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ABSTRACT

Multidisciplinary surveys were conducted to investigate gas seepage and gas hydrate accumulation on
the northeastern Sakhalin continental slope (NESS), Sea of Okhotsk, during joint Korean—Russian
—Japanese expeditions conducted from 2003 to 2007 (CHAOS and SSGH projects). One hundred sixty-
one gas seeps were detected in a 2000 km? area of the NESS (between 53°45'N and 54°45'N). Active gas
seeps in a gas hydrate province on the NESS were evident from features in the water column, on the
seafloor, and in the subsurface: well-defined hydroacoustic anomalies (gas flares), side-scan sonar
structures with high backscatter intensity (seepage structures), bathymetric structures (pockmarks and
mounds), gas- and gas-hydrate-related seismic features (bottom-simulating reflectors, gas chimneys,
high-amplitude reflectors, and acoustic blanking), high methane concentrations in seawater, and gas
hydrates in sediment near the seafloor. These expressions were generally spatially related; a gas flare
would be associated with a seepage structure (mound), below which a gas chimney was present. The
spatial distribution of gas seeps on the NESS is controlled by four types of geological structures: faults,
the shelf break, seafloor canyons, and submarine slides. Gas chimneys that produced enhanced reflection
on high-resolution seismic profiles are interpreted as active pathways for upward gas migration to the

seafloor. The chimneys and gas flares are good indicators of active seepage.

© 2011 Elsevier Ltd. All rights reserved.

1. Introduction

Gas seeps are widespread in the marine sediment of modern
continental margins (Judd and Hovland, 2007). The release of
methane through gas seeps has attracted growing attention from
scientific communities because of their potential impact on the
geosphere, biosphere, hydrosphere, and atmosphere (Judd, 2003).
These seeps can be part of a gas hydrate system (Kvenvolden, 1993).

Particularly large methane releases from gas hydrate systems
may explain certain episodes in the geological record that were
characterized by sudden global warming and massive increases in
atmospheric carbon, such as the Paleocene—Eocene thermal
maximum (Dickens et al., 1995; Katz et al., 1999) and the termi-
nations of Quaternary glaciations (Paull et al., 1991; Kennett et al.,
2000). Modern gas releases from marine gas hydrate systems
have been observed at the Cascadia Margin (Heeschen et al., 2003),
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in the Gulf of Mexico (MacDonald et al., 2002), in the Black Sea
(Greinert et al., 2006), and in many other places throughout the
world (Sauter et al.,, 2006; Naudts et al., 2010). Although these
releases are modest in comparison with the catastrophic releases
that would be needed to explain sudden global warmings of the
geologic past, they can provide important information about how
gas can migrate through the gas hydrate system and into the ocean
and atmosphere, and how gas seeps contribute to atmospheric
methane concentrations.

Active gas seeps are widespread in the Sea of Okhotsk. Gas
hydrate and gas seeps are known from offshore Paramushir Island
and the northeastern Sakhalin slope (NESS) (Zonenshayn et al.,
1987; Ginsburg et al., 1993; Soloviev et al., 1994; Soloviev and
Ginsburg, 1994, 1997; Gaedicke et al., 1997). On the NESS, gas
seeps were recognized by gas “flares” (gas bubble streams in the
water column) on echograms and high methane anomalies in the
water column (Obzhirov, 1992; Ginsburg et al., 1993; Soloviev and
Ginsburg, 1994, 1997). More than 100 gas flares were detected
and gas hydrates were recovered during the expeditions of the
German—Russian KOMEX Project (Biebow and Hutten, 1999;
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Biebow et al., 2003; Matveeva et al., 2003). These results led to
further detailed investigation of a gas hydrate province on the
NESS. Two international projects, CHAOS (Carbon Hydrate Accu-
mulations in the Okhotsk Sea) and SSGH (Sakhalin Slope Gas
Hydrates), have been carried out since 2003 to investigate gas
seepage and gas hydrate accumulation in the NESS.

This paper describes hundreds of gas seeps and a range of
associated geological features that were discovered on the north-
eastern Sakhalin continental slope during the CHAOS (2003, 2005,
2006) and SSGH (2007) projects. The spatial distribution of gas
seeps and their controlling factors, evidence of active gas seepage,
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and subsurface features beneath active gas seeps are discussed and
interpreted.

2. Geological settings

The Sea of Okhotsk, one of the marginal seas that rim the Pacific,
is located predominantly over the Okhotsk Plate, which is bordered
across transform boundaries by the Eurasian, North American, and
Amur plates, and across a convergent boundary by the Pacific Plate
(Fig. 1). The Sakhalin Shear Zone (SSZ), a transform boundary
between the Okhotsk and Amur plates, extends longitudinally over
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Figure 1. Tectonic and Bathymetric map of the northeastern Sakhalin slope. Box in the tectonic map indicates the study area. In the bathymetric map, gray area indicates the side-
scan sonar mapping area shown in Fig. 2, and red lines indicate faults and a canyon that appear as seafloor features. Contour interval is 100 m. Eu = Eurasian Plate, Na = North
American Plate, Am = Amur Plate, Ohk = Okhotsk Plate, Pa = Pacific Plate, SSZ = Sakhalin Shear Zone, ST = Stareztkiy Trough. (For interpretation of the references to colour in this

figure legend, the reader is referred to the web version of this article.)
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a distance of 2000 km, crossing Sakhalin Island and the western
part of Hokkaido Island. The SSZ consists of north-trending dextral
strike-slip faults associated conjugate thrusts and reverse faults in
Sakhalin Island (Rozhdestvenskiy, 1986; Fournier et al., 1994). Most
of this fault system is not exposed on the surface due to a thick
sediment cover, but its location is clearly traced by intensive seis-
micity (Tikhonov and Kim, 2010).

The eastern slope of Sakhalin Island contains a very thick sedi-
mentary succession that is approximately 9—14 km thick
(Kharakhinov, 1998) and overlies the area of most rapid subsidence.
The thickness of the sedimentary package and underlying acoustic
basement are poorly defined on seismic profiles due to saturation
of sediments by gas (Worrall et al., 1996). The sedimentary
succession is thought to represent a delta system that predated the
present-day Amur River delta (Kharakhinov, 1998). The Schmidt
Rise separates the NESS from the northeastern Sakhalin shelf, of

which the stratigraphy is well known as a result of exploration
drilling and correlation with outcrops on land (Sergeev, 2004).

The sedimentary succession of this area is known to have
a favorable hydrological regime for methane gas accumulation: high
primary productivity in the water column and high sedimentation
rates produced a high organic carbon content in the sediment
(>1.5%; Gorbarenko et al., 1990; Astakhov et al., 2000). The vertical
temperature profile of the Sea of Okhotsk is also favorable for
methane gas hydrate, exhibiting a marked temperature decrease
from the sea surface to 100 m of water depth, where the thermal
minimum of —1 °C is reached, and then a steady increase to 2 °C at
600—800 m depth (Matveeva et al., 2005; Mazurenko et al., 2006).
The top of the gas hydrate stability zone in the water column is
expected to be very shallow, around 300 m water depth.

Wong et al. (2003) described Quaternary sedimentation in the
northwestern Sea of Okhotsk using high-resolution seismic data.
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Figure 2. Side-scan sonar mosaic with (a) locations of figures (rectangles and lines), CA = canyon; LF = Lavrentyev fault and (b) locations of gas flares (blue squares), seeps (red
circles), and sampling sites of gas hydrates (yellow stars): CH = CHAOS, DU = Dungeon, GI = Gisella, HI = Hieroglyph, KI = Kitami, KO = KOPRI, KT = KIT, VN = VNIIOkeangeologia,
SO = Soloviev, PO = POI structures. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Figure 3. Images of gas flares documented by hydroacoustic survey. Various shapes of
gas flares were detected: (a) linear, (b) and (c) floating, and (d) deformed. Flares
commonly extended from the seafloor to a shallow depth of 200 m. Triangles denote

According to their work, sedimentation in this area is characterized
mainly by bottom current-controlled processes and mass wasting.
Bottom current-controlled processes lead to widespread deposition
of contourite drifts and sediment waves on the North Okhotsk
continental margin and the northernmost Sakhalin slope, as well as
to erosion and sediment reworking on the northern Sakhalin shelf.
Mass-wasting deposits with massive reflector-poor facies are
widespread in the western Deryugin Basin. Repeated mass wasting
that has probably changed the original convex cross-section of the
slope in the study area to a concave form, excavating large volumes
of sediments which are deposited as slumps and debris flows in the
western Deryugin Basin. These mass wasting events are thought to
have been triggered probably by shallow earthquakes or by gas
hydrate instability during sea-level lowstands.

3. Materials and methods

The CHAOS (2003, 2005, 2006) and SSGH (2007) expeditions
were conducted on the NESS between 53°45’N and 54°45’N using
the Russian research vessel Academician Lavrentyev (Fig. 1).
Multidisciplinary data sets were obtained during these expedi-
tions: hydroacoustic profiling using single-beam echosounders,
seafloor imaging using side-scan sonar (SSS), seismic reflection
profiling using a sub-bottom profiler and sparker-source seismic
system, CTD profiling, water-sampling using a rosette sampler, and
near-bottom gas hydrate sampling using a gravity hydro-corer.

Gas bubbles in the water column have high impedance contrast
relative to water and appear on echograms as hydroacoustic
anomalies with flared shapes (gas “flares”). The hydroacoustic
systems ‘ELAC’ and/or ‘Sargan-EM’ were used simultaneously with

frequencies of 12, 20, and 135 kHz to detect gas flares (Salomatin
et al.,, 2008).

Deep-tow side-scan sonar surveys were conducted using the
‘SONIC-3’ system with a frequency of 30 kHz in a medium-range
mode and a swath range of 800—3200 m. Width range is
500—2000 m, and the best resolution is 2.0 m. The ‘SONIC-3M’
system is also equipped with a sub-bottom profiler with
a frequency of 8 kHz (maximum resolution = 0.3 m). The sonar
“fish” was towed at 90—120 m above the seafloor and ship speed
was 2—4 knots.

High-resolution seismic data were obtained using the ‘SONIC-4’
sparker system made in Russia. The system used a sparker with
a frequency range of 200—1200 Hz and an energy of 500—2000 ] as
a source, and a single-channel streamer as a receiver. The system
provides a resolution of 2—5 m for sediment layer thickness and
a bottom penetration of 50—300 m.

To measure methane concentrations in the water column,
water samples were taken using a rosette water sampler
combined with CTD. Gas extracted from water and preserved
from contact with the atmosphere was analyzed on the ship using
an SRI 8160C chromatograph. Sediment cores to sample gas
hydrates were retrieved using a 5.5-m-long ‘GSP-2’ gravity hydro-
corer.

4. Evidence of active gas seeps
4.1. Gas flares in the water column

More than 300 gas flares were detected in the NESS (blue
squares in Fig. 2b). Their locations concur with known seep loca-
tions, indicating that the gas was emitted from active seeps.
Figure 3 shows typical examples of detected gas flares. Most of the
gas flares rise vertically from the seafloor to some elevation in the
water column and have profile widths of up to 100 m. Their heights
range from several tens to several hundred meters; for example,
F34arises 600 m above the seafloor (Fig. 3a). Flares F39 and F41-43
were “floating” rather than rooted to the seafloor (Fig. 3b and c),
a phenomenon that can be explained by: 1) a gas flare rising
obliquely from a seeping site that is located out of the plane of the
hydroacoustic survey track, or 2) gas emission that is intermittent
or varies with time. Flares F40 and F46a are associated with the
same seep (‘Kitami Structure’, see Fig. 2b for location) with a time
difference of approximately 12 h, and rose to 160 and 700 m,
respectively (Fig. 3c and d). Such variation of flare heights may be
indicative of temporally variable gas flux, but may be caused by
slight difference in vessel location and/or changing near-bottom
current.

Some gas flares (F35 and F47—48) persist up to water depths of
150—250 m (Fig. 3a and d), which is much shallower than the
~300 m depth of the expected upper boundary of the gas hydrate
stability zone (GHSZ), as expected for a seawater temperature of

Figure 4. Gas flares documented by side-scan sonar survey. (a) Obvious flares (arrows) emitted from elevated backscattering structures and (b) two flares emitted from a single high

backscatter area inside the Soloviev structure. See Fig. 2 for location.
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2 °C (Dickens and Quinby-Hunt, 1994). Rising gas bubbles could
survive within the GHSZ and reach the upper boundary of the GHSZ
due to the formation of gas-hydrate skin preventing rapid dissoci-
ation in the water column (Heeschen et al., 2003; Greinert et al.,
2006). The persistence of gas flares close to the sea surface in the
study area may be attributed to cold temperature of the shallow
water column (-1 °C to 1 °C in 100 m—300 m water depth).

Gas flares are occasionally well imaged on side-scan sonar
mosaics as bright strings (indicated by arrows in Fig. 4). In Figure 4b
gas emanates from the sides of the central high backscatter
anomaly. The right flare in Figure 4a and both flares in Figure 4b
reached the center beam of the sonar, which implies that the flares
rose at least as far as the sonar fish, which was towed about 100 m
above the seafloor.

4.2. Seepage structures on the seafloor

Side-scan sonar (SSS) surveys were undertaken during CHAOS
and SSGH projects expeditions (2003, 2006, and 2007). Survey
areas covered the northeast continental slope between 53°57.5'N
and 54°40’N at water depths of 300—1100 m (Figs. 1 and 2). New
SSS data reveal that seafloor structures with high backscatter
intensity, which are interpreted as the seepage structures, are
common on the slope.

Based on the SSS mosaic (Fig. 2a),161 identified seepage structures
(squares in Fig. 2b) were classified according to shape and backscatter
intensity. Chemical and isotope analyses of interstitial and hydrate
waters/gases from major hydrate-rich venting structures (CHAOS,
Gisella, Hieroglyph, Kitami, KOPRI, POI, and VNIIOkeangeologia, see
Fig. 2b for their locations) were presented and interpreted in relation

to the hydrate-forming fluid (Mazurenko et al.,2009; Hachikubo et al.,
2010). The seepage structures have circular, linear, and angular
outlines. The circular seeps are most common and have a diameter
ranging from 100 to 800 m (Fig. 5a and c). Linear- or angular-shaped
seeps (Fig. 5b) are present only in the southern part of the study area.
The linear-shaped seep shown in Figure 5b is about 50 m wide and
2 kmlong and trends northwest, with a west-trending branch near its
middle. This seep’s length and bifurcation suggest that it may be
associated with an underlying fault or fissure.

4.3. Bathymetric expression

Positive and negative topographic features on the seafloor are
common in echosounder and bathymetric surveys and indicate
a physical interaction between methane flux and sediment (e.g.,
Fig. 6; Hovland and Judd, 1988). Positive features (mounds) are
5—8 m high and several hundred meters wide. Gas flares commonly
rise from the mounds (F36a and b in Fig. 3a, and two flares in
Fig. 6a). The mounds probably form through the upward migration
of overpressured fluid from below. Negative features (pockmarks)
are up to several hundred meters in diameter and several tens of
meters deep (Fig. 6b).

Comparison of these bathymetric features with backscatter
structures (Fig. 6b and c) shows that the three mounds correlate
with high-backscatter structures (denoted as 4.4, 4.8 and 4.13). No
consistent correlation exists for the pockmarks (4.5, 4.9, 4.10, and
412 in Fig. 8). High backscatter intensity is associated with the
center or margin of some pockmarks, but others do not appear on
the SSS mosaics at all.

Figure 5. High-backscatter areas documented in side-scan sonar survey. (a) Irregular, (b) linear, and (c) circular high backscatter areas. Irregular shapes represent coalesced circular
zones. Linear high backscatter area is over 1 km long. Diameter of circular areas reaches several hundred meters. HI=Hieroglyph, KI = Kitami structures. See Fig. 2 for location.
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Figure 6. Pockmarks and mounds illustrated by (a) 12-kHz hydroacoustic profile, (b)
swath bathymetry, and (c) side-scan sonar image. Gas flares emitted from mounds are
conspicuous in (a). The high backscatter area in (c) correlates with mound and pock-
mark distribution (b), although the strongest backscattering is associated only with
mounds. Loci which are denoted as 4.2, 4.3, and 4.4 correspond the CHAOS structure.

4.4. Subsurface features

Geophysical surveys identified various subsurface features,
including acoustic blanking, bottom-simulating reflectors, high-
amplitude reflectors, and seismic chimneys.

4.4.1. Acoustic blanking

Hydroacoustic profiles obtained using a 12-kHz echosounder
show subsurface reflectors up to approximately 30 m below the
seafloor (mbsf) as well as gas flares in the water column. For
example, Figure 7a shows a well-stratified, strong reflector at about
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Figure 7. Zones of acoustic blanking documented in (a) hydroacoustic profile and (b)
sub-bottom profile. Acoustic blanking (AB) may result from sub-bottom gas-bearing
sediment or near-bottom gas hydrate layers that inhibit signal penetration. Seeps SS1
and SS2 exhibit acoustic blanking on the sub-bottom profile (b) and high backscatter
intensity in a side-scan sonar image (c). SS2 corresponds to the Kitami structure. See
Fig. 2 for location.

25 mbsf that is interrupted by acoustic blanking (a zone devoid of
reflection) below a seepage structure. The top of the acoustic
blanking, at ~5 mbsf, is a very strong reflector. The width of the
acoustic blanking is identical to that of this strong reflector.
Although this kind of acoustic blanking is common on high-reso-
lution shallow seismic profiles in areas where gas is present (Judd
and Hovland, 2007), its occurrence in a deep-sea area that is in
the GHSZ is unique. There are two possible explanations for this
blanking: 1) attenuation of seismic energy owing to the presence of
free gas, or 2) poor seismic energy penetration owing to strong
reflection from a near-surface reflector that overlies the blanking. In
the latter case, the reflector could be a layer of gas hydrate or
methane-derived authigenic carbonate. Near-surface gas hydrates
were sampled at several major seeps using a 5.5 m-long gravity
corer during the CHAOS expeditions (Mazurenko et al., 2009).

Acoustic blanking also appears on sub-bottom profiles that were
obtained at the same time as side-scan sonar images (Fig. 7b). The
extent of the acoustic blanking zones is in good agreement with the
dimension of their overlying seepage structures on the SSS mosaic
(Fig. 7b and c).

4.4.2. Bottom-simulating reflectors (BSRs) and high-amplitude
reflectors (HARSs)

In the Sea of Okhotsk, BSRs are widespread and easily recog-
nized on seismic profiles obtained using a relatively low-frequency
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Figure 8. Seismic chimneys, bottom-simulating reflectors (BSRs), and high-amplitude reflectors (HARs) in a sparker seismic profile. The nature of their internal reflection defines
two chimney types: wipe-out (WO) and enhanced-reflection (ER) chimneys. Gas flares are detected only at ER chimneys. The BSRs are discontinuous, and HARs are commonly
present below the BSR horizon. This seismic line partly overlaps with Fig. 3d. Superimposed gas flare images are from Fig. 3d (not scaled). Loci where F46a, F47, and F48 are emitted

correspond to the Kitami, KOPRI, and POI structures. See Fig. 2 for location.

airgun source (Liidmann and Wong, 2003). BSRs are rare, however,
on the high-resolution seismic profiles obtained in the study area.
For example, a BSR subparallel to the seafloor appears as a weak
straight reflector with short continuity (<4 km) at 180 ms two-way
travel-time (TWTT) below the seafloor (Fig. 8). The BSR cuts clearly
across stratigraphic reflectors and seems to have reverse polarity to
the seafloor reflector. Similar weak BSRs have been reported from
high-resolution seismic profiles in other studies (Vanneste et al.,
2001; Wood et al., 2002; Cooper and Hart, 2002).

In contrast to BSRs, chaotic high-amplitude reflections (HARSs)
are widespread at 150—200 ms TWTT below the seafloor and
generally mimic the seafloor topography. The BSR reflector is above
the HARs. It is inferred that the tops of the HARs generally

correspond to the BSR depth (i.e., the base of the GHSZ). The HARs
are thought to be caused by strong acoustic impedance contrasts
due to free gas accumulation below the BSR (Vanneste et al., 2001).
Free gas would be trapped beneath hydrate-bearing sediment due
to the reduced effective porosity and permeability above (Ecker
et al,, 1998). Transparent or weak reflections in the lower section
of the sediment above the BSR or HARs may be attributed to
amplitude blanking by a high concentration of gas hydrates near
the base of the GHSZ (Lee and Dillon, 2001).

4.4.3. Gas chimneys
High-resolution seismic profiles show gas chimneys as near-
vertical acoustic structures in the sediment. Chimneys initiate
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Figure 9. (a) A pure gas-hydrate chunk (35-cm long and 13-cm in diameter) retrieved at the KOPRI structure and (b) its two halves. It was recovered at the sub-bottom depths of

48-53 cm using 5.5-m long gravity corer. See Figs. 2 and 8 (F47) for sampling location.

below the gas hydrate stability zone, and some of them reach the
seafloor (Fig. 8). The chimneys that appear on seismic profiles form
two groups based on seismic characteristics: (1) narrow (about
100—200 m wide), confined, white-colored wipeout (little or no
coherently reflected seismic energy) chimneys (WO in Fig. 8), and
(2) wide (>500 m), diffuse, dark-colored (enhanced reflection)
chimneys (ER in Fig. 8). Not all wipeout chimneys reach the
seafloor, but most of the enhanced reflection chimneys do. Loca-
tions where the enhanced reflection chimneys reach the seafloor
correspond to mounds on the seafloor (Fig. 8).

4.5. Ground-truthing

4.5.1. Gas hydrates

Nineteen new gas hydrate accumulations were discovered at gas
flare sites in the vicinity of gas seeps (yellow stars in Fig. 2b). Gas
hydrates were retrieved using a 5.5-m long gravity corer and
occurred with various structures in the sediments; lenticular-
bedded, micro-aggregates, vein and void-filling, and massive
hydrates (Mazurenko et al., 2009). Figure 9 shows a remarkable gas
hydrate sample collected at flare site F47 (KOPRI structure) at
awater depth of 680 m (see Figs. 2 and 8 for location). The sample is
a 35-cm-long chunk of pure methane hydrate. The methane
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Figure 10. Methane concentration at flare sites (F46-48) shown in Figs. 3d and 8. It is
noted that high concentration in methane occurs near the seafloor.

content of the sample is almost 100%, and the origin of methane is
microbial (3'3C = —67%,; Hachikubo et al., 2009; Shoji et al., 2009).

4.5.2. High methane concentrations in the water column

Gas analyses of seawater at several water depths were con-
ducted at gas flare sites F46a—48. Anomalously high methane
concentrations were measured near the seafloor at these sites
(Fig. 10). The concentration was approximately 5000 nl/l at F47,
a value that is 100 times that of the background concentration
(50 nl/l; Millero, 1996). The lowest value was at F48, but was
nonetheless three times the background value. The origin of the
methane gas was also microbial (Hachikubo et al., 2009).

5. Discussion
5.1. Seep distribution

In the study area on the NESS, 157 seeps are clustered to form
eleven distinct fields (S1—S11) in three zones (northern, central,
and southern) (Fig. 11a). Only four seep-related structures are
located outside the identified fields.

The northern zone contains only one field, S1, which is just
south of a canyon (CA in Fig. 11b). S1 is on the lower slope between
735 and 900 m depth and consists of seven seeps that form
a weazkly east-trending array. The seep density of the field is one per
1 km“.

In the central area (between 54°20’N and 54°35’N), six densely
spaced fields (S2—S7) form a weakly east-northeast-trending array.
Field S1 is at least 15 km away from this zone, and seafloor seeps are
absent on the slope between S1 and this zone (Figs. 2 and 11a),
suggesting geological discontinuity between the two zones. Field
S2 includes nine seeps at 560—715 m depth. Five of the seeps are
near a narrow, northwest-trending bench on the slope. Seep
density in the field is 1/km?. Roughly north-trending S3 is the most
dense seep field, located at depths of 665—885 m. Thirty-two seeps
are present in this field, and seep density is 3/km?2. Density contour
lines in the field are stretched in two directions: NE—SW and
NW-SE. Several of the large, active seeps shown in Fig. 8 form
a west-trending line at 54°30’N. Field S4 consists of 13 seeps at
depths 0of 915—1060 m and has an isometric outline. Seep density is
2/km?. Field S5 includes 6 seeps on the lower slope at depths of
1055—1095 m. Four of these are densely spaced along a west-
trending zone. Seep density is 1/km?. Field S6 includes six seeps at
depths of 450—700 m and forms a compact west-trending group.
Seep density is 1/km?. Field S7 contains 15 seep structures at
depths of 770—965 m. The field is weakly west-trending, and seep
density is 2/km?.
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Figure 11. Geological features and distribution of gas flares and side-scan sonar (SSS) structures. (a) Distribution of SSS structures (red diamonds). Seep fields S1 to S11 are within
the SSS mapping area (dashed line). (b) Interpreted tectonic map with gas flare locations (black dots). Thick gray line indicates shelf break at 200-m water depth. Red lines mark
faults associated with seafloor topography. Magenta lines mark inferred faults covered by sediment. Dashed red lines indicate canyons or slide scars that may be faults. Star indicates
possible mud volcano. Solid blue line shows canyon axis; dashed blue line marks inferred canyon axis. Pale and dark gray areas indicate slide scar and areas of hummocky relief,
respectively. Contour interval is 100 m. CA = canyon; LF = Lavrentyev faults. (For interpretation of the references to colour in this figure legend, the reader is referred to the web

version of this article.)

The southern zone has four seep fields (S8-S11) that form
a northeast-trending array (Fig. 11a). The area southeast of this
array was not covered by the SSS survey, but several gas flares were
identified by hydroacoustic surveying during other expeditions
(Figs. 2b and 11b). Three seeps are present in the area between the
central and southern zones, another area that lacks extensive seep
activities. Field S8 is small and west-trending and contains three
seeps at depths of 625—825 m; seep density is 1/km?. The largest
seep field in the study area is S9, consisting of 39 seeps. This field is
on the lower slope at depths of 860—1050 m. Seep density is

Table 1

approximately 3/km?. Seeps in S9 form two diffuse arrays that
trend northwest and northeast. The eleven seeps of S10 are on the
mid-slope at depths of 750—950 m, and seep density is 2/km?. Field
S11 includes 16 seeps at depths of 625—800 m. These seeps are
aligned to form northwest- and northeast-trending chains. The
chains coincide with the trace of the Lavrentyev Fault (LF; Fig. 11b)
and its conjugate. Seep density is 2/km?.

In summary, the fields contain from 3 up to 39 seepage struc-
tures and locate in depth interval 450—1095 m; the density of the
seepage structures changes from 1 to 3 per km? (Table 1). They align

Characteristics of the seep fields. CH = CHAOS, HI = Hieroglyph, KI = Kitami, KO = KOPRI, KT = KIT, SO = Soloviev, PO = POI structures. See Fig. 2 for location.

Zone Field number Water Depth Amount of seeps Density per km? Tectonic position Gas hydrate sites
interval (m)
Northern S1 735—-900 7 1 Canyon southern side SO
Central S2 560—715 9 1 Submarine slide —
S3 665—885 32 3 Submarine slide HI, KI, KO, PO
S4 915—-1060 13 2 Submarine slide CH
S5 1055—-1095 6 1 Unknown —
S6 450—-700 6 1 Submarine slide GI
S7 770—-965 15 2 Submarine slide -
Southern S8 625—-825 3 1 Unknown —
S9 860—1050 39 3 NE/NW faults
S10 750—-950 11 2 ? -
S11 625—-800 16 2 Lavrentyev Fault KT
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in WE (S1, S6, S7), NE and NW (S2, S10, S11) direction, or have
irregular shapes (S3-S5, S9).

5.2. Controls on seep distribution

The area covered by the SSS survey is bounded by a canyon to
the north and the LF to the south (Fig. 2). This area corresponds to
part of the slope that was exposed by submarine mass wasting
(Wong et al., 2003). Figure 11b shows a structural map of the study
area with the locations of seeps as determined from hydroacoustic
and sonar investigations. The map shows a distinct correlation in
the majority of cases between seep distribution and the shelf break,
faults, canyon, and submarine slide.

The slope-parallel distribution of gas flares near the shelf break
may be related to gas hydrate dissociation above the upper
boundary of the GHSZ at ~300 m water depth. Echograms obtained
near the shelf break show a diffuse gas emission pattern that is
different from the focused appearance of flares on the slope
(Fig. 12).

The northwest-trending LF is a major fault with a topographic
offset of more than 100 m. The fault extends from below 1250 m
water depth to the shelf break (Fig. 11b; Dullo et al, 2004;
Mazurenko et al., 2006). Although the fault expresses no topo-
graphic differential below 1250-m water depth, it is evident on the
seismic profiles (Fig. 13). Another distinct fault is a northeast-
trending conjugate fault of the LF (Dullo et al., 2004). Seep field S11
is at the northwestern end of the LF. Nine of its 16 seeps are linearly
aligned along the LF, and the rest are densely arranged along its
conjugate.

Many seeps in the central and southern zones are aligned along
faults that have two distinct trends (Fig. 11). The longest fault trends
northwest across the central zone; it is easily recognized on the
seismic profiles, but is not expressed topographically on
the seafloor. In contrast, two short northwest-trending faults on the
upper slope in the central zone have distinct topographic
expressions.

A canyon near the northern border of the study area forms
a west-trending feature. The canyon is spatially associated with gas
flares and seepage structures of S1 (Fig. 11). The west-trending
canyon is up to 2 km wide and 150 m deep and is arc-shaped on
the SSS mosaic (Fig. 2). Its northern slope is steeper than its
southern slope. The canyon appears to be erosional and vanishes at
the toe of the slope. Seeps and gas flares are absent inside the
canyon.

Based on a marked difference in slope morphology between the
northern and southern slopes of the LF, Wong et al. (2003) sug-
gested that the northern slope had experienced submarine sliding.
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Figure 12. An echogram of gas flares showing diffuse gas emission pattern at the shelf
break.

1000

2000 2000

Two-way travel time (ms)

3000

L)

IN-39
i\;:‘

Figure 13. Seismic profiles showing structures of (a) the Lavrentiev Fault and (b) one
of the NW-striking faults. Arrows mark faults. See Fig. 11b for location.

Assuming that a 70-km-long section of the slope was involved in
the most recent mass-wasting events, they calculated the volume
of sediment lost to be about 660 km?>. In this study, we suggest
a submarine slide area in the central zone (a gray zone in Fig. 11b).
Although the slide is relatively weakly expressed and masked by
sediment, it has some slide features: slide scars, a pressure zone,
and an area containing large clasts of sedimentary material
(Baranov et al., 2008). Most of the seeps in the central zone are
confined to this submarine slide zone. Seeps are concentrated along
a northwest-trending slide scar and along shallow reverse faults
that are confined to a north- and east-trending pressure zone.

5.3. ER gas chimneys: active pathways for gas migration
to the seafloor

High-resolution seismic and hydroacoustic profiles obtained
simultaneously during several expeditions show remarkable
correlation between the subsurface ER chimneys and gas flares in
the water column. For example, flares F46a, F47, and F48 were
associated with topographic mounds where the ER chimneys reach
the seafloor (Fig. 8), whereas no gas flares are associated with two
WO chimneys that are located between F46a and F47.

On the seismic profile, the ER chimneys show reflection char-
acteristics that are similar to those of HARs (both frequency and
amplitude) near the base of the GHSZ. Enhanced reflections of
chimneys may be caused by minor gas accumulations migrating
laterally into surrounding permeable layers from pathways (mainly
faults) in chimneys (Judd and Hovland, 2007). Gas in the permeable
layers may cause a significant increase in the impedance contrast of
the sediment layers involved, resulting in high-amplitude reflec-
tions (Cooper and Hart, 2002; Liidmann and Wong, 2003). Liu and
Flemings (2006) summarized three mechanisms for the co-exis-
tence of gas and gas hydrate in the GHSZ: 1) gas flow that is not in
equilibrium with its surroundings because of kinetic effects; 2)
limited water availability when gas is supplied in excess to its
proportion in hydrate; and 3) perturbation of the P—T boundary
that defines the GHSZ by advecting warm fluids, capillary effects in
fine-grained sediment, or high pore-water salinity. One or several
of these conditions could enable gas to exist locally in or near
a pathway in the GHSZ. Conditions that would allow gas to exist in
or near a pathway in gas-hydrate-bearing sediment are identical to
those beneath the base of the GHSZ, which explains why
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ER chimneys exhibit seismic reflections that are similar to those of
HARs at the depth of the BSR (Fig. 8).

On the profile, enhanced reflections of chimneys are more
distinct in the shallower part of the gas-hydrate-bearing sediment
than in the deeper part. This could be attributed to little lateral
saturation of gas from the pathway into surrounding low-
permeability layers owing to a high concentration of gas hydrates
in the deeper part, and/or a rapid increase of free gas extracted
from gas-bearing fluid that is caused by a decrease of methane
solubility toward the seafloor inside the GHSZ (Zatsepina and
Buffett, 1997).

Under ER chimneys, a BSR is absent, and HARs are elevated and
heavily disturbed. This means that the distribution of gas hydrate
stability is severely perturbed by the mechanism that enables free
gas to migrate along chimneys, possibly with water as heat carrier.

The ER chimneys are interpreted as pathways for active gas
transport (mainly methane) upward to the seafloor through gas
hydrate-bearing sediment, whereas WO chimneys represent inac-
tive pathways that may be former ER chimneys that are now
choked with gas hydrate.

5.4. Formation of the circular high backscatter patterns
of active seeps

As shown in Figures. 4—7, the circular seepage structures with
high backscatter intensity are very common in the study area. They
are generally associated with gas flares, bathymetric mounds, high
subsurface reflections, gas chimneys and shallow gas-hydrate
deposits. Based on all our observations in this study and earlier
published results, we propose a model for the formation of the
circular high backscatter patterns of active seeps. Free gas from
below the BGHS rises to the seafloor through the sediments along
gas migration pathway, which appears as an ER gas chimney below
the seeps (Fig. 8). Close to the seafloor the free gas bubbles can form
massive gas-hydrate deposits as seen in Figure 9 by pushing apart
the sediments. This subsurface hydrate formation is only possible at
shallow sediment depth as a certain force is needed to push apart
the sediments (Flemings et al., 2003) or/and as bottom seawater
can supply sufficient water for hydrate formation. Hydrate forma-
tion occurs around the pathway in a concentric pattern, which
leads to a sort of “hydrate halo”, a circular feature as described by
Soloviev and Ginsburg (1997). Formation and accumulation of pure
hydrates in the subsurface may also lead to up-doming of the
sediments such that the sites are traceable as mounds of some
meters height in the bathymetry (Figs. 6a and 8). Expansion asso-
ciated with gas hydrate formation was proposed as a mechanism to
form the mounds (>10 m high and >100 wide) in the Santa Monica
Basin (Paull et al., 2008). The deposition of hydrate close to the
seafloor is also likely to explain the high surface reflections in the
sediment shown in Figure 7a and b. This is similar to the obser-
vation of shallow hydrates at pockmarks at the Congo fan (Sahling
et al.,, 2008). The bubbles that do not form hydrates in the sedi-
ments are emitted into the water column where they are recorded
as flares by echosounder or high-reflectivity gas emission in side-
scan sonar.

6. Conclusions

The northeastern Sakhalin continental slope (NESS) of the Sea of
Okhotsk is characterized by an abundance of gas seeps and gas
hydrates. Multidisciplinary surveys have been carried out to
investigate gas seepage and gas hydrate accumulation and led to
the following conclusions:

1. In water depths of 300—1000 m on the NESS (between 53°45'N
and 54°45'N), 161 gas seeps were detected in a 2000-km? area
during expeditions undertaken from 2003 to 2007. The gas
seeps are widespread within the gas hydrate stability zone.

2. Ongoing gas seepage was indicated by various phenomena:
strong hydroacoustic anomalies (gas flares), side-scan sonar
structures with high backscatter intensity (seepage structures),
bathymetric features (pockmarks and mounds), gas- and gas-
hydrate-related seismic features (bottom-simulating reflectors,
gas chimneys, high-amplitude reflectors, and acoustic blank-
ing), high methane concentrations in seawater, and near-
bottom gas hydrate occurrence.

3. Indicators of gas seepage are commonly clustered at active
seeps. For example, a gas flare is spatially associated with
a topographic mound with strong backscatter intensity, below
which acoustic blanking and a gas chimney are present.

4. The spatial distribution of gas seeps in the study area is
controlled by four structural elements: faults, the shelf break,
submarine valleys and submarine slides. Northwest- and
northeast-trending fault systems, including the Lavrentyev
Fault, are the most important control on seep distribution.

5. Gas chimneys showing enhanced reflection (ER) on high-
resolution seismic profiles are interpreted as active pathways
in which gas (mainly methane) is migrating upward to the
seafloor. In addition to active gas flares, ER chimneys are a good
indicator of active seepage.
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