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Abstract: Our paper deals with gas-geochemical measurements of CHy and CO,, as well as the first
measurements of dissolved H, and He in the waters of the eastern shelf of Sakhalin Island, obtained
during cruise 68 on the R/V Akademik Oparin (OP68) on 12-18 August 2023. The shallow eastern
shelf has high concentrations of dissolved methane and helium in the water. The combined anomalies
of methane and helium indicate the presence of an ascending deep fluid. The sources of methane in
the studied area are the underlying oil- and gas-bearing rocks extending to the coast of the island.
The deep faults of the region and the minor discontinuities that accompany them along the eastern
coast of Sakhalin Island create a fluid-permeable geological environment both on the shallow shelf
and on the coastal part of the island. East Sakhalin current and counter-current influence gases that
migrate from lithospheric sources; these currents form a special hydrological regime that ensures
high solubility of the gases released and their transfer under the lower boundary of the seasonal
pycnocline to the east, where they are involved in the general circulation of the Sea of Okhotsk.

Keywords: methane; helium; hydrogen; sea currents; transport; oil and gas content; gas geochemistry;
northeast shelf of the Sakhalin Island

1. Introduction

Continental margins constantly attract the attention of researchers. Their study is not
only relevant from the perspective of studying modern active geological processes and oil
and gas potential but also related to the problem of studying gas-geochemical parameters
in the seas and land-shelf transit zones.

The most active lithosphere degassing occurs within the Hokkaido-Sakhalin folded
system in the Okhotsk Sea region. The Sakhalin region encounters great interest from
the standpoint of the genesis and ecological significance of natural gases contained in
sedimentary basins, accumulations of underwater gas hydrates, geothermal and mud
volcanic systems, gas-saturated groundwater, and marine sediments [1].

The shelf of the Hokkaido-Sakhalin folded region is a direct extension of the land
according to its genesis [2,3]. Almost all ridge-mountain land relief elements having distinct
morphological extensions in the form of underwater uplifts within the shelf evidence this.
The main deep faults of the shelf zone are extensions of tectonic disturbance zones of
the land area. This is especially evident in the area of the border between the Amur and
Eurasian lithospheric plates in the Sakhalin Island area (Figure 1).

Modern tectonic studies consider the structure of the East Asian continental margin as
being such that it is formed by a complex combination of accretion and collision processes
in space and time, as well as transformative movements of both individual terranes and
their ensembles [4-8]. Currently, the relationship between the formation of the geological
structure of Sakhalin Island and adjacent waters with the development of Phanerozoic
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active Pacific margins is considered proven [2-5,9]. The transverse tectonic zonality of the
folded system is well expressed. It runs from the southern parts of Hokkaido Island to the
Schmidt Peninsula in the north of Sakhalin Island.

In this regard, underestimation of the continental and coastal shelf parts of the
marginal seas leads to an incomplete understanding of the distribution processes of gas-
geochemical fields directly related to the main geological structures, tectonics, and hydro-
carbon potential of the territory.
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Figure 1. A scheme of the lithospheric plates in the Sakhalin region (according to [10]) and the
distribution of seismicity for 1992-2023 [11]. 1—Boundary of lithospheric plates (deep shift).

The Sea of Okhotsk is one of the most active areas of underwater methane discharge in
northern latitudes [1,12-14]. The elevated concentrations of methane in the water column of
the marginal seas are usually possible due to active underwater gas emission [15-19]. Many
studies [20-23] have established the genetic relationship of underwater methane emission
with oil and gas deposits, gas hydrate accumulations, deep faults, surface ruptures, and
folds for the marginal seas of the northwestern Pacific Ocean.

However, the issues of studying the complex geological and structural conditions of
the underwater methane emission formation in the Sea of Okhotsk remain controversial
and need additional research.
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Gas emissions are usually associated with large and small movements of the Earth’s
crust, anticline uplifts, and mud volcanoes. Numerous gas seeps are associated with
tectonic linear cracks, which manifest themselves in bottom sediments in the form of
elongated linear anomalous zones for methane, its homologs, helium, hydrogen, and
sometimes CO; [24,25]. Such anomalous zones have been found in many marine basins:
for example, in a linear fault extending along the center of the Tatar Strait in the Japan
Sea [26-29]. In our study, the concept of a gas anomaly is considered to be a concentration
exceeding the background values by more than two times [1]. Methane emission on
Sakhalin Island and the adjacent waters of the northeastern shelf of the Sea of Okhotsk can
be conditionally divided into three types: (1) local methane emission (mud volcanoes, gas
vents, gas hydrothermal vents, etc.); (2) areal methane emission over oil- and gas-bearing
structures through a network of faults; and (3) areal methane emission in the erosion zone
of folded structures.

Microbes oxidize approximately an equal amount of methane in the case of shallow
shelf methane seeps (up to 100 m), and the other half is transferred to the atmosphere.
At the same time, microbes at deep-sea local gas outlets oxidize most of the methane;
vertical diffusion facilitates it and limits methane exchange in the mixed water layer and,
consequently, the release into the atmosphere. As shown in [30], only one-quarter of
the CHy released from the Coal Oil Point seep field undergoes microbiological oxidation,
while the rest is transferred to the atmosphere through bubbles (one-half) and through gas
exchange of marine air in an upper mixed water layer.

The study of the shallow oil- and gas-bearing northeastern shelf of Sakhalin Island allows
us to increase the understanding of the processes of methane emissions in the Far Eastern
marginal seas caused by geological sources. Methane emissions studies need a complex
approach by integrating several disciplines—geology, oceanology, and geochemistry.

Several studies confirm that water circulation influences methane distribution. For
example, methane carried into the waters of the North Sea by rivers is transported further
by currents [31]. Studies in the Eastern Pacific Ocean conducted by E]J. Conor and A.A.
Yayanos [32] also revealed that the increased CH, content in areas remote from the coast of
California is due to the influence of the California Current.

The purpose of this paper is to discuss the relationship between the impact of the major
geological and hydrometeorological factors on methane concentration and variability in the
water column in the shallow oil- and gas-bearing northeastern shelf of Sakhalin Island.

Observations of seasonal changes in methane concentrations in the water columns will
increase the reliability of calculating the contribution of methane coming from the water
surface on the eastern shelf of Sakhalin Island to the atmosphere.

2. Materials and Methods

Gas-geochemical research aims to assess the variability of the methane content in
seawater levels to identify the sources of gas emission as well as to obtain information
for further assessment of the relationship of background and anomalous gas-geochemical
fields with morphostructural and tectonic elements of the geological structure. Methane,
carbon dioxide, hydrogen, and helium dissolved in water are indicators of fault zones and
allow us to predict seismic activity, assess the state of the environment, and search for
hydrocarbon deposits.

We use the results of research works conducted on the northeastern shelf of Sakhalin
Island within cruise 68 on the R/V Akademik Oparin (OP68) during 12-18 August 2023.
The main hydrocarbon accumulations of the region are located in the area of the northern
fault of the Hokkaido—Sakhalin deep shift (Figure 1). We performed three oceanographic
sections across the shift fault during the cruise.

Seawater was sampled by an SBE ECO-55 carousel with 4 L Niskin bottles during
profiling of the SBE19 CTD in the depth range from the surface to the bottom, as well as
from a flow water intake system at a level of 5 m (Table 1).
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Table 1. Depth of water sampling (cruise 68 of R/V Akademik Oparin).
Station Depth
17 303 281 238 202 72 26 4
18 225 201 149 79 54 28 4
Section 1 (northern) 19 161 134 85 85 62 34 4
20 127 108 75 76 51 30 4
21 67 58 46 45 26 15 4
22 30 15 10 4
23 84 66 40 24 15 4
Section 2 (central) 24 110 50 63 4 20 +
25 151 129 100 73 39 20 4
26 182 164 140 99 60 18 4
27 284 265 181 131 74 25 4
29 281 260 200 132 61 30 4
30 140 121 91 61 30 16 4
Section 3 (southern) 31 96 80 61 35 21 11
32 76 61 40 29 17 11
33 45 39 31 20 10 4

The HeadSpace equilibrium concentration method [33] was used to analyze the content
of methane, carbon dioxide, helium, and hydrogen in all samples. The water from the
bottles was sampled into pre-sterilized medical glass bottles with a volume of 60 and 100
mL by the “triple overflow” method. Then, the bottles were hermetically sealed with sterile
rubber stoppers without access to atmospheric air into the bottles. Needles from a medical
syringe were used to remove excess water.

Helium (10 mL) grade 6.0 was equilibrium injected into the bottles to analyze car-
bon dioxide and methane content during the creation of the gas phase. Atmospheric air
(10 mL) was equilibrium-injected into the bottles to analyze the content of helium and
hydrogen. Further, the samples were intensively mixed. Before the analysis, the gas phase
was equilibrium-extracted with a syringe to insert the sample into the gas chromatograph.
The analysis of hydrocarbon gases, along with nitrogen, oxygen, and carbon dioxide, was
carried out using a CristalLux 4000 M two-channel gas chromatograph equipped with
particle flux and thermal conductivity sensors (sensitivity of 107°%). For helium and
hydrogen analysis, a “Chromatec-Gazochrom 2000” (JSC “Chromatec”, Yoshkar-Ola) gas
chromatograph with high-sensitivity thermal conductivity sensors (1-2 ppm for helium
and hydrogen) was used. Components of the separable mixture were placed into a chro-
matographic column with a gas carrier (in our case, argon). The duration of each analysis
lasted 5 min. When equilibrium between the liquid and gas phases was reached, the gas
sample (5 mL) was taken by syringe for the chromatographic analysis. Errors in the helium
and hydrogen determination were 0.03 and 0.02 ppm, respectively. Because the considered
gases are readily volatile, samples were analyzed for 1 h after sampling, while samples
prepared for analysis in stationary laboratories were conserved with chlorhexidine and
preserved at +4 °C in darkness using a portable refrigerator.

The dissolved seawater methane, helium, and hydrogen concentrations were calcu-
lated according to the method described in [34], including a modification described in [35],
using the calculated solubility constants of methane.

The work is based on research data obtained during expeditions to Sakhalin Island,
as well as in the Sea of Okhotsk. The validation of the results is confirmed by a signif-
icant amount of research and the data convergence for gas concentrations and isotopic
composition in different regions and by the data of predecessors.
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The validation of gas analytical work is determined by the modern level of chro-
matographic equipment used, sampling methods and sample preparation, processing
techniques, the research results and standards used, constants, and calculation algorithms.

The preparation of the samples and analytical studies were carried out according to
the certified method adopted in the Gas Geochemistry Laboratory of the V.LIl'ichev Pacific
Oceanological Institute, approved by the Federal Agency on Technical Regulating and
Metrology (Certificate No. 58, Technical Data Sheet PS 1.051-21).

We analyzed the satellite monitoring data of the methane concentration in the air over
the water surface on the Sakhalin northeastern shelf in the period of 15-16 August 2024
using data obtained by AIRS [36,37], which operates on the AQUA satellite (NASA, USA),
conducting global sensing of the Earth’s atmosphere. The scanner provides temperature,
water vapor, and atmospheric methane profiles, as well as data on aerosol fractions in the
form of images of the Earth’s surface with a spatial resolution of 30 km.

3. Oceanographic Features of the Research Area

The East Sakhalin current (ESC) is a western section of the basin-scale cyclonic cir-
culation gyre of the Sea of Okhotsk (Figure 2) [38,39]. In general, it carries water along
the eastern shelf and the slope of Sakhalin Island in a southern direction [38—42]. The ESC
transports cold and low-salinity water from the northwestern part of the Sea of Okhotsk,
the most isolated area, where slowly melting floating ice stagnates until early summer. In
summer, the ESC transports low-salinity water influenced by the Amur River discharge. The
hydrological regime in this area is greatly influenced by the flow of the Amur River, the largest
river in the Far East (annual volume is about 400 km?). The cold and heavy water of the ESC
forms a dichothermal subsurface layer in the Sea of Okhotsk and propagates south to the
Kuril Straits, where it contributes to ventilation of the North Pacific intermediate layer [43].

The average velocity of the ESC is 10-12 cm/s, and it may increase up to 20-40 cm/sin a
high-tide phase [41]. The current has strong seasonal variability of its structure. Diagnostic
quasi-geostrophic models [44,45] show a strong seasonal variability in the current and
increase in the flow velocity to 40 cm/s in autumn and a weakening in summer.

Observational data, however, demonstrate quite a complex structure and variability in
the ESC. Drifters and instrumental measurements of the currents carried out in 1998-2001 [46]
show that ESC consists of two branches. One branch proceeds near the shore, over depths
of 50-150 m and with velocity of 30-40 cm/s. The second is above the continental slope,
with depths of 300-900 m and a velocity of 20-30 cm/s. Numerical modeling presented
in [46-49] confirms this structure of the ESC in detail as well as satellite altimetry data [50],
which also show seasonal and inter-annual fluctuations in the current.

The papers of [51,52] give the modeling results of the Sea of Okhotsk circulation for
each month and various levels from the surface down to 500 m, demonstrating seasonal
changes in the ESC velocity and direction, and the possibility of reverse flow, but its general
mean direction from north to south is commonly recognized.

Mooring observations [53] and satellite data analysis [40] show that southern winds
dominating in summer create a seasonal upwelling area along the Sakhalin coast with
colder water coming up to the surface. The water temperature of the surface layer increases
with distance from the coast, which usually leads to the formation of a counter-current
outside the Sakhalin shelf, oriented to the north. ESC weakens in the coastal zone, and a
flow of low-salinity water originating from the Amur River is blocked by the East Sakhalin
counter-current (ESCC) and is hardly observed south of 52 °N.

An analysis of multi-year CTD observations (around 40 years) along hydrographic
sections [54] shows that ESC and ESCC are the main and persistent elements of the water
circulation on the northeastern shelf of Sakhalin Island. They are permanently present
in every season, but their intensity varies significantly both in time and space [51,52,55].
During the October-May period, the ESC has its maximum velocities (up to 20 cm/s)
and occupies the coastal part of the shelf 50-100 km off of the shoreline. Meanwhile, the
ESCC is directed northward and located over the Sakhalin slope (deeper than 200 m) to the
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east of the coastal branch of the ESC. Even in winter, both flows have velocities of up to
4-5 cm/s under the ice. During the summer season (July—August), the northern flow
of ESCC occupies the whole shelf area up to 180 km off the shoreline with velocities of
15-17 cm/s and is observed down to a 200-250 m depth.

Strong tidal motion is an important component of water dynamics over the eastern
shelf of Sakhalin Island [38—41]. Diurnal tides form shelf waves trapped at the northwestern
shelf area [40]. This leads to mesoscale variations in the flows. The work [56] also shows
the presence of mesoscale circulations features in ESC. The authors associate the formation
of mesoscale eddies with coastal upwelling caused by northerly winds and positive wind
stress along the Sakhalin coast. Such mesoscale cyclones and anticyclones provide water
exchange between the shelf and the deep-water basin of the Sea of Okhotsk.
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Figure 2. Scheme of the East Sakhalin current on the northeastern shelf of Sakhalin Island. 1—The
main flow of the East Sakhalin current; 2—mesoscale fluctuations [56]; 3—the research area; 4—water
sampling stations on cruise OP68, August 2023.

4. Geological Features of the Research Area

Sakhalin Island and its shelf are part of the Okhotsk Sea region, which in turn is part
of the Asia-Pacific transition zone from the continent to the ocean. Geologically, the region
is a giant interblock structure at the global level and an area of intense discharge of deep
energy with active Late Mesozoic—-Cenozoic and modern geodynamics [57].

The Hokkaido-Sakhalin fold system of the Late Mesozoic—-Cenozoic is represented by
the structural features of the islands of Sakhalin and Hokkaido, the connection between
them being southern Sakhalin. Over the entire length of this fold system, its eastern
segments, which represent a complex region connecting oceanic structural features and
continental margin ones, provide good objects for reconstructing the evolution of the
transition zone [9].

The western boundary of the Okhotsk lithospheric plate (see Figure 1) has been defined
ambiguously, and its boundary is treated in different ways. Russian geophysicists [58,59]
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pinpointed its location on Sakhalin Island, extending northwards through the Sea of
Okhotsk. These concepts completely ignore the absence of earthquake foci, as well as
regional and deep patterns of geological structures (for example, the arcuate shape of
the Okhotsk—Chukchi volcanic—plutonic belt). The scheme adopted in our research (see
Figure 1) is based on the fact that the western boundary of the plate runs almost north of
Sakhalin Island along unambiguously fixed epicenters of earthquakes that turn west here.
From the south of Sakhalin Island, the western border of the plate runs along the Tatar Strait
to the west of the island. It crosses Sakhalin Island further in the middle part, where the
structures of the Cretaceous pre-arc deflection are displaced along the Mesozoic transform
fault [4,60]. Previously conducted gas-geochemical studies on Sakhalin Island confirm this
position of the boundary of lithospheric plates. A boundary of lithospheric plates (deep
shift) divided Sakhalin Island into two gas-geochemical provinces [61,62] (Figure 3).
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Figure 3. Scheme of the main faults of the eastern shelf of the Sakhalin Island slope (A) and a
tectonic diagram of the central part of the eastern shelf research area (B) (according to [57,63,64]).
1—Boundary of lithospheric plates (deep shift); 2—reverse faults; 3—thrust faults; 4—Nicole “gas
flare”; 5—water sampling stations (OP68); 6—thermal springs (DGS—Daginsky gas-geothermal
system, Lunsky thermal spring, Paromay thermal spring); 7—gas condensate fields (L—Lunsky,
K—Kirinsky, V—Veninskoe); 8—isobates.
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According to a number of recent studies [65,66], the Okhotsk Plate, squeezed by the
Eurasian, Amur, North American, and Pacific plates, rotates counterclockwise. This is also
indirectly evidenced by right-sided tectogenesis in the zones of sublatitudinal lithospheric
faults of the Okhotsk Sea Plate [57]. An analysis of the structural features of the sedimentary
basins of the Okhotsk Sea region shows that the vast majority of them are controlled by tec-
tonic deflections that developed under conditions of destructive tectogenesis. Destructive
rifting processes ensured not only the formation of large sedimentary basins but also the
creation of favorable conditions for the intensive formation, accumulation, and destruction
of hydrocarbon accumulations. At the same time, rifts, being the most effective conductors
of the Earth’s deep heat, have formed not only a thermodynamic environment here optimal
for the processes of oil and gas formation but, being the largest permeable structures of the
lithosphere, serve as conductors of ascending fluid flows [57].

The deep structure of the Sakhalin region was formed by active geodynamic processes
of the Late Mesozoic—Cenozoic and is characterized by dynamic fluid stratification of
the lithosphere. Modern and active vertical fluid flow in the region is manifested in
hydrocarbon accumulations, mud volcanoes, and thermal springs. The result of this process
is also reverse folding. An indirect sign of vertical fluid migration is the multiplasticity of
the Sakhalin hydrocarbon deposits. The main vertical migration routes are the weakest and
most permeable thrust fault zones and the intersection with different orientations [57].

The entire Sakhalin region is located in a seismically active region and belongs to
the Pacific Mobile Belt. Seismic activity is an indicator of the stress—strain state of the
Earth’s crust, which affects the processes of oil and gas accumulation. The epicenters of all
earthquakes are associated with deep shifts [67]. Seismicity data indicate the important
role of deep shifts in the formation of the geological structure of the island. The sphere
of influence of deep faults at the time of tectonic movements extends over 60 km and is
characterized by the greatest stresses in the fault zone of 3—4 km.

Vertical displacement amplitude along Hokkaido-Sakhalin and Central Sakhalin faults
is 400-600 m. Earthquakes can initiate the mixing of deep fluids and their vertical migration
through permeable zones in the area of deep tectonic deflections [68].

Fluids fill the cracks and can be squeezed up the fault. If a sedimentary cover (the
northeastern part of the Sakhalin Island) blocks the fault, then fluids accumulate in layers
of porous and fractured rocks. However, if the fault communicates with the earth’s surface
(the southern and southwestern parts of Sakhalin), then fluids come to the surface [62].

The research area is located in the central part of the eastern water area of Sakhalin
Island within the North Sakhalin sedimentary basin, the length of which in the northwest-
erly direction is 900 km with a width of 80-120 km. This area corresponds to the North
Sakhalin oil and gas region, which unites the promising basins of Northern Sakhalin, the
adjacent waters of the Sakhalin Bay, and the northeastern shelf of Sakhalin Island.

Paleogene-Early Miocene riftogenic destruction formed the structure of the sedimen-
tary strata of the North Sakhalin trough. The activation of tectonic movements in megadrive
zones formed this sedimentary basin as a folded region (the northern link of the Hokkaido—
Sakhalin folded system) at the end of the Neogene period. The structure of the trough is
complicated by predominantly meridional and latitudinal tectonic disturbances and large
gently dipping folds of the north-northwest and submeridional orientations [57].

The following types of methane or methane-containing fluids are currently known in
the North Sakhalin trough: shallow-water single seeps, mud volcanoes, methane seepage
through fault zones above oil and gas-bearing structures, surface oil, and gas occurrences
on Sakhalin Island.

Four seeps were found within the North Sakhalin sedimentary basin, located in a
submeridional direction at a great distance from each other at depths up to 100 m and
confined to the Northeastern Sakhalin Trough [69-71].

The Nicole “gas flare” (depth 40 m) is mapped within the Lunsky gas condensate field,
which is an anticline fold broken into blocks by faults, which creates favorable conditions for
gas emission. Here, during the monitoring, a stable methane anomaly with a concentration
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of about 500-3000 nL/L was fixed (22.3-134 nM/L). Other seeps were also recorded within
the East Sakhalin fault zone directly above the oil- and gas-bearing structure. In the
area of seeps, methane anomalies have been found from about 1000 nL/L on the surface
(44.6 nM /L) to 4000 nL /L near the bottom (178 nM /L) [69].

The Odoptinskoye, Piltun—Astokhskoye, Lunsky, and other oil and gas fields have
been discovered in the southeastern part of the North Sakhalin sedimentary basin. The
deposits are located in the zone of influence of the northern link of the Hokkaido-Sakhalin
deep fault, which stretches through a narrow band of intense folded and discontinuous
dislocations along the eastern coast of Sakhalin [57,64—72]. The deep faults of the region
create a permeable geological environment for fluids.

In addition, there is the Daginsky gas-geothermal system of thermomineral waters [73,
74] on the coast in the coastal swampy area of the Nyysky Bay of the Sea of Okhotsk.
Thermal springs are spatially common for the fault zone of the northeastern strike and
the shallow ruptures of the eastern and southeastern strike that support it [75]. Another
thermal manifestation is located in the northeastern part of Sakhalin Island 90 km south of
the Daginsky gas-geothermal system on the western shore of the Lunsky Bay, at the mouth
of the Kavle River valley. The hydrotherms are confined to the quaternary formations
composing the coast of the Lunsky Bay. The Lunsky thermal springs are similar to the
Daginsky ones according to their physico-chemical characteristics and geological conditions
of formation. The cessation of the Lunsky thermal waters reaching the surface was noted
in June 2014; however, gas bubbles were noted in the coastal part [76].

The author [57] allocates the territory of the southeastern part of Northern Sakhalin
and the water area of the adjacent shelf to the Daginsky oil- and gas-bearing region. The
presence of a significant clay fluid trap that overlaps the productive Daginsky strata is the
key factor for oil and gas accumulation in the area. One favorable feature is the presence
of permeable zones—the Hokkaido—Sakhalin, Pogranichny, and Mynginsk faults and the
disjunctives supporting them—where various types of structural traps are formed.

5. Results and Discussion

A CTD survey with sampling of seawater consisted of three sections in the central part
of the northeastern shelf of Sakhalin Island in the depth range of 4-300 m, implemented
during cruise 68 of R/V Akademik Oparin (OP68) on 15-16 August 2023 (Table 1). The
distance between the sampling points was about 10-15 km; the distance between the
sections was 30 km.

A cold-water zone (5-6 °C) was observed along the coast of 30-50 km width (Figure 4a).
The shelf front located along 100-150 m isobaths is a boundary between this cold shelf
water and much warmer water (9-13 °C) of the open sea located over the shelf edge and
slope. An origin of cold coastal water is probably associated with strong tidal mixing,
which is known for the Sakhalin shelf area [38—40]. Coastal upwelling caused by southern
winds dominating over this area in summer season [40,53] may also contribute to this
cold-water zone. The distribution of salinity along the coast shows lower salinity in the
north (31.4-31.7 psu), which may be considered as an influence of the Amur River water
spreading along the Northwestern Sakhalin shelf down to 51-53 °N [40,54]. Low-salinity
water may be also an impact of local lagoons. Water far from the coast has a higher salinity
of up to 31.8-32.1 psu. Cold coastal water has higher turbidity (Figure 4c), with maximum
values observed in the north. The highest concentration of chlorophyll-a was also found
here (Figure 4d).

Water sampling to determine the content of dissolved gases, methane, carbon dioxide,
helium, and hydrogen, were taken at 16 stations along three sections (Table 2, Figure 3).
There are many local oil- and gas-bearing structures laying at up to 500 m depth in this
area [57], and also, numerous manifestations of thermal waters are located on the northeast-
ern coast of Sakhalin Island as Daginsky, Lunsky, and Paromay thermal springs [73-76].
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Figure 4. Distribution of (a) water temperature, (b) salinity, (c) turbidity, and (d) chlorophyll-a content
in the surface layer on 15-16 August 2023 as examined by CTD observations (R/V Akademik Oparin,
cruise 68).

Table 2. Materials researched.

CH4 COz He H2
Water Samples, pcs 95 95 95
Total 285

Predominance of methane with a content of more than 80% and its light isotopic
composition §'3C-CHy —54.5-66% are common for thermal manifestations in this area
of Sakhalin Island [77]. This suggests a biogenic origin of gases, but probably with the
presence of a thermogenic component [69,77]. Isotopic composition of methane from well
bore number 54 in the Central Sabinsk area (5'3C-CH, —47.7%) that is close to the Daginsky
geothermal sources may indicate variability in the isotopic composition of carbon from
reservoir gases and surface gases.

Oil- and gas-containing rocks extending into the area of Daginsky geothermal
springs [57] is the source of methane here, and the submeridional Hokkaido-Sakhalin
fault zone control it, providing active fluid dynamics of the subsurface.

High concentrations of helium in water—up to 30 ppm [77]—are common for thermal
springs of the northeastern coast of Sakhalin (Daginsky, Lunsky, Paromay thermal springs)
due to their position in the zone of influence of the Hokkaido—Sakhalin fault system.

The CH4/He ratio also indicates that warmer thermal waters actually stimulate
methane production because of microbial processes. The isotopic and geochemical charac-
teristics of the thermal waters of the Sakhalin coast are similar to those for sediment cores
sampled in the area of gas-saturated sediments along the Kuril Basin [77].

The research area lies within the shallow shelf to 300 m depths and captures the oil-
and gas-bearing structures of the Lunsky and Kirinsky gas condensate fields (see Figure 3).
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The Lunsky gas condensate field is located within the northeastern shelf east of the
northern closure of the Lunsky Bay of Sakhalin Island, 12-15 km from the coast. The sea
depth in the field area is 45-50 m. The structural trap is a disturbed anticline extending
along a line running approximately in a north-northwest direction. The deposit is divided
into six main tectonic blocks with grabens in the northern part. Minor disturbances are also
present within the main tectonic blocks.

The Kirinsky gas condensate field is also located on the northeastern shelf of Sakhalin
Island. The Kirinsky Marine Area is located at a distance of 29 km from the coast and
15 km east of the Lunsky field. The depth of the sea in the field varies between 85 and 95 m.

A gas anomaly with a local methane maximum of 230 nM/L was detected at the
bottom (at 45 m level) at the extreme western stations 32 and 33 within the northern section
(Figure 5a); it is likely associated with a local gas emission. At the same time, methane
spreads under the lower boundary of the seasonal pycnocline (10 m). This methane anomaly
spreads to the east, and its concentrations decrease to 10 nM/L as they move away from its
source and with increasing sea depth.
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Figure 5. Methane (a), helium (b), carbon dioxide (c), hydrogen (d), and temperature (e) distribution
in the northern section (f).

We also detected elevated helium concentrations of up to 11 ppm (Figure 5b). This
inert gas can only be formed because of deep processes. For comparison, background
helium concentrations in the Sea of Okhotsk (Kuril Basin area) are 4 ppm [78].

The carbon dioxide content in the bottom water does not exceed 1% (Figure 5c).
The studies of [78,79] note the absence of CO; inflow from the mantle and point out
that intrusive complexes do not influence the gas flow here. The CO; content in water
increases, possibly due to the microbial oxidation of methane and the release of carbon
dioxide during the activity of methane-oxidizing microbes. Also, significant amounts
of CO; could be derived from other potential processes, such as from high-temperature
decarbonation reactions or from the biodegradation of oils [80,81]. Modern tectonic activity
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in the area of the northeastern shelf of Sakhalin leads to high heat flow, magmatic activity,
and increased seismicity [57]. Helium is highly soluble in water and is an indicator of the
location and extent of tectonic faults. Such properties of He are known for both sea and
land conditions [82-86].

We detected high hydrogen concentrations of up to 40 ppm at station 29 at a 30 m
depth (Figure 5d). Background hydrogen concentrations for the Sea of Okhotsk (Kuril
Basin area) are 2.1 ppm [78]. Increased hydrogen concentrations are likely to spread further
away from the shelf, which is associated with active microbial production of free hydrogen
in the photic layer of seawater [87]. The life cycle of phytoplankton in the coastal waters
of eastern Sakhalin is greatly influenced by the dynamics of waters. Bio production pro-
cesses sharply intensify with the development of coastal upwelling; they are most active at
10-25 m depth, which is apparently due to the depth of the seasonal pycnocline. Compara-
tively high biomass values were noted at up to 75 m depths [88].

The presence of H; could also indicate biodegradation of longer-chain hydrocar-
bons [89,90]. The area is characterized by a large number of intersecting faults that cross
the entire sedimentary sequence. Gaseous and liquid hydrocarbons as well as helium and
hydrogen can migrate from deep subsurface origins to the sediment-water interface.

A gas anomaly with a local methane maximum of 295 nM/L and helium concentration
of 16 ppm was detected at the bottom (at the level of 30 m and 84 m, respectively) within
the central section at western stations 22 and 23 (Figure 6a,b). The increased carbon dioxide
content in the water coincides with dissolved methane anomalies (Figure 6¢). At the same
time, methane spreads under the lower boundary of the seasonal pycnocline (10-40 m);
its deepening in the central part of the section is associated with the influence of the East
Sakhalin current. Elevated helium concentrations were detected at the sea bottom in the
central (local maximum of 13.5 ppm) and eastern (absolute maximum of 17.2 ppm) parts of
this section.

Probably, the dissolved gases migrate from the Sakhalin shelf towards its slope under
the influence of the East Sakhalin current and mesoscale cyclones and anticyclones, which
provide water exchange between the shelf and the deep-sea basin of the Sea of Okhotsk [44].
Such cyclonic circulation is one of the reasons for the increase in biological productivity on
the northeastern shelf of Sakhalin in summer.

Local areas with increased hydrogen content of up to 15 ppm are located in the surface
water layer of 20-30 m, which is also due to the fact that the eastern shelf of Sakhalin Island
belongs to the waters with high biological production (Figure 6d).

A gas anomaly with local methane (225 nM/L) and helium (11.3 ppm) maxima was
detected at the bottom (at the level of 161 m, 126 m, and 67 m, respectively) within the
southern section at western stations 19, 20, and 21 (Figure 7a,b). At the same time, dissolved
methane spreads under the lower boundary of the seasonal pycnocline (15-60 m), and
its deepening in the central part of the section is associated with the influence of the East
Sakhalin current. At the same time, increased carbon dioxide content in water correlates
with anomalies of dissolved methane (Figure 7c).

These local areas of increased methane and helium concentrations are explained by
high tectonic deformation and, as a result, areal methane release over oil- and gas-bearing
structures through a network of faults.

High methane concentrations obtained in water are also confirmed by previous studies
in this part of the Sakhalin shelf. The highest methane concentration of 10,900 nL/L or
487 nM/L, exceeding the background by two orders, was found in the bottom layer
of seawater in the Lunsky area. High methane concentrations of 2000-3000 nL/L or
89-140 nM /L were found in the bottom water in the areas of open oil and gas fields—
Odoptinsky, Piltun—-Okhotsky, and others [14]. These methane concentrations exceed the
background by two orders, and the background methane concentration in this area does
not exceed 90-100 nL/L or 4-4.5 nM/L [71].
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Figure 6. Methane (a), helium (b), carbon dioxide (c), hydrogen (d), and temperature (e) distribution
in the central section (f).
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Figure 7. Methane (a), helium (b), carbon dioxide (c), hydrogen (d), and temperature (e) distribution
in the southern section (f).
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Our earlier studies established a very high methane concentration in the bottom layer
of the entire area of the Kirinsky structure—from 2500 to 74,000 nL/L or from 110 to
3300 nM/L. That is, methane concentrations in the bottom layer on the Kirinsky structure
exceed the background by 10-100 times or more. Streams of gas bubbles have been detected
in the area of bore wells.

The northeastern Sakhalin shallow shelf is related to the transform boundary [57].
Modern high seismic activity and active faults that break through the sea floor [64] create a
perfect gas-permeable state along this border. Anomalously high ambient methane and
helium concentrations in the water column reflect that situation geochemically. Seismo-
tectonic activity can cause intensive upward migration of methane, helium, and hydrogen
from these deposits, generating secondary accumulations. Hydrogen and helium migrate
together with methane through channels of vertical gas migration—a regional deep fault,
with a network of submeridian faults (see Figure 3). Helium is concentrated in hydrocarbon
fluids circulating in the fault zone. Therefore, tectonic faults, especially their intersections,
are recorded by helium anomalies in the water column.

We also performed a comparison of remote sensing data with the results of expedition
studies. It shows the spatial distribution of methane near the surface in the research area
and on the nearest coast (Figure 8A).
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Figure 8. Spatial distribution of methane concentrations according to the AIRS scanner data above
the surface for the period of 15-16 August 2023. (A) is the distribution of methane concentrations
above the surface of Sakhalin and its shelf; (B) is distribution of methane concentrations above the
surface in the research area. 1—Research area; 2—water sampling stations in cruise OP68; 3—thermal
springs (DGS—Daginsky gas-geothermal system, Lunsky thermal spring).
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The research area (Figure 8B) is generally characterized by increased concentrations
of methane in the air layer above the water surface. The distribution of methane on the
northeastern shallow shelf of Sakhalin is heterogeneous, which is mainly due to the location
of underwater methane sources and thermal springs on the coast. This is also explained by
the complex current structure and seasonal changes in the hydrological regime. As a result,
the heterogeneous distribution of methane in seawater is associated with the processes of
methane release and absorption at the water—atmosphere boundary.

Gas migration from its lithospheric sources (oil and gas deposits, gas-saturated sedi-
ments, mud volcanism) controls methane distribution near the surface of the water area
and the nearest coast, as well as the distribution of methane in the water column. Methane
concentrations are likely to increase under the influence of higher wind speeds and higher
water temperatures. The combination of tectonic conditions, the distribution of oil- and gas-
bearing structures and a special hydrological regime, including the formation of mesoscale
vortices in addition to the main flow of the East Sakhalin current, are the leading factors
determining the formation and distribution of methane, helium, and hydrogen in the area
of the northeastern shallow shelf of Sakhalin Island.

Thus, large amounts of gases from oil- and gas-bearing structures, which are affected
by faults, are released into the sea-water column, results in the origin of both seawater
dissolved methane and helium anomalies found in the water column over the northeastern
shallow of the North Sakhalin trough. Methane moves from the depths into the water
through fault zones and cracks and saturates the entire water column on the shallow shelf.
The oil and gas content in rocks on the Sakhalin shelf decreases with depth, so the ability
to supply methane from bottom rocks into the water of the deep-water shelf and slope
will decrease. Furthermore, during the development of coastal upwelling and associated
mesoscale circulations, dissolved gases are transported from the shelf to the east under the
lower boundary of the seasonal pycnocline into the deep part of the Sea of Okhotsk and are
involved in its general circulation. Therefore, studies of the shallow-water oil and gas shelf
are necessary to understand the processes of methane emission to the atmosphere as well
as the nature of modern climate change.

6. Conclusions

We presented the first measurements of helium and hydrogen in the water column
in the area of the shallow northeastern shelf of Sakhalin. Underlying rocks, reservoirs
of oil- and gas-containing fluids, are the sources of methane in the studied area. The oil-
and gas-bearing rocks cover not only the shelf, but also include significant coastal areas of
the island, where numerous thermal springs with a predominance of methane in the gas
composition are located.

The coincidence of methane and helium anomalies confirms the gas emission from
hydrocarbon deposits under the sea bottom subsurface into the seawater through fault
zones and cracks. Tectonic faults in the northeastern part of Sakhalin Island and the adjacent
shelf adjust oil and gas deposits, coastal thermal springs, abnormal methane and helium
concentrations, as well as elevated carbon dioxide concentrations.

The conducted gas-geochemical studies indicate the presence of intensive sources
of gas emission in the shallow northeastern shelf of Sakhalin Island. Measured methane
content is very high at 200400 nM/L, and helium content is rather high, 8-18 ppm, for
the bottom water layers. The content of dissolved gases in the water increases from east
to west, towards the coast, due to an increase in the oil and gas content of rocks from the
slope to the shallow shelf and to the complex hydrological regime of the area.

High methane concentrations are observed throughout the water column from the
bottom to the surface over the shallow shelf (up to 20-30 m depth), which is probably due
to convective mixing of water. As a result, bottom waters saturated with methane rise to
the surface. The main methane emission from the water into the atmosphere occurs in the
area of the shallow northeastern shelf.
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The combined influence of the East Sakhalin current and counter-current makes
dissolved gases be transported under the lower boundary of the seasonal pycnocline from
the shelf to the east into the deep water part of the Sea of Okhotsk, and they are involved
in its general circulation. Low water temperatures in the study area ensure a high level of
solubility of gases released from bottom sources.
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