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Abstract—We present the results of gas-geochemical surveys in the sea surface water layer, water column, and bottom sediments of
the Tatar Strait (north of the Sea of Japan) in 2012, 2014, 2015, 2017, and 2018. The distribution of methane fluxes at the water—atmo-
sphere interface is examined, and its relationship with the geologic structure of the Tatar Strait area is discussed. Methane emission has
been revealed throughout most of the Tatar Strait area. The most intense methane fluxes at the water—atmosphere interface, up to 482 mol/
(km>xday), are observed on the gas-bearing southwestern shelf and on the gas hydrate slope of Sakhalin Island. The high concentrations
of methane in seawater and the high contents of methane, hydrogen, and helium in the shelf and slope bottom sediments are probably due
to the seismotectonic activity in the region, the presence of gas hydrates, gas concentration zones, gas migration channels, and the regional
deep structure. Application of the model for calculation of the flux and impurity transfer fields to the studied water area has shown high
methane emission from the sea surface in areas of vertical gas migration from lithospheric sources. The contribution of hydrodynamic fac-
tors to the formation of such zones of high methane emission is less than that of geologic factors. The obtained data on methane flux at the

water—atmosphere interface for a shallow sea gave a detailed insight into the main gas discharge zones in the southern Tatar Strait.
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INTRODUCTION

Gas-geochemical studies provide information about the
composition, genesis, and mechanisms of spread of natural
gases and the quantitative parameters of their migration at
the lithosphere—hydrosphere and hydrosphere—atmosphere
interfaces of marginal seas. The latter issue is particularly
important for taking account of the role of marginal seas in
the balance of the atmospheric greenhouse gases. The pro-
cesses of gas supply from various lithospheric sources are
comprehensively studied both in the western and in the east-
ern Pacific. Methane releases along with gases seeping out
of hydrocarbon accumulations. These gases serve as indica-
tors of hydrocarbon deposits and mark zones of atmospheric
methane emission. Mau et al. (2007b) studied natural-gas
seepage out of coastal coal and oil fields in the Pacific near
Santa Barbara, California. The amounts of seeping methane
were determined at 79 stations in an area of 280 km?, with
the largest ones recorded in an area of no less than 70 km?.
Such studies are also actively performed in the Arctic, a re-
gion with specific gas generation and gas transfer. In the
western Arctic Ocean, the desalinated surface water layer
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limited atmospheric methane emission (Fenwick et al.,
2017). Mau et al. (2017) examined a large area along the
western Svalbard margin (from 74 to 79 °N), where thou-
sands of gas seeps were recorded, and showed that the dis-
solved methane plume is hundreds of kilometers long. Such
methane plumes were also recorded in the marginal water
areas of the Pacific (Suess et al., 2001; Mau et al., 2012). In
the water column, methane plumes or anomalous methane
fields are observed as disc-like areas at different depths on
the eastern shelf and on the slope of Sakhalin in the Sea of
Okhotsk (Mishukova et al., 2007, 2010). Recently, they
have also been revealed in the water area of the Tatar Strait
in the Sea of Japan (Mishukova et al., 2015). Nevertheless,
the mechanisms of gas discharge from geologic structures
into the water column and then into the atmosphere have
been poorly studied. Kvenvolden and Rogers (2005) studied
the catastrophic methane exhalations resulted from the de-
composition of CH, hydrate and the macro- and microseep-
age of CH, out of mud and magmatic volcanoes and in geo-
thermal areas and ocean fault zones. They assumed that
these exhalations affected global climate changes in the past.
Seismic activity is one of the crucial factors controlling
methane emission; it can both intensify and weaken gas
fluxes. For example, study of methane release on the Costa
Rica coast revealed its inverse relationship with seismotec-
tonics: Obviously, the earthquakes that took place in 2002
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closed methane migration paths and thus reduced methane
emissions (Mau et al., 2007a). Until recently, it has been
believed that submarine gas seepage caused by earthquakes
are the natural way of carbon release from sedimentary stra-
ta into the hydrosphere and do not significantly contribute to
the budget of the local or global carbon cycle. At present,
the effect of earthquakes on abnormal methane emission has
been established in different regions of the World Ocean.
Fischer et al. (2013) believe that the seismic activity in the
Arabian Sea, especially after the M = 8.1 earthquake in
1945, disturbed the gas hydrate-bearing strata, which fa-
vored the intense free migration of gas and thus led to a
great number of methane seeps. The most favorable condi-
tions for this scenario are in the Sakhalin water area of the
Sea of Okhotsk and the Sea of Japan (Shakirov et al., 2016).

Water-dissolved methane, hydrogen, and helium are used
as indicators of fault zones and for the prediction of seismic
activity, the environmental assessment, and the search for
hydrocarbon fields (Obzhirov, 1993; Shakirov et al., 2016).
These gases are also important gas-geochemical indicators
of caustobioliths, such as gas hydrates (Shakirov et al.,
2016). Joint anomalies of methane and helium may indicate
an ascending mantle fluid. Gasometric research permits
mapping permeable faults. Study of the distribution of heli-
um, gas hydrocarbons, and hydrogen and of their isotope
characteristics is of special interest: The correlation between
these parameters and the geologic structure of the area per-
mits one to identify long-living gas sources and permeable
zones of different activities.

In general, approaches to the assessment of methane
emission at the water—atmosphere interface must be further
developed, because the remote-sensing methods are still not
precise and in situ experimental studies are not systematic.
In the course of study of the emission of methane, one of the
most active contributors to the greenhouse effect, it is ex-
tremely important to apply an integrated approach taking
into account geologic, hydrologic, and meteorologic factors.
This approach helps to implement an integrated geological,
geophysical, and oceanographic areal field research.

The goal of this work is to discuss new data on the distri-
bution of methane fluxes at the water—atmosphere interface
in the Tatar Strait and to analyze the influence of geologic
and hydrometeorologic factors on the methane content in
water and bottom sediments.

BRIEF OUTLINES OF THE STUDY AREA

The study area covers the South Tatar sedimentary basin
localized in a depression in the south of the Tatar Strait.

Figure 1 shows a schematic tectonic map of the basin,
simplified and supplemented after Zharov et al. (2004) and
Kharakhinov (2010).

The South Tatar depression is bounded by the East Pri-
morye fault zone in the west and the West Sakhalin fault
zone in the east. The latter zone includes volcanoes that

were active 5-10 Myr ago (Mel’nikov and II’ev, 1989). In
general, the Tatar Strait is a large rift trough 1200 km in
length and 60-300 km in width. The western continental
coast is composed mostly of weakly dislocated Cenozoic or,
seldom, Upper Cretaceous volcanics of intermediate and
mafic composition. In the West Sakhalin depression extend-
ing along the Sakhalin coast of the Tatar Strait, there are
local exposures of dislocated Upper Cretaceous, Paleogene,
and Neogene terrigenous and volcanic deposits. The same
deposits, including coal-bearing ones, are traced westward
at the base of the strait. The rift nature of the depression is
responsible for a high heat flux (67 to 171 mW/m?) and gas
fluid permeability channels in the sedimentary strata (Khara-
khinov, 2010; Rodnikov et al., 2014).

The earlier study of gas-geochemical fields in the bottom
water of the Tatar Strait yielded a number of important re-
sults (Obzhirov, 1993) indicating anomalous methane fields
(with CH, concentrations of up to 45 nmol/L) and the petro-
leum potential of the sedimentary strata. Later, studies with-
in the International Sakhalin Slope Gas Hydrate Project (Jin
et al., 2013) revealed that the upper part of the sedimentary
section, especially that in the eastern part of the South Tatar
depression, has numerous chimneys, which usually mark
gas flares and gas hydrates in the upper bed of sedimentary
strata. Studies of the distribution of gas hydrocarbons, the
carbon isotope composition of methane and ethane, and the
concentrations of hydrogen and helium in the chimney zone
showed a predominance of catagenetic gases in the gas hy-
drate clusters (Shakirov et al., 2016). Gas hydrate-bearing
structures were mapped mainly in the area of the Sakhalin
slope (Minami, 2016), i.e., on the eastern flank of the South
Tatar depression.

These and other specific features of the South Tatar sedi-
mentary basin indicate that it must actively supply methane
from bottom sediments not only to water but also to the at-
mosphere.

MATERIALS AND METHODS

The research was performed in the southern part of the
Tatar Strait of the Sea of Japan. The schematic map of the
study area is shown in Fig. 2. Materials for the study were
sampled during the expeditions of the R/V Akademik
M.A. Lavrentiev (cruise LV-59, August 2012; cruise LV-62,
June 2013; cruise LV-67, June 2014; and cruise LV-70,
June 2015) and the R/V Akademik Oparin (cruise OP-54,
September—October 2017 and cruise OP-55, October 2018).

The main research was carried out in the southern part of
the Tatar Strait, where surface water, water from the water
column, and cores of the bottom sediments were sampled in
2012-2018. In the northern part of the Tatar Strait, where
the North Tatar sedimentary basin is located, only surface
water was sampled in the autumn of 2017 and 2018 (R/V
Akademik Oparin, cruises OP-54 and OP-55). Three cruises
were organized in the early summer (June); one, in August;
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and two, in the autumn. These expeditions helped to make a Water sampling and analysis technique. Seawater for
regular observation network within the study area (Fig. 2),  analysis for CH, was sampled at a depth of 4 m from the sea
which is an important condition for the interpretation of  surface every 1-2 h during the cruise, using the R/V flowing

methane fluxes. sampler. Then, the water was supplied into an SBE
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Fig. 1. Schematic structure-tectonic map of the South Tatar sedimentary basin. /,a, tectonic and b, volcanotectonic rises: 1, Moneron, 2, Kholm-
sksya, 3, Pionerskaya, 4, Primorye, 5, Sovetskaya Gavan’, 6, Krasnogorsk, 7, Uglegorsk, 8, Vanino, 9, Chernomorsk, 10, Kamenka, 11, East
Syurkum, 12, Syurkum; 2, anticlinal structures in sedimentary cover; 3,a, sedimentary basins, b, depressions: 1, Moneron, 2, Samarga, 3, Kholm-
skaya, 4, Yasnomorsk, 5, Nel’ma, 6, Slepikovskii, 7, Ternei trough, 8, Lamanon trough, 9, Lesogorsk, 10, Tumnin; 4, gas shows: a, bottom gas
seeps, from geochemical data of the Pacific Oceanological Institute, Vladivostok, b, “gas” columns (chimneys) in sedimentary cover (Kharakhi-
nov, 2010); 5, faults: a, proved, b, concealed, ¢, predicted, d, other: CS, Central Sakhalin, WS, West Sakhalin, RM, Rebun—Moneron (Shaposh-
nikov et al., 1994, 1995; Zharov et al., 2004; Dymovich et al., 2016); 6, earthquakes: a, hypocenter depth, km, b, magnitude. Inset shows the
position of the study area.
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Fig. 2. Scheme of the study area. /,a, numbers, b, stations of water
sampling and stations of bottom sediment sampling; 2, structural and
petroleum exploration wells: 2, Gavrilovskaya-1, 3, Gavrilovskaya-2, 4,
Izy’'met’evskaya-1, 5, Izyl’met’evskaya-2, 6, Nadezhdinskaya-1, 7,
Krasnogorskaya-1, 8, Staromayachinskaya-1, 9, Staromayachinskaya-2,
10, Vindskaya-1, 11, Kuznetsovskaya-1, 12, Moneronskaya, 13,
I’inskaya; 3, isobaths (m); 4, area fragment shown in detail in the inset.

21SEACAT thermosolinograph (Washington, USA) for the
continuous determination of temperature and salinity.

At the stations, seawater was sampled with a Rosette
sampling system with twelve 10 L Niskin polyvinyl chloride
bathometers. The Rosette system was combined with a CTD
multiparameter probe.

Water was sampled into 68 ml glass bottles, which were
hermetically closed. Then, 12 ml special-purity helium was
introduced into the bottles. For analysis for He and H,,
12 ml air was used as a gas phase. The bottles with samples
were shaken on an LS-110 mixing device to reach equilib-
rium between the liquid and the gas phases. After mixing, an
aliquot of the gas phase was taken by a syringe for a chro-
matographic analysis.

Sediment sampling and analysis technique. Sampling
and analysis of bottom sediments were performed by the
marine gas-geochemical technique elaborated by the Gas
Geochemistry Laboratory of the V.I. II’ichev Pacific Ocean-
ological Institute, Vladivostok (Jin et al., 2013; Shoji et al.,
2014). The bottom sediments were sampled with 550 or
350 cm long hydrostatic and gravity samplers from standard
reference horizons (at depths of 10, 25, 50, 100, 150, 200,
250, and 300 cm). Additional samples were taken from the
sections with a contrasting change in sediment lithotype and

with the appearance of organic-material interbeds, hydrotro-
ilite members, etc.

The sediment was sampled with 12 ml cut-tip syringes
into 43 ml flasks filled with a saturated NaCl solution pre-
served with 0.5 ml chlorhexidine bigluconate 0.05%. Heli-
um (12 ml), used as a gas phase, was introduced into the
flasks using a Tedlar Bag Dual Valve (USA) gas bag. Anal-
ysis for He and H, was performed in 68—100 ml flasks filled
with a saturated NaCl solution; air (12 ml) was used as a gas
phase. The flasks with samples were intensively shaken on
an LS-110 mixing device (Russia) for at least 4 h and then
were treated in a FineSonicEO0S5 ultrasonic bath. Afterwards,
the gas phase was sampled with a syringe and introduced
into a chromatograph.

Chromatographic analysis for gas hydrocarbons was car-
ried out on board the vessel, using a Crystallux 4000M chro-
matograph equipped with a flame ionization detector and
two thermal- conductivity detectors. Chromatographic anal-
ysis for helium and hydrogen was performed on a Chro-
matec 2000 gas chromatograph with argon as a carrier gas.

The concentrations of methane, helium, and hydrogen
dissolved in seawater were calculated by the equilibrium
paraphase analysis technique elaborated by Yamamoto et al.
(1976) and modified by Wiessenburg and Guinasso (1979),
using the solubility constants of the gases. The concentra-
tions of methane and helium in the sediment are given in
ppm (1-107%%).

Technique for calculation of methane fluxes at the wa-
ter—atmosphere interface. The sea surface methane fluxes
were calculated for each sampling point from the determined
concentrations of dissolved methane in the seawater surface
layer with regard to temperature, salinity, and methane con-
centrations in the water—atmosphere interface layer and to
the wind speeds at the sampling moment. Continuous me-
teorological measurements were carried out at the Davis
Vantage Pro2 (USA) portable weather station during all
cruises. The calculation was made by the technique de-
scribed by Mishukova et al. (2007) and Vereshchagina et al.
(2013), using the formula F' = AC-K"', where AC = C,,,, —
C,, is the difference between the measured methane concen-
tration in seawater and the equilibrium concentration of at-
mospheric methane in seawater at given temperature,
salinity, and atmospheric pressure; K = K, + K,, + K,
where K™ is the total gas exchange coefficient at the water—
air interface, K, is the thermal gas exchange coefficient, K,
is the gas exchange coefficient for wave breaking, and K, is
the gas exchange coefficient for bubble collapse. The over-
saturation index N (%) was calculated for each sample by
the formula N = (AC/C,,)-100. The Gas Chemistry Labora-
tory of the Pacific Oceanological Institute, Vladivostok, has
Rosstandart (Federal Agency on Technical Regulating and
Metrology) Certificate No. 41 (passport PS 1.047-18).

Data on the epicenters, time, and magnitude of the earth-
quakes of 2011-2017 were borrowed from http://neic.usgs.
gov/neis/bulletin/neic_edau_l.htm to take account of the in-
fluence of the local seismic situation in the period of the
experimental studies.
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RESULTS AND DISCUSSION

Methane at the sea surface and in water column. Over
the observation period (2012-2018), methane fluxes at the
water—atmosphere interface in the entire water areca under
study varied from —1.6 to 482 mol/(km?*day); methane con-
centrations, from 2.3 to 115 nmol/L; and the methane over-
saturation index of water (), from —12 to 4170%. During
the cruise OP-55 of R/V Akademik Oparin in 2018, methane
undersaturation of water and, as a result, absorption of at-
mospheric methane were observed at two stations in the
northern Tatar Strait. In the rest water area under study,
methane concentrations exceeded the equilibrium values
C,y- The difference between the measured and equilibrium
methane concentrations (AC) varied from —0.3 to 112 nmol/L
(the minimum was established during the cruise OP-55, and
the maximum, during the cruise LV-70), and C,, was within
2.4-3.4 nmol/L. Figure 3 shows the distribution of methane
concentrations in the seawater surface layer in the southern
Tatar Strait in the autumn of 2017.

The maximum methane concentrations in seawater, up to
27 nmol/L, are recorded in the east of the study area. In the
northeast and north of the water area, the methane concen-
trations are lower, although there are local zones with high
C,.eus Values, up to 10 nmol/L. In the west of the area, con-
trolled by the submarine extension of the Sikhote-Alin vol-
canogenic belt, the methane concentrations are still lower.
Its equilibrium concentrations varied from 2.4 to 3.4 nmol/L
mostly because of water temperature variations. In Septem-
ber—October 2017, the measured methane concentrations
were 2-9 times higher than the equilibrium ones. The index
of methane oversaturation of surface waters (N) was 60—

880%; the minimum values, <100%, were established in the
southern deep-water part of the study area in the autumn of
2017.

Figure 3 also shows the distribution of surface currents in
the period of seawater sampling (late September—mid Octo-
ber). The south—to-north current along the central part of the
Tatar Strait is locally branched to the west and to the east,
forming numerous multidirectional vortex-type circulations,
which is consistent with the earlier reported data (Pish-
chal’nik et al., 2011).

As shown by Mishukova et al. (2015), strong methane
emission in the form of steady gas bubble jets from subma-
rine sources on the western shelf and on the Sakhalin slope
leads to the formation of horizontal water layers with high
methane concentrations. Figure 4 demonstrates the vertical
distribution of methane concentrations in seawater in two
arcas of the zone of the influence of deep-water flares
(Fig. 4a) and flares localized at depths of 300400 m
(Fig. 4b), according to the data obtained during the cruises
LV-67 and LV-70 of the R/V Akademik M.A. Lavrentiev.
Figure 4¢ schematically shows the location of the observa-
tion stations near which gas hydrates were discovered.

As seen from Fig. 4, dissolved methane is unevenly dis-
tributed throughout the water column, with its extreme con-
centrations detected in several water horizons: in the bottom
horizon, at a certain distance from the bottom, in intermedi-
ate layers, and in the surface layer. The presence of a well-
heated desalinated water surface layer in August suppresses
the turbulent exchange at the water—atmosphere interface
and prevents methane emission into the atmosphere. Meth-
ane accumulates in different horizons of the water column.
In autumn, methane concentrated in intermediate horizons is
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Fig. 4. Vertical distribution of methane in the Tatar Strait water column: a, at deep-water (down to 700 m) stations; b, at mid-depth (<400 m)
stations, ¢, schematic location of these stations during the cruises of R/V Akademik M.A. Lavrentiev (LV-67, June 2014 and LV-70, June 2015),
d, echograms of a deep-water gas flare in the Tatar Strait (LV-70). a—c, Parenthesized is the station number.

transferred to the water surface through convection and is
released into the atmosphere, which is confirmed by the
above data.

Distribution of methane fluxes at the water—atmo-
sphere interface. The results obtained indicate that the
southern Tatar Strait is a region of steady atmospheric meth-
ane emission. Figure 5 shows the distribution of methane
fluxes in this region, based on the methane emission values
estimated during the cruise OP-54 in 2017.

The distribution of methane fluxes in the study area is
uneven, as in the adjacent areas of the Sea of Japan and in
the water area of the Sea of Okhotsk (Mishukova and
Vereshchagina, 2011; Obzhirov et al., 2016; Mishukova et
al., 2017; Mishukova and Shakirov, 2017). Figure 5 clearly
shows that zones with high methane fluxes frame the South
Tatar sedimentary basin in the west, north, and east.

Zone (methane discharge site) I was revealed in the cen-
tral part of the strait, where the methane flux is 25-71 mol/

(km?*day). The maximum methane flux is observed in sub-
zone la with sea depths of 300—700 m. According to the data
of four cruises of the R/V Akademik M.A. Lavrentiev
(2012-2015), there are three groups of high methane fluxes
in this subzone, which are confined to gas flares where gas
hydrates were found. The maximum methane flux is
482 mol/(km?xday).

Zone 1II is mapped in the east of the study area and oc-
cupies the deep-water, slope, and shelf zones. It is character-
ized by numerous gas flares along the southwestern slope of
Sakhalin and by a strong variation in methane fluxes, from 8
to 95 mol/(km?*day).

Zone 111 is located in the southeast of the study area. In-
tense methane emission, up to 110 mol/(km?*day), is ob-
served in the shelf water area. In the area of benches resulted
from the 2007 earthquake near the town of Nevelsk, the sea-
water methane concentrations reach 3000 nmol/L (accor-
ding to our data obtained in 2014), which indicates a gas



1000 R.B. Shakirov et al. / Russian Geology and Geophysics 61 (2020) 994—1006

50°

B

139° 142°E

Fig. 5. Map of the bottom relief in the study area, with a methane flux distribution at the water—atmosphere interface (mol/(km?xday)). Water
sampling stations in the cruises: /, LV-59, LV-62, and LV-67; 2, LV-70 and OP-54; 3, OP-55; 4, epicenters of strong earthquakes of 2011-2017,
5, areas with high methane fluxes (zones I-VIII, see the text for description); 6, isobaths (m); 7, locations of gas flares; 8, methane flux at the
water—atmosphere interface (mol/(km?xday)) (the same gradation for areal distribution (cruise OP-54) and for certain stations). Faults and their
types are given in Fig. 1. Rectangle outlines the fragment of the study area where the most detailed survey was made (see inset in Fig. 2 and
Fig. 4¢).
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bubble transfer. In the slope area, methane fluxes from the
sea surface are 54 mol/(km?xday). Note that zone III, like
zone 1, is located in the area of recent strong earthquakes.

Zones IV and V are revealed in the deep-water (>700 m)
area south of zone I. The presence of local zones of less in-
tense methane emission (20-40 mol/(km?xday) in the west
of the South Tatar sedimentary basin, both in the slope area
(zones VI and VII) and in the shelf (zone VIII), suggests the
existence of methane sources here. As shown below, this
fact is consistent with the distribution of methane-rich zones
in the sediments.

In addition to the recognized zones of high methane fluxes
into the atmosphere, we mapped local sites of methane emis-
sion and runoff. For example, in the autumn of 2018 (cruise
OP-55), high methane fluxes, 135 and 106 mol/(km*xday),
were recorded at two stations in the south of the study area.
In the northern Tatar Strait, two stations recorded high
methane fluxes, 54 mol/(km’xday) (OP-54) and 127 mol/
(km?xday) (OP-55), and two stations showed absorption of
atmospheric methane, —0.3 and —1.6 mol/(km?>xday) (OP-
55), in the autumn seasons of 2017 and 2018.

In general, methane fluxes in the south of the study area
in 2013, 2014, 2015, 2017, and 2018 were higher as com-
pared with 2012. This may be for several reasons: (1) Earth-
quakes activated gas seepage; (2) the wind speeds in 2012
were higher than those in 2013, 2014, 2015, 2017, and 2018;
(3) in summer, methane fluxes from the sea surface are less
intense despite the existence of active sources of methane in
the water area; and (4) the high methane fluxes in Septem-
ber—October 2017 were due to autumn water convection
leading to the removal of methane from intermediate hori-
zons and due to high wind speeds ensuring a rapid renewal
of the water surface. The first reason is also indirectly sup-
ported by the finding of small inclusions and lenses of gas
hydrates in the sediments in 2012 (Jin et al., 2013) and by
the discovery of cores rich in large gas hydrate inclusions in
the same areas in the following years (Jin et al., 2015).

Methane and helium in bottom sediment cores. In the
period 2012-2018, we also studied 119 sediment cores
(1420 samples) from the Tatar Strait (Fig. 2), which showed
an uneven distribution of gas hydrocarbons and the asym-
metric structure of the gas-geochemical field of the South
Tatar sedimentary basin. Within the gas chimneys, many
sediment cores showed evidence for gas saturation, the con-
tents of free methane were higher than 5 vol.%, the sedi-
ments “puffed up” and crackled under pressing because of
bursting gas bubbles, and signs and occurrences of authi-
genic carbonate mineralization (glendonite pseudomorphs)
were revealed. Some cores (mostly those located at depths
more than 3 m below the bottom surface) were highly gas-
saturated and cut by numerous cracks (Jin, 2013). In the
northeast of the study area (zone I and subzone la), gas hy-
drate accumulations were found in 11 cores of subsurface
sediments (at depths of <5 m below the bottom surface).

Methane in contents from 0.35 ppm to 14.9 vol.% (me-
dian content of 176 ppm) was found in all bottom sediment
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samples. All sampled cores clearly show a regular increase
in methane content with sampling depth. Also, positive cor-
relations of methane with ethane and propane were estab-
lished. The content increase gradient was maximum in cores
with gas hydrates and gas-saturated sediment layers. In gen-
eral, the methane content in the lower sampling horizons
was one to five orders of magnitude higher than that in the
upper sediment layer.

Figure 6 shows the distribution of methane in the surface
layer (0—15 cm) of bottom sediments and the points of mea-
surement of methane fluxes at the water—atmosphere inter-
face in 2012-2018. Methane content in the surface layer
varies from 0.35 to 683 ppm (median content of 5.25 ppm).
The minimum contents of CH, were found in the western
deep-water part of the Tatar Strait and did not exceed 4 ppm
(Fig. 6). The maximum contents of methane in the surface
horizon (0—15 cm) were detected in cores from the area of
gas shows and gas hydrate accumulations in the northeast-
ern part of the Ternei depression (zone I). Here, the maxi-
mum methane flux at the water—atmosphere interface was
also recorded (Fig. 5). A vast area (zone III) of high meth-
ane contents (up to 12 ppm) is in the central part of the Tatar
Strait, in the central part of the Ternei depression. Other
methane anomalies (zones II and IV—VII) in the surface
layer of bottom sediments are locally distributed in the
northwestern, western, southwestern, and southern parts of
the sedimentary basin. These anomalies are usually confined
to submarine rise zones and various dislocations.

The high contents of methane and helium in the same
areas may be indicators of deep-seated permeability zones
and hydrocarbon fluids. Studies in the areas of methane
seeps and gas-saturated structures (2012-2017) revealed
variable contents of helium in the subsurface sediment layer.
The uneven distribution of helium, with its average contents
from 5 to 15 ppm in the sediment cores, may indicate fluc-
tuations in the dynamics of the ascending gas flux (Fig. 7).

The high content of He (up to 54 ppm) in the bottom
sediment sample from the station OP-54-26HC calls for ad-
ditional study. Close contents of He were earlier detected in
the gas hydrate-bearing sediment section on the northwest-
ern flank of the Kuril basin (Shakirov et al., 2016). High
contents of He (independently of the time of observation)
were also found by us in the Pugachevsky and Yuzhno-
Sakhalinsky mud volcanoes (up to 52 ppm in free gas), in
the Sinegorsk springs (up to 105 ppm in water), and in gases
of Sakhalin coal deposits (up to 15 ppm in gas emissions) in
the vicinity of the study area. For comparison, the atmosphe-
ric background content of helium is 5 ppm (Yanitskii, 1979).
Sakhalin mud volcanoes are characterized by 3He/*He =
(1.0-3.8):10°° (Lavrushin et al., 1996), which is close to the
mantle values *He/*He = n-10%o (Mamyrin and Tolstikhin,
1981). Similar data were obtained for Kamchatka: He/*He ~
1073%o (Chudaev, 2003).

Geologic control of methane fluxes. The variations in
sea surface methane fluxes are probably due to the differ-
ence between their lithospheric sources in area and intensity.
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Fig. 6. Distribution of methane fluxes at the water—atmosphere interface (mol/(km?xday)) and methane contents in the surface layer (0—15 cm) of
bottom sediments in the study area. Water sampling stations during the cruises: /, LV-59, LV-62, and LV-67, 2, LV-70 and OP-54, 3, OP-55;
4, epicenters of strong earthquakes of 2011-2017; 5, areas with high methane contents in the surface layer of bottom sediments; 6, isobaths (m);
7, locations of gas flares; 8, methane flux at the water—atmosphere interface (mol/(km>xday)) (the same gradation for all stations; 9, distribution
of methane in the surface layer of bottom sediments (CH,, ppm). Faults and their types are given in Fig. 1. Square (zone I) corresponds to sub-
zone la with high methane fluxes at the water—atmosphere interface in Fig. 5.
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Fig. 7. Distribution of helium in the sediment cores from the South Tatar depression (@) and schematic map of stations (b) (R/V Akademik Oparin,

OP-54).

The main gas flare accumulations and the highest meth-
ane fluxes from the sea surface were observed in 2013-2017
in the zones where M = 4.2-4.7 earthquakes were recorded
at a depth of 9-32 km (zone I and subzone Ia, Fig. 5). These
zones of high methane emission spatially coincide with the
zone of intense destruction of the suboceanic crust (Fig. 8).
The zones in the east of the study area are controlled by
blocks of the Hokkaido—Sakhalin fold system with the ex-
tending West Sakhalin fault zone in the west (Figs. 1 and 8).
Note that subvertical geologic bodies located in the southern
and central parts of the study area and marking fluid-dynam-
ic systems (Figs. 2 and 8) lack methane fluxes. This is prob-
ably due to the fact that they are located deep in the section
and are overlain by sedimentary strata and that the areas of
their occurrence are less subjected to strong earthquakes.

Judging by the data obtained and the activity of gas flares,
gas migration along faults from sedimentary strata to sur-
face is of pulsed character. The gas sources drained by faults
are probably located not lower than the oil window zone,
which is confirmed by the carbon isotope composition of
methane and ethane and by the high concentrations of hy-
drogen and helium in seawater and bottom sediments (Sha-
kirov et al., 2016). The variation in methane fluxes at the
water—atmosphere interface and in gas flares reflects the
variation in the activity of bottom gas sources.

In the west of the study area (the submonoclinal near-
flank block in Fig. 8), methane may come from natural-gas
accumulations in local geologic structures (Primorskaya,
Samarginskaya, etc.) (Kharakhinov, 2010). The sediments
sampled at the station LV-59-27HC show no helium and hy-
drogen anomalies.

Study of most of the cores sampled in the gas flare area
of the Tatar Strait (stations 40HC, 29HC, 43HC, 42HC,

31HC, etc.) confirms a predominance of catagenetic gas hy-
drocarbons: The 8'3(C-CH,) values vary from —43 to —50%o
VPDB, and §'*(C-C,Hy), from —15 to —23% VPDB.

The eastern part of the South Tatar depression, with the
most intense atmospheric methane flux, as well as the south-
western part of Sakhalin are parts of the gas-geochemical
coal gas zone with a high portion of catagenetic gases (Sha-
kirov and Syrbu, 2012). In the southern and southwestern
parts of the island, the average carbon isotope composition
of methane in the flux is —21 to —43%o VPDB. This compo-
sition is due to specific tectonomagmatic and fluid-dynamic
activity and the coal gas potential of the southwestern part
of the island. Within this area, active vertical discharge of
fluids is manifested as hydrocarbon seeps, mud volcanoes,
thermal springs, and coal gas shows on the flanks of folded
structures and fault zones of different ranks. It was estab-
lished that the emission of mud volcano fluids and gases in-
creases during seismotectonic activity (Ershov et al., 2011).

Within the study area on the eastern flank of the South
Tatar depression, the Staromayachninskaya-1, Staromay-
achninskaya-2, and Krasnogorskaya wells penetrated coal
beds (Kharakhinov, 2010; Nechayuk and Obzhirov, 2010),
which may be the sources of methane in sedimentary basins.
The carbon isotope composition of methane from gas hy-
drate-bearing sediments (e.g., 8'3(C—CH,) = —47%o, LV-59-
27HC) is similar to that of methane from coal beds in south-
ern Sakhalin (8'3(C—CH,) = —35.3 to —55.9%o) (Gresov et
al., 2009).

In 2012 and 2013, gas hydrates were sampled within
most active gas emission zone la (water depth of 320—
350 m). The carbon isotope composition of methane and
ethane from cores sampled at two stations in this area (R/V
Akademik M.A. Lavrentiev, LV-59) points to the catage-
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Fig. 8. Distribution of methane fluxes on the map of the geologic structure and fluid-dynamic systems of the Tatar Strait and western Sakhalin,
after Kharakhinov (1998, 2010). /, subvertical geologic bodies, indicators of local fluid-dynamic activity (Kharakhinov, 2010); 2, isopachs of
Cenozoic folded area; 3, normal faults; 4, strike-slip faults; 5, Oligocene—Eocene volcanotectonic structures; 6, areas of late Miocene—Pliocene
volcanotectonic activity; structural units: 7, submonoclinal western near-flank slope Sikhote-Alin block; 8, North Tatar graben (subbasin), a region
of the partial destruction of continental crust; 9, zone of the intense destruction of suboceanic crust; /0, South Tatar deep-water basin (sub-basin)
with suboceanic crust; /7, blocks of the Hokkaido—Sakhalin folded system; /2, areas of late Miocene—Pliocene volcanotectonic activity; /3, zoned
rift grabens with the partial destruction of continental crust; /4, mud volcanoes; /5, oil shows; 16, gas shows; 17, gas flares; /8, predicted faults,
mostly shears; 19, detected faults; 20, fault zones; 21, coal deposits; 22, oil fields; 23, brown-coal deposits; 24, methane fluxes (mol/(km?xday))

during all cruises in 2012-2018.

netic formation of natural gas (3'*(C—CH,) = -47%0 VPDB,
313(C-C,Hy) = —23%0 VPDB). This suggests the supply of
catagenetic gases through the water column of the Tatar
Strait into the atmosphere.

During the integrated geological and geophysical re-
search, we have first established a correlation of the distribu-
tion of gas flares and gas hydrate deposits with the deep
structure by the example of the South Tatar sedimentary ba-
sin. We have demonstrated that gas shows, gas hydrates, and
gas hydrocarbon anomalies in the sediments are confined to
the contour of a positive isometric anomaly of the gravity
field (Shakirov et al., 2019), which maps the elevated base-
ment block. The gas permeability zone and the conditions
favorable for the formation of gas hydrates formed along the
arcuate contact zone. This gives grounds to introduce a new
predictive geological and geophysical method for search for
gas hydrates in seas and oceans, namely, a study of the cor-
relation between the structures of the gravimagnetic and
gas-geochemical fields.

CONCLUSIONS

The distribution of high methane, hydrogen, and helium
concentrations in bottom sediments and seawater is gov-
erned by the spatial distribution and geologic control of sub-
marine gas sources. The geologic and structural position of
seeps of catagenetic methane on Sakhalin and the adjacent
shelf and slope determines its active emission into the sea-
water and atmosphere. In general, the flank (western, north-
ern, and eastern) parts of the South Tatar depression show
high methane fluxes into the atmosphere.

High sea surface methane fluxes are crucial indicators of
the geologic activity. High helium fluxes may indicate man-
tle fluid migration from petroleum generation zones in the
South Tatar depression. The revealed regularities in the dis-
tribution of methane, hydrogen, helium, and the thermogen-
ic carbon isotope composition of methane are due to the
tectonomagmatic and fluid-dynamic specifics of the Tatar
Strait. The distribution density and activity of submarine
geologic sources (faults, gas flares, gas hydrates, gas-satu-
rated sediments, etc.) and the specific deep structure of the
study area are the main factors responsible for bottom gas-
geochemical anomalies.

Sea surface methane fluxes, along with gas-geochemical
fields in the sediments and seawater, are indicators of undis-

covered hydrocarbon deposits. The maximum fluxes mark
gas hydrate accumulations; they are confined to gas flares
and chimneys.
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