indicate that
advective fluid take an important role to transfer heat, at least for
deep sedimentary section, at the GI structure (see Section 6.1).
Gas hydrates were sampled at several sites in study area (stars in
Fig. 1). They occur in various types of lenticular bed, micro-
aggregate, vein/void-filling, and massive chunk (Mazurenko et al.,
2005). The Dungeon seepage structure has the shallowest occur-
rences of natural gas hydrate at 385 mbsl, which shows up as
lenticular-bedded or vein types over a 30 cm-thick sediment in-
terval (Fig. 3a). The second shallowest one is at the Giselle structure
in 390 mbsl (Fig. 3b), indicating gas hydrate occurrence at shallow
depths is not rare in the study area. These occurrence depths are
not much deeper than the estimated top of GHSZ.

A comparison between the observed GHSZ marked by mani-
festations of methane and the estimated GHSZ exhibits a good
agreement, suggesting that the present-day GHSZ in the study is
well defined by PeT conditions. This can be the key to consider the
extent of GHSZ in the past and near-future based on information on
water temperature and sea level at that time.

6. Discussion

6.1. Estimating the regional geothermal gradient

Conventional heat flow measurements are subject to a large
variability because they can be affected by irregularities on or near
the seafloor such as cracks or fluid circulation within sediment. To
compensate for such variability, a number of measurements are
often made and then averaged to represent the regional or back-
ground heat flow. In our study area, seepage structures present
such irregularity, and therefore a distinction should be made be-
tween the thermal gradients measured on the seepage sites and
those taken in the non-seepage sites.

Among the 8 successful geothermal gradient measurements
conducted in this region, 6 were taken at the seepage sites and 2
were made on the normal seafloor (Table 1; Fig. 4). The latter were
made for the purpose of comparison between the seepage and non-
seepage sites. There is a contrast between the two types of sites. In
general, the geothermal gradient at seepage sites is not only higher
than that of non-seepage sites but also exhibits a larger variation.
For instance, thermal gradient values as high as 249 mK/m and low
as 56 mK/mwere found at the seepage sites whereas the two non-
seepage sites showed 34 and 36 mK/m.

The difference between the seepage and non-seepage sites may
be explained by the difference in the importance of conductive
versus convective heat transfer below the seafloor (Fig. 7). Three
different cases are depicted. In the normal seafloor where there is
no seepage structure (Case 1 in Fig. 7a), conductive cooling is
probably the dominant mode of heat transfer. The temperature
profile can be represented as a single line whose slope corresponds
to the regional geothermal gradient. This is depicted as blue Line 1
(in theweb version) in Figure 7b. On the other hand, seepagewould
be a transient and dynamic feature on the seafloor. Therefore,
instead of representing it as a single temperature profile, we need
to consider the two end-member cases, one where gas is rising up
and causing a flare (Case 3 in Fig 7a), and the other where the
seepage site is in quiescent mode (Case 2 in Fig. 7a).

In the case of gas venting (Case 3 in Fig. 7a), convectionwould be
the dominant mode of heat transfer (shown as orange Line 3 (in the
web version) in Fig. 7b). The upwelling would not stop at a certain
depth below the seafloor and would rise into the water column, as
evidenced by gas flares. The temperature of fluid venting out would
be higher than the bottom water temperature. The geothermal
gradient corresponding to the convection (Line 3) would be gentler
than that of conduction (Line 1).

After burst of gas flares, we envisage that the seepage sites
would enter into dormant period where the region of upwelling is
confined to a certain depth below the seafloor (Case 2 in Fig. 7a).



Figure 7. A schematic diagram illustrating the difference in heat transfer process and
resulting thermal structure at non-seepage and seepage sites. (a) The dominant heat
transfer process may vary between at a non-seepage site and at a seepage site. At a
non-seepage site, conduction would be the dominant mode of heat transfer (Case 1).
On the other hand, at a seepage site, convection by advective flow may play an
important role. In the case of active venting, the warm fluid would rise up quickly to
the surface (Case 3). Once the active venting has ceased, the convective fluid would not
reach the seafloor and may be confined to the deeper portions of the sedimentary layer
(Case 2). The sedimentary section may be divided into two: the upper part where
conduction is dominant and the lower part where convection is dominant. (b) The
local temperature profiles would depend on the dominant heat processes. The tem-
perature profile for active venting (Line 3) at the seepage site may be less steep than
that at the non-seepage sites (Line 1). Hence, BSR depth can shoal up at the seepage
site compared to at the non-seepage site for given gas hydrate stability curve. In the
case of active venting, the fluid venting out at the seafloor would be much warmer
than the bottom water temperature. Depending on whether the seepage venting is
active or inactive, the geothermal gradient may differ. When the active venting has
ceased, the temperature profile at the seepage site may be shown a line bent at the
depth where the convective fluid reaches (Line 2). Thus, the geothermal gradient
corresponding to the conduction-dominant upper part is steeper than that to the
convection-dominant lower part. Also, the geothermal gradient observed at the
inactive or dormant seepage site becomes higher than that at the non-seepage site
because a marine heat probe can penetrate into the topmost several meters below the
seafloor (hatched area).
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Above this depth, the conduction becomes the dominant mode of
heat transfer. As a result, the temperature profile may be depicted
as green Line 2 (in the web version) in Figure 7b. This conceptual
model may explain the difference in the geothermal characteristics
between seepage and non-seepage structures. Because the heat
measurement was confined to a few meters below the seafloor
(hatched area in Fig. 7b), the geothermal gradient at the seepage
structure can be higher than that of the normal seafloor depending
on the seepage activity. The transient nature of seepage structure
may also explain its greater geothermal variability (Table 1).
Figure 8. The comparison of the slope between the continental margin to the north and
Dimensional aerial view. See Slump scarp develops along contour lines 250e300 mbsl. See Fi
represented for present-day (solid lines) and the Last Glacial Maximum (LGM; dotted lines).
According to our hypothesis, geothermal gradient value lower
than 35 mK/m of the normal seafloor (Case 1 in Fig 7a), combined
with an anomalous high value of seafloor temperature, should be
yielded at the actively-venting seepage structure (Case 3 in Fig. 7a),
but such data was not obtained in the survey. This is partly because
an attempt to measure the geothermal gradient at the actively-
venting seepage structure was not made considering unexpected
damage to an instrument although the purpose of measurements is
to see variation near seepage structures. It will become an inter-
esting topic further to validate our hypothesis through geothermal
gradient measurements just at the actively-venting structure as
done in the coring to retrieve gas hydrate samples as shown in
Figure 2d.

The acoustic blank features that were observed beneath many
seepage structures during seismic and subbottom profiler surveys
in this region may correspond to the zone of convections beneath
the seepage structures (Jin et al., 2011). As noted earlier, the BSR
depth becomes shallower beneath the seepage structures when
compared with the normal seafloor. This perturbation in the BSR
depth is illustrated in Figure 7b in terms of change in depth where
the local geotherm intersects the gas hydrate stability curve (shown
as yellow curve (in the web version) in Fig. 7b).

Since the main purpose of this study is to understand the extent
of GHSZ, we ignore anomalous regions of geothermal gradient
associated with seepage structures and only consider the two
measurements taken on the normal seafloor as background
geothermal gradient. One of the important sources of error asso-
ciated with heat flow is the thermal conductivity, a property of the
material which is multiplied by the geothermal gradient to produce
heat flux value. Kim et al. (2010) have shown that depending on
how the thermal conductivity was measured, using in-situ device
or from retrieved core samples, the values can vary by as much as
40%. They argued that much of the uncertainties in heat flow ex-
periments may come from inaccurate estimation of thermal con-
ductivity. Fortunately, the model used in this study requires
geothermal gradient as input parameter and does not involve
thermal conductivity information, which failed on all stations ac-
cording to Matveeva et al. (2005).

6.2. Past slope failure during the Last Glacial Maximum

A large difference in morphology exists between the north and
south of the continental slope (Fig. 8). While the slope to the north
of the LFZ is concave-upward, it is convex-upward to the south. The
difference is thought to be a direct consequence of massive slope
failure in the northern slope (Wong et al., 2003). According to their
estimate, the volume of sediment corresponding to the submarine
landslide is as large as 660 km3.

A major source of debate is the timing of the slope failure. Wong
et al. (2003) argue that the slope failure occurred pre-Uppermost
south of the Lavrentyev Fault Zone (LFZ) (modified from Wong et al., 2003). (a) 3-
gure 1 for the location. (b) Sea level and the top of gas hydrate stability zone (TGHSZ) are
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Pleistocene (earlier than at least 350 ka) based on the finding
that sedimentary cores obtained during the KOMEX project show
good correlation down to 350 ka on isotopic and stratigraphic
investigations.

However, in this study, we suggest that the slope failure may
have occurred much later than initially proposed, perhaps as late as
20 ka. Our argument is based on the analysis of subbottom profiler
data which was collected in 2006. The detailed examination of the
subbottom profile reveals a new reflection within the sediment
(Fig. 9). Observations and circumstantial evidences suggest the
reflector may be the top surface of glided mass. For instance, the
acoustic character is quite different between the sediment layer
above the reflector and the layer below. Sediment layer overlying
above the reflector is transparent/reflector-poor. Its thickness is
variable (w10e40 m) depending on irregularity of the reflector:
rather constant at area underlain by flat reflector (Fig. 9a) or
thinning-away offshore with pinching-out at the top of highs/
bumps (Fig 9b). These characteristics indicate that the transparent
facies mostly consists of hemipelagite with some turbidite. On the
other hand, good parallel reflectors below the reflector are not
continuous, but deformed in some places along the profile, which
supports sliding/slumping process. The more deformed the
weaker/fewer reflectors below the top surface of glided mass could
be distinguished on the profile. Thus, the strong reflector highs
with absence of reflectors below (e.g., at 2.5 and 3.5 km in the
profile in Fig. 9b) are not rafted blocks poking through the hemi-
pelagic cover, but represent the same strongly deformed glided
mass. Lastly, a similar reflector is not found in subbottom profiles to
the south of the LFZ at this stage. Based on evidence above, such
reflector is interpreted to mark the boundary betweenmass wasted
deposit Wong et al. (2003) claimed and hemipelagite layer that has
gradually settled on top.

A crucial piece of information in determining the timing of
landslide is the average sedimentation rate around the region. The
sedimentation rate within Sea of Okhotsk is quite variable with
time and location. At the northeastern continental slope, the
averaged sedimentation rate for the sediment deposited since the
uppermost Pleistocene ranges 40 cm/kyr to over 100 cm/kyr
(Biebow et al., 2003; Gorbarenko et al., 2010). Also as shown earlier
Figure 9. Subbottom profiles showing a clear top surface of glided mass (arrows) at w10e4
glided mass could be distinguished. Thickness of hemipelagite over the top surface is variabl
flat top surface, and (b) thin or absent over highs/bumps as well as thinning-away offshore
(Fig. 9b), the thickness of the hemipelagite layer varies depending
on the distance from the coast line. In this study, we use the sedi-
mentation rate of 100 cm/kyr as reported by Biebow et al. (2003)
which was obtained by measuring Holocene deposits from tens of
sites on the slope. If we use this value, the estimated timing of
landslide is roughly 20 ka. Hence, the timing of landslide is
consistent with that of the Last Glacial Maximum (LGM).

It is important to check whether gas dissociation during the
LGMmay have led to the actual slope failure. We examine the GHSZ
based on paleo-environmental information including past tem-
perature and pressure. Again, themodel by Tishchenko et al. (2005)
is used to determine the extent of GHSZ.

The bottomwater temperature and salinity during the LGM can
be roughly estimated based on oxygen isotope analysis of benthic
foraminifera selected from sediment cores in the Okhotsk Sea and
the northwestern Pacific. During the LGM, d18O ranges from 4.5 to
5.5&which is slightly higher than in the Holocene (Keigwin, 1998).
The variation may be attributed to change in temperature and
salinity. However, the salinity itself changed little during the LGM
(Lüdmann and Wong, 2003; Oba and Murayama, 2004) and
therefore most of the variation in d18O may have been caused by
changes in temperature and ice volume. After correcting for the ice
volume effect of 1.3& following Fairbanks (1989), we argue that the
temperature of the deep water mass lying above 1500m during the
LGMmay have been quite similar to that of present-daywater mass
lying at 1000 m. Therefore, the temperature for deep water during
the LGM is inferred from that of the present-day water mass lying
at 1000 m in the Sea of Okhotsk.

The temperature of water at the sea surface during the LGMmay
be estimated from ice-rafted debris information. Sakamoto et al.
(2005) found ice-rafted debris through the whole western
Okhotsk Sea. We infer from such findings that, like present day, a
low temperature water layer exists at intermediate depth resulting
from seasonal ice extension and contraction. In other words, the
temperature profile at shallow depths during the LGM may have
been quite similar to that of present day.

To determine the ambient pressure within GHSZ during the
LGM, we need to estimate the sea level. In this study, only the
eustatic sea level drop of w130 m (Clark et al., 2009; Miller et al.,
0 m below the seafloor. The more deformed the less reflectors below the top surface of
e due to irregularity of the glided mass top surface: (a) rather constant at area with the
. See Figure 1 for the location of the subbottom profiles.
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2005) is considered. This is because in the study area there is a little
information on relative sea level change. For instance, as a proxy of
the lowstand during the LGM even the depth of shelf break is
ambiguous at around the Sakhalin Island.

Using the past temperature and pressure information, the top of
GHSZ during the LGM can be predicted (Fig. 8). According to our
calculation, the top of GHSZ during the LGM should lie at 450 mbsl
with respect to the present-day sea level. This depth corresponds to
the middle of the slope-failed section (Fig. 8). At first glance, this
may be perplexing because only the region above the top of GHSZ
can have undergone dissociation and yet the region of failure was
much more extensive upslope.

Slope failure of hydrate-bearing sediments led by gas hydrate
dissociation below the top of GHSZ has been reported at conti-
nental margins. For instance, the well-documented Storegga Slide
in the Norwegian continental margin shows widespread slide/
slump below the top of GHSZ at glacial period, triggered by an
earthquake combined with gas hydrate dissociation (Bugge et al.,
1987; Haflidason et al., 2004). According to Haflidason et al.
(2004) and Sultan et al. (2004), the slope failure occurred initially
downslope below the top of GHSZ due to dynamic dissociation of
gas hydrate according to gas concentration change and progressed
upslope.

However, slope failure extending to non-hydrate bearing up-
slope as occurred in the study area has not been documented well
yet. We do not know the exact mechanism for such propagation of
destabilization to upslope at this stage due to lack of data. We
speculate that frequent small earthquakes in the study area at the
vicinity of plate boundary (Fig. 1a) may lead to subsequent and/or
coincident slope failure extending to non-hydrate bearing area.
Furthermore, considering the catastrophic nature of slope failure
(e.g., Puzrin and Germanovich, 2005; McIver, 1982), it is not un-
reasonable to suggest that the dissociation of gas hydrate in the
section below 450 mbsl was an important factor that led to the
landslide of the entire section of the northern slope.

7. Conclusions

A numerous set of measurements including seismic, oceano-
graphic, hydroacoustic, heat flow, and sedimentary data were ob-
tained in the northeastern continental slope of Sakhalin Island
during CHAOS (hydro-Carbon Hydrate Accumulation in the
Okhotsk Sea) and SSGH (Sakhalin Slope Gas Hydrate) projects.
Using a simple model, we estimated the stability of gas hydrate
zone and compared it with observed gas hydrate features in the
sediment and the water column.

The heat flow (geothermal gradient) values obtained in this
region can be divided into those taken near the seepage structures
and those from the normal seafloor as reference. We suggest that
the latter is more representative for the background heat flow
(geothermal gradient). Our study finds that the depth of BSR and
the initiation of gas flares from a retrieved core in thewater column
are consistent with gas hydrate stability zone (GHSZ) estimated
using the regional geothermal gradient value of 35 mK/m and the
sea water temperature profile.

An important feature in this area is the large concave-upward
slope sections to the north of the LFZ, which was interpreted as a
product of major landslide. PreviouslyWong et al. (2003) suggested
the timing of the landslide as older than 350 ka. The timing of the
landslide is reestimated in the light of subbottom profiler data
which show a new horizontal reflector. The horizon is interpreted
as the top surface of glided mass marking the boundary between
landslide deposit and hemipelagic sediment layer that has settled
on top since the slope failure. Using the sedimentation rate of
>100 cm/kyr, we suggest that the mass wasting occurred at 20 ka,
which coincides with the late stage of the Last Glacial Maximum.
On the other hand, the reason for slope failure extending to non-
hydrate-bearing sediments upslope remains speculative at this
stage.
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