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This study was used oceanographic database in the Sea of Okhotsk between the period from 1929 to 2020
(131286 stations). The paper used gas hydrate dissociation parameters for the “pure methane-seawater”
system obtained in the study by Dickens GR and Quinby-Hunt MS. The results have elucidated the
spatiotemporal variability of distribution of such parameters at the upper boundary of the gas hydrate
stability zone (GHSZ) as water temperature, salinity, and top depth of the stability zone. As the study has
shown (based on average long-term spatial distributions), the minimum temperature and depth values of
the GHSZ upper boundary in the Sea of Okhotsk occur oft the western and southwestern parts of the water
area. The maximum temperature and depth values of the GHSZ upper boundary are typical of the
southeastern sea area and over the Kamchatka Peninsula slope. This study has also identified an area,
where there are no thermobaric conditions for the emergence and stable existence of methane hydrates in
the water column. The results presented agree well with the materials of observations conducted during

expeditions and the previous data of predictive simulations for the Sea of Okhotsk.

©2025 China Geology Editorial Office.

1. Introduction

Gas hydrates (GH) are low-molecular-weight crystalline
compounds formed under certain thermobaric conditions from
water and gas. In GHs, gas molecules are enclosed in
crystalline cells consisting of water molecules held together
by a hydrogen bond. As pressure decreases or temperature
increases, the hydrogen bond easily breaks down. In addition
to thermobaric conditions, there are also other important
factors responsible for GH formation, e.g., lithological ones
such as the presence of porous and permeable sedimentary
rocks (Istomin VA and Yakushev VS, 1992; Makogon YF,
2003, 2010; Reagan MT et al., 2011). According to recent
estimates, about 99% of GH are concentrated on the
continental shelf (Bondur VG et al, 2022).

Most of identified GH deposits have been found in
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seafloor sediments characterized by high porosity, low
temperature, and unlithified host rocks. Permeability (k) of
seafloor sediments varies significantly depending on sediment
type. At low k values, no gases are released from sediments
into seawater. Significant gas seeps (plumes) are formed at k&
values greater than 107" m? (or 1 mD) (Reagan MT et al.,
2011).

GHs are compounds variable in composition. Besides
individual hydrates, double and mixed hydrates (including
several gases) are also known (Istomin VA and Yakushev VS,
1992). The origin of gases (within hydrates) is both
thermogenic and biogenic. The gas component of biogenic
origin consists almost entirely of methane (Chen ZA et al.,
2005, 2010). In the gas components of thermogenic origin, in
addition to methane, other gases are also present such as
ethane, propane, etc. Known GH deposits usually consist of
methane and small amounts of other gases (ethane, propane,
carbon dioxide, etc.). For example, according to (Veselov OV
et al., 2006), the gas composition of hydrates sampled in the
Sea of Okhotsk: The methane content was 97.80%, the ethane
content was 0.04%, and the carbon dioxide content was
0.09%. Presence of even a small percentage of gaseous
methane homologues causes the phase boundary shift to

Copyright © 2025 Editorial Office of China Geology. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd.
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higher temperatures. The presence of propane in the gas
mixture, compared to other gases, has a maximum effect on
the equilibrium temperature (Holder GD et al., 1987; Sloan
ED 1998; Sloan ED and Koh CA, 2008; Chen ZA et al., 2010;
Giustiniani M et al., 2013).

In addition to the study of natural GHs as a potential
resource of hydrocarbon raw materials, the study of their
deposition areas is of major importance to address various
environmental and climate change issues. With an increase in
the near-bottom temperature, the thickness of GHSZ
decreases, which can cause GHs to dissociate and methane to
emit (Dickens GR and Quinby-Hunt MS, 1994; Reagan MT et
al., 2011; Giustiniani M et al., 2013; Bogoyavlensky VI et al.,
2018b). The gas released through hydrate decomposition (1
m® of GH yields about 160 m® methane (Makogon YF, 2003,
2010; Obzhirov Al and Shakirov RB, 2013; Yakutseni VP,
2013; Bondur VG et al, 2022) enters near-bottom waters.
Then it enters into the atmosphere via currents, diffusion, and
bubble transfer (Eliseev AV, 2018; Bondur VG et al, 2022).
Since methane is an influential greenhouse gas (with the
radiative forcing effect of CH, approximately 28-34-fold
greater than that of CO, (Bondur VG et al, 2022), its entry
into the atmosphere can cause serious climatic alterations
(Biastoch A et al., 2011; Reagan MT et al., 2011; Smyshlyaev
SP et al., 2015; Bogoyavlensky VI et al., 2018a, 2018b). The
above facts, however, refer to shallow GH deposits, because a
simulation of deep-sea hydrates (deeper than 1,000 m from
the sea surface) has shown their relative insensitivity to
changes in ocean temperature on a short time scale (Reagan
MT and Moridis GJ, 2007; Giustiniani M et al., 2013).

The gas hydrate stability zone (GHSZ) is part of the
Earth’s lithosphere and hydrosphere whose thermobaric and
lithological/geochemical regime fits the conditions for stable
existence of hydrates of natural gases with certain
compositions. GHSZs in the world’s oceans tend to waters
with depths greater than 200 m (for circumpolar regions) and
500-700 m (for equatorial regions). The upper boundary of
the GHSZ is located, as a rule, in the water column and the
lower one in seafloor sediments (Trofimuk AA et al., 1973;
Makogon YF, 2003, 2010; Bogoyavlensky VI et al., 2018b).

Knowledge of the GHSZ top depth is required for:

(i) Modeling the dynamics of dissolution of ascending gas
bubbles in the water column (McGinnis DF et al., 2006;
Granin NG et al., 2010);

(il) Modeling of GH responses to water temperature
variations and for assessing the probability of methane
emission into the ecosystem (with such important conditions
as the positions of the boundaries and the GHSZ extent)
(Biastoch A et al., 2011; Reagan MT et al., 2011; Giustiniani
M etal., 2013);

(ii1) Assessing the sensitivity of GHs to variations in
external environmental factors (their dissociation and
formation depending on the distance between the GHSZ top
depth and the seafloor) (Reagan MT et al., 2007);

(iv) Planning surveys to find and study GHs in marine
waters (Obzhirov Al and Shakirov RB, 2012, 2013; Jin YK et

al., 2013, 2015; Shoji H et al., 2014; Minami H et al., 2016;
Obzhirov Al, 2018);

(v) Describing gas “plumes” (seeps) (differentiated
between shallow-water and deep-water plumes; deep-water
gas flares are those located below GHSZ; flares above this
water depth are defined as shallow-water gas seeps) (Granin
NG et al., 2010).

To date, there is no information about spatiotemporal
variations in the parameters at the GHSZ top depth of the Sea
of Okhotsk. Bogoyavlensky VI with co-authors (2018a) have
created the cartographic schemes of GHs and near-bottom
water temperatures distribution in the Arctic and the World
Ocean (on the basis of the summarizing database GIS
“AWO”) and possible GH distribution for northern latitudes
from 45° to 90°. In their study (Bogoyavlensky VI et al.,
2018a), the authors used the software CSMHYD (Sloan ED et
al., 1987; Mehta AP and Sloan ED, 1996) based on the
empirical equations of GH stability. The basic data for
calculations in CSMHYD were as follows: near-bottom water
temperature (World Ocean Database 2013, National Centers
for Environmental Information, https://www.ncei.noaa.gov);
water mineralization in shallow sediments (two models with
salinities of 34.5 psu and 0 psu are considered); and content of
hydrate was 100% methane. In these calculations, they also
used an array of sea depths available at GEBCO (http://www.
gebco.net).

This study aimed to elucidate spatial and intra-annual
patterns of distribution of parameters at the upper GHSZ
boundary (water temperature, salinity, depth of the upper
boundary) based on the oceanographic information for the Sea
of Okhotsk for the period from 1929 to 2020.

2. Materials and methods

The upper GHSZ boundary is determined by the
intersection of the equilibrium curve of GH dissociation
(which depends on thermobaric conditions, gas composition
and salinity) with the water temperature distribution curve
(Trofimuk AA et al., 1973; Makogon YF, 2003, 2010;
Vorobiov AE and Malyukov VP, 2009; Bogoyavlensky VI et
al.,, 2018a, b). Information about the gas composition of
hydrates is usually scarce. Based on the materials from
expeditions of the VI II’ichev Pacific Oceanological Institute,
Far Eastern Branch, Russian Academy of Sciences (POI FEB
RAS), in the Sea of Okhotsk, as well as relevant publications
(Veselov OV et al., 2006; Obzhirov Al and Shakirov RB,
2012, 2013; Jin YK et al., 2013, 2015; Shoji H et al., 2014;
Minami H et al., 2016; Obzhirov Al, 2018). This study
hypothesized that the major component of GHs is “pure”
(100%) methane.

For determining the thermobaric conditions of GH
stability at the upper GHSZ boundary (with known values of
temperature and pressure), one usually uses empirical
relationships (Trofimuk AA et al., 1973; Istomin VA and
Yakushev VS, 1992; Makogon YF, 2003, 2010;
Bogoyavlensky VI et al., 2018b) presented for the “pure
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methane—pure (fresh) water” system. Nevertheless, Dickens
GR and Quinby-Hunt MS (1994) experimentally determined
the conditions of methane hydrate stability for the “pure
methane—seawater” system. They showed that the upper
GHSZ boundary in seawater should be deeper than in fresh
water. Bogoyavlensky VI and co-authors (2018b) drew a
similar conclusion: using the model of Sloan ED (1998), they
presented the hydrate formation conditions taking into
account water salinity. Thus, the higher the water temperature,
the greater the difference of the depths required for GH
stability in fresh and saline water. For example, at a
temperature of 0°C, this difference is 49 m (S = 36.0 psu); at a
temperature of +10°C, 120 m (S = 36.0 psu) (Bogoyavlensky
VI et al., 2018b). According to our calculations, at a
temperature of +1°C (S = 33.5 psu) the depth difference for
fresh and saline water should be about 45 m.

This paper calculated the upper GHSZ boundary using the
conditions of GH stability obtained by Dickens GR and
Quinby-Hunt MS (1994) for the “pure methane—seawater”
system (100% methane; salinity 33.5 psu). An example of
calculation of the upper GHSZ boundary depth is shown in
Fig. 1.

To calculate the upper GHSZ boundary, this study used all
available data from deep-sea oceanographic observations in
the Sea of Okhotsk. The major part of the data was taken from
historical oceanographic arrays provided by RIHMI-WDC
(http://meteo.ru), TINRO (http://www.tinro.vniro.ru), and
FERHRI (http:/ferhri.org). Then, it was extended by the
addition of available observation materials from several data
centers (National Centers for Environmental Information,
https://www.ncei.noaa.gov), and POI FEB RAS (http://www.
poi.dvo.ru).

The generalized array of deep-sea observations included
bathymetric data (bottle data, OSD), CTD-profiling, and data
from drifting “ARGO” buoys. Bathythermographic
observations (Mechanical Bathythermograph Data, MBT) and
observations with detachable bathythermographs (Expendable
Bathythermograph Data, XBT) were also used. The latter two

7/°C
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Fig. 1. Diagram of methane hydrate stability (100% CH,) in seawa-
ter: 1-water temperature profile; 2—conditions for methane hydrate
stability (S = 33.5 psu) (after Dickens GR and Quinby-Hunt MS,
1994); 3—upper GHSZ boundary (point of curves’ intersection).

types of observations provide only water temperature profiles.

First, this study carried out a procedure of elimination of
duplicate stations, which inevitably occur when an extensive
array of observation materials taken from various sources is
generalized. Then, using the Ocean Data View software
(http://odv.awi.de, 2023), we removed unreliable values
(taking into account the regional features of the thermohaline
regime of the Sea of Okhotsk).

Afterwards, this paper made interpolation of water
temperature and salinity values to the horizons multiple of 5 m
at each oceanographic station. Linear interpolation of values
was used for processing the Dbathometric and
bathythermographic observations. The CTD observations,
data from drifting “ARGO” buoys, and from XBT were re-
calculated for the horizons multiple of 5 m using a median
procedure (with involving above and below temperature
values at a distance of 2.5 m from the calculated one).

After eliminating the duplicate stations and unreliable
information, a total of 131286 stations remaining in the
resulting oceanographic array for the Sea of Okhotsk were
obtained that were performed from 1929 to 2020. Their
distribution over the sea is shown in Fig. 2a.

From the presented figure can be seen, that the entire area
of the Sea of Okhotsk is sufficiently covered by observations.
Nevertheless, an analysis of the database has shown very few
oceanographic stations in the cold season in this water area
(Fig. 3). This is especially applies to the shelf zone which is
covered by sea ice in the cold period of the year. As a result,
almost no data is available for this part of the Sea of Okhotsk
from January to April.

It should be noted here that the calculation of the upper
GHSZ boundary depth was performed for all 131286 stations
using the GH stability conditions obtained for the “pure
methane—seawater” system (Dickens GR and Quinby-Hunt
MS, 1994). As the calculations showed, at the vast majority of
stations (99105) in shallow areas of the Sea of Okhotsk, the
upper GHSZ boundary in the water column was not
determined. The vertical temperature distributions at these
oceanographic stations (in the water column), as well as the
near-bottom pressure values, indicated that there were no
relevant conditions for the GH emergence and stable
existence in the water of this shallow part of the sea. This
array of stations included also observations in the deep-sea
part, where measurements were made only in the upper sea
layer due to instrument limitations (e.g., the MBT data array),
as well as data from stations with partially rejected
information.

The required conditions (water pressure and temperature)
for the GH formation and stable state were found only at
32181 stations (24.5% of all oceanographic stations of the
compiled data array). Their positions are shown in Fig. 2b.
Based on the geographical location of the peripheral stations
in this data array, the outer limit of the GHSZ distribution in
the water column of the sea are determined.

According to the method presented in the study by
Dickens GR and Quinby-Hunt MS (1994) and its graphical
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Fig. 2. Spatial distribution of oceanographic stations in the Sea of Okhotsk: a—throughout the period of observations; b—stations where the up-
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Fig. 3. Temporal distribution of original data.

interpretation (see Fig. 1), the top depth of the GHSZ was
determined at each of the 32181 stations. Then a specialized
data array was formed, where, in addition to ID information
for each station (cruise no., station no., its geographical
coordinates, date, and time), the values of the upper GHSZ
boundary depth along with the water temperature and salinity
at this horizon are input. Additionally, the depth values at
each oceanographical station from the GEBCO (http://www.
gebceo.net) are selected (using coordinates). This data, as well
as data of the difference between the depth at each station and
the value of the upper GHSZ boundary depth, were entered
into a specialized data array that characterized all the obtained
parameters at the upper GHSZ boundary.

Average long-term meanings of all the parameters at the
upper GHSZ boundary within trapezoids 0.35°%0.55°
bounded by longitude and latitude lines are calculated,
respectively. To obtain more reliable statistics and smooth out
the calculation results, this paper increased the trapezoid
dimensions 2.4-fold (while maintaining the step of the
calculated grid of 0.35°x0.55°). In each trapezoid, median
averaging of initial data is applied. It should also be noted
that, when calculating the average long-term statistical
parameters in all trapezoids (for normalize the contribution of

daily stations, multi-serial stations, and duplicated values), the
following operation was performed: Initially, in each
trapezoid, all data for a certain day were averaged. The
obtained averages per day were assumed to have a unit
contribution in further calculations of climatic parameters.

3. Results and discussion

The oceanographic regime of the Sea of Okhotsk, which
determines patterns of distribution of the parameters at the
GHSZ wupper boundary (depth, water temperature, and
salinity, and the depth difference between the upper boundary
and the seafloor), largely depends on the geographical
location, seafloor topography, system of currents in the Sea of
Okhotsk (Moroshkin KV, 1966; Kitani K, 1973; Alfultis MA
and Martin S, 1987; Gladyshev S et al., 2003; Itoh M et al.,
2003; Shcherbina AY et al., 2003; Luchin VA, 2007; Figurkin
AL, 2011; Luchin VA and Kruts AA, 2016; Fayman PA et al.,
2021), and the morphometry of the straits that connect this sea
with the Pacific Ocean and the Sea of Japan (Moroshkin KV,
1966; Kitani K, 1973; Luchin VA, 2007; Luchin VA and
Kruts AA, 2016; Fayman PA et al., 2021). The important
factors responsible for the formation of certain sea regime are
also the dynamics of atmospheric processes above the sea and
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the balance of surface heat, especially in the autumn and
winter seasons (Kitani K, 1973; Alfultis MA and Martin S,
1987; Martin S et al., 1998; Gladyshev S et al., 2003; Itoh M
et al., 2003; Shcherbina AY et al., 2003; Luchin VA, 2007;
Figurkin AL, 2011; Luchin VA and Kruts AA, 2016).

The results of our calculations of the parameters at the
upper GHSZ boundary have shown as follows. All maps of
average long-term monthly data have an invariable basic
pattern of spatial distribution. It has been found that in the Sea
of Okhotsk waters, the minimum temperature and depth of the
upper GHSZ boundary (lower than 1°C and 300-320 m,
respectively) in all the maps occur off the eastern slope of
Sakhalin Island and in the southwestern part of the sea.
However, the maximum temperature and depth of the GHSZ
upper boundary (1.5°C-2.0°C and 340-360 m, respectively)
for all months are typical of the waters adjacent to the central
and northern straits of the Kuril Islands.

To identify the characteristic months that would reflect
possible extreme features in the spatial distributions of the
calculated parameters at the GHSZ upper boundary, consider
the known results highlighting the patterns of seasonal
variations in oceanographic conditions in the active layer of
the Sea of Okhotsk waters. In the study by Luchin VA (2007),
the active layer of the sea was identified taking into account
statistically significant intra-annual variations in water
temperature. As the author assumed, if the range of seasonal
temperature variations on a specified horizon was greater than
the sum of errors for the months with extreme values, then it
was considered reliable. The calculations showed that
statistically significant seasonal temperature variations in Sea
of Okhotsk waters are usually observed to depth horizons
from 75 m to 500-600 m. A map of the lower limit of the
active layer in the Sea of Okhotsk (Luchin VA, 2007),
modified to meet the objectives of the present study, is
provided in Fig. In particular, this figure shows an area of the
sea where thermobaric conditions make the formation and
presence of GHs in seawater impossible.

As follows from the figure presented, seasonal variations
in water temperature can be observed in dynamically active
areas of the sea (such as the Kuril straits and the TINRO
Basin) to maximum depths (from 300 m to 500—600 m). It is
known (Kitani K, 1973; Martin S et al., 1998; Gladyshev S et
al., 2003; Itoh M et al., 2003; Figurkin AL, 2011; Luchin VA
and Kruts AA, 2016) that the annual pattern of variations in
water temperature at subsurface horizons is a result of
differentiated contribution of weather conditions, the wind-
and wave-induced mixing of the upper water layer, and the
transformation of waters in dynamically active regions. As a
rule, the range of intra-annual fluctuations in water
temperature reduces significantly with depth. Moreover, in
waters remote from dynamically active zones, seasonal
variations in water temperature are distinguished with
confidence only in a thin surface layer (0-30 m). Thus, with
increasing depth, there is a time lag for the onset of maximum
and minimum water temperature values from horizon to
horizon. In dynamically active areas of the sea, a distinct

seasonal variation in water temperature is observed in the
layer 0—75 m. Here, the range of seasonal water temperature
variations is minimum. Moreover, the shift in the onset of
maximum/minimum water temperature values from horizon
to horizon is also manifested to a lesser extent here. The
geographical location and configuration of areas with
increased values of seasonal water temperature variations at
the subsurface horizons also agree well with the existing
cyclonic system of non-periodic sea currents (Moroshkin KV,
1966; Luchin VA, 1982, 1987; Fayman PA et al., 2021).

Thus, a comparative analysis of our calculations of the
parameters at the upper GHSZ boundary with the data in Fig. 4
allows us to conclude that, over the major part of the Sea of
Okhotsk, the upper GHSZ boundary is located much deeper
than the lower limit of the active layer. The only exception is
the zone near the Kuril Islands and the area of the TINRO
Basin.

For these water areas, the average long-term monthly data
of position of the upper GHSZ boundary and the respective
water temperature are considered. It has been found (based on
the patterns of seasonal variations of these parameters within
three 2-degree trapezoids located west of the Kuril Islands and
within one trapezoid in the area of the TINRO Basin) that the
minimum values of the parameters under consideration in
these areas occur in May and June, and the maximum in
November and December. Therefore, for further analysis of
the patterns of spatial distribution of the parameters at the
upper GHSZ boundary, maps only for the months with
extreme values during the annual cycle (respectively, average
distributions for May—June and November—December) were
composed.

Fig. 5 shows the spatial distribution of the average long-
term water temperature values at the upper GHSZ boundary
for May—June and November—December. Their major and
distinctive feature is the invariability of the main large-scale
pattern of distribution of water temperatures in the months
with extreme intra-annual values (with maximum values at
the central Kuril straits and minimum values off the western

143°E 148°E 153°E 158°E
59°N -
TINRO
Basin
54°N A
49°N +
44°N -

Fig. 4. Lower limit (m) of the active layer of the Sea of Okhotsk
waters (the shaded area indicates a zone that lacks thermobaric con-
ditions for GHs to form and exist in the water column).
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Spatial distribution of average long-term water temperature values (°C) in the Sea of Okhotsk at the upper GHSZ boundary: a—in

May—June; b—in November—December (isotherm 0°C is drawn as solid line; the shaded area indicates a zone that lacks thermobaric conditions

for GHs to form and exist in the water column).

slope of the deep-sea basin).

In general, intra-annual temperature variations are poorly
detected at the depth of the upper GHSZ boundary, except for
dynamically active water area (near the Kuril straits and in the
areas near the deep-sea basin slopes). On the basis of
temperature values at the upper GHSZ boundary, the sea be
divided into two parts, with the border between them being
the isotherms 1.4°C and 1.5°C (Fig. 5).

In the eastern, relatively warm, sector of the sea, the
maximum water temperature values are recorded from the
Kuril straits and the adjacent waters of the Sea of Okhotsk.
Here, this occurs due to the intense tidal mixing in the straits,
as a result of which the heat is transferred to the horizons of
the upper GHSZ boundary from the horizons above and
below. In the southernmost part of the sea, there is also a zone
with elevated water temperatures (which becomes more
evidently pronounced in November and December),
associated with the mixing of the Sea of Okhotsk cold waters
and the warmer water of the Soya Current. It should also be
noted that the differences in temperature values from
May—June to November—-December are recorded with
confidence from both sectors of the sea (the differences
amount to about 0.5°C in the cold sector of the sea and
slightly less in the warm one).

The spatial distributions of water temperatures at the
upper GHSZ boundary well agree also with the cyclonic
system of the sea currents described in other studies
(Moroshkin KV, 1966; Luchin VA, 1982, 1987; Fayman PA
et al., 2021). As a result, an area of elevated water
temperature is observed over the continental slope of the
eastern and northern parts of the sea (see the position of
isotherms 1.4°C and 1.5°C). The effect of movement and
gradual transformation of Pacific water in the Sea of Okhotsk
becomes most evidently pronounced in November—December
(Fig. 5). Moreover, the presented maps clearly show a
decrease in water temperature as the Pacific water is spread
and transformed in the sea (over the southern deep-sea basin
and west of the Kamchatka Peninsula), which is a
consequence of their mixing with the supercooled waters of

the Sea of Okhotsk.

In the cold sector of the sea, an area with the lowest
temperature values at the upper GHSZ boundary is
distinguished in the westernmost part of the sea. In the north,
this water area is bounded by a canyon located south of lony
Island and Kashevarov Bank; in the south, by the slope of the
Gulf of Terpenya. This area is formed through two major
processes. First, it is the autumn—winter convection and ice
formation on the northern shelf of the sea. This dense and
supercooled shelf water forms in winter in coastal areas of the
northwestern Sea of Okhotsk and has the lowest temperature
in the sea (Kitani K, 1973; Alfultis MA and Martin S, 1987;
Talley LD, 1991; Martin S et al., 1998; Wong CS et al., 1998;
Gladyshev S et al., 2003; Shcherbina AY et al., 2003). Then,
it moves to the continental slope area with the cyclonic
system of sea currents. An additional effect during the
formation of the area with low water temperature in the
westernmost part of the study region is exerted by the
intensification of tidal and non-periodic currents over the
continental slope of the sea and also in the shallow waters
near lony Island and Kashevarov Bank. It should also be
noted that the lowest temperature values (lower than 0.5°C) in
the cold sector of the Sea of Okhotsk become more
pronounced in May—June. According to the configuration of
isotherm 1°C (especially in May—June), the supercooled water
moves south (to the latitude of Cape Aniva) and then east
(with the cyclonic system of currents in the sea).

A distinctive feature of the salinity fields at the upper
GHSZ boundary (in May—June and November—December) is
the invariability of the general patterns of the spatial salinity
distribution. As follows from the maps in Fig. 6, the salinity
values at the upper GHSZ boundary in the Sea of Okhotsk
vary within a rather narrow range (from 33.3 to 33.7 psu).
Moreover, in most of the study area and throughout the year,
the salinity values are not higher than 33.4-33.6 psu, which is
quite close to the conditions for the MH stability in seawater,
according to Dickens GR and Quinby-Hunt MS (1994).

In May and June, minimum salinity values at the upper
GHSZ boundary are usually recorded from the peripheral


https://doi.org/10.31035/cg2024087
https://doi.org/10.31035/cg2024087
https://doi.org/10.31035/cg2024087
https://doi.org/10.31035/cg2024087
https://doi.org/10.31035/cg2024087
https://doi.org/10.31035/cg2024087
https://doi.org/10.31035/cg2024087
https://doi.org/10.31035/cg2024087
https://doi.org/10.31035/cg2024087
https://doi.org/10.31035/cg2024087
https://doi.org/10.31035/cg2024087

760 Shakirov et al. / China Geology 8 (2025) 754-764

areas of the Sea of Okhotsk (Fig. 6a). The only exception is
the waters adjacent to the central and northern straits of the
Kuril Islands (the major inflow of Pacific water into the sea).

The most extensive area with low salinity (and low water
temperature) is observed off the Sakhalin Island slope (Figs.
5, 6). As is known (Kitani K, 1973; Alfultis MA and Martin
S, 1987; Talley LD, 1991; Martin S et al., 1998; Wong CS et
al., 1998; Gladyshev S et al., 2003; Shcherbina AY et al.,
2003), here the formation of the salinity field is dominated by
the near-bottom shelf waters in the northwestern part of the
sea (with a low temperature and salinity) that are formed
through the autumn—winter convection. This stationary area
with decreased salinity values east of Sakhalin also depends
on the advection of relatively fresh water whose regime is
strongly dependent on the Amur River discharge (waters
northeast of Sakhalin Gulf and east of Sakhalin Island).

As follows from the configuration of the area with
salinities below 33.5 psu (Fig. 6a), upon reaching the southern
part of the sea, this freshened water, first, enters the Pacific
Ocean, which contributes to the formation of an intermediate
water mass with decreased salinity in its northwestern part
(Talley LD, 1991; Yasuda I, 1997; Shcherbina AY et al.,
2003; Ono K et al, 2007; Ohshima KI et al., 2010).
Moreover, the currents of the southern periphery of the
cyclonic gyre (over the central part of the sea) move these
freshened waters eastward to the longitude of the central Kuril
straits. In autumn and early winter (see Fig. 6b), the area of
freshened waters reaches the western slope of the Kamchatka
Peninsula.

The maximum salinity values at the upper GHSZ
boundary are recorded from two areas of the sea. The first is a
local area in the southern part of the Kuril Basin (offshore of
the Shiretoko Peninsula, Hokkaido Island), especially
pronounced in November and December. Increased salinity
values in this region are formed through the interaction and
vertical mixing of Pacific water, Soya current water, and Sea
of Okhotsk water proper (Gladyshev S et al., 2003; Itoh M et
al., 2003), which causes temperature and salinity to increase
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Fig. 6.

here (Fig. 5, 6).

The second area with increased salinity values is located
near the central and northern Kuril straits, where highly saline
water from the Pacific Ocean enters the sea (Fig. 6). This
formed anomaly of increased salinity expands all over the
central and northeastern Sea of Okhotsk.

In the central part of the sea (north of the 49° N), the
process of filling the areas near the slope with the transformed
Pacific water (with higher salinity) is clearly manifested
(when considering the configuration and size of areas with
salinities higher than 33.5 psu) from May—June to
November—December. As a result (due to the advection of the
modified Pacific water in the system of sea currents), waters
with low salinity values at the upper GHSZ boundary
disappear from the areas near the slope of northeastern
Sakhalin and Kamchatka in November—December.

The GHSZ top depth in the Sea of Okhotsk (Fig. 7) is
fully consistent with the above-discussed oceanographic
conditions (Figs. 5, 6) and the above-indicated main factors of
their formation (the autumn—winter convection, the lateral and
vertical mixing at boundaries of currents and in the Kuril
straits, the advections of Pacific water and Sea of Japan water,
and the intensification of tidal and non-periodic currents in
areas of sharp depth variations).

As follows from Fig. 7, the GHSZ top depth in the Sea of
Okhotsk varies from 300 m to 360 m. A maximum depth (up
to 340-360 m) is observed near the central and northern Kuril
Islands (the main inflow of warm Pacific water to the Sea of
Okhotsk). The upper GHSZ boundary closest to the sea
surface is located off the Sakhalin Island continental slope
(Fig. 7). In spring, the area of minimum depth of the upper
GHSZ boundary (shallower than 320-330 m) becomes most
pronounced and spreads over the continental slope (from the
northern tip of Sakhalin Island to Hokkaido, Fig. 7a).
Moreover, the topography of the upper GHSZ boundary in the
western part of the sea (with depths to 320 m and 330 m, Fig.
7) agrees well with the cyclonic system of currents in the Sea
of Okhotsk.

143°E

148°E 153°E 158°E

Spatial distribution of average long-term water salinity values (psu) in the Sea of Okhotsk at the upper GHSZ boundary: a—in

May—June; b—in November—December (the shaded area indicates a zone that lacks thermobaric conditions for GHs to form and exist in the wa-

ter column).
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Fig. 8 shows the spatial distribution of the average long-
term difference of depths between the upper GHSZ boundary
and the seafloor. It should be noted that over the major part of
the Sea of Okhotsk, an almost invariable distribution of depth
differences is observed from May—June to November—
December. This is explained mainly by small spatial
variations in the depth of the upper GHSZ boundary (Fig. 7),
as well as by great spatial variations in the seafloor
topography of the Sea of Okhotsk. Small differences are
observed only in the sectors of the continental slope in the
central and northern Sea of Okhotsk (north of 49° N). The
latter is related, first, with the minimum distances between the
upper GHSZ boundary and the seafloor (Fig. 8). Moreover,
maximum intra-annual water temperature and salinity
variations are recorded from these areas of the northern part
of the sea (Figs. 5, 6).

It is also worth noting here that the division of the water
area of the Sea of Okhotsk into conditions favorable/
unfavorable for GH formation and existence that made in this
paper (in all the maps, Figs. 5-9) is consistent with the data
provided in a number of relevant studies (Ginsburg GD et al.,
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1990; Bogoyavlensky VI et al., 2018a). Nevertheless, the
division of the sea area shown in Figs. 5-9 is more detailed,
while the differences from the data in the above-mentioned
studies (Ginsburg GD et al., 1990; Bogoyavlensky VI et al.,
2018a) are mainly explained by the use of a more complete
array of original oceanographic data in the present study, with
the actual thermal structure of Sea of Okhotsk waters taken
into account in calculations and with a more realistic
assumption as regards the GH stability condition for the “pure
methane—seawater” system (S = 33.5 psu).

In the present study, the probability of existence of
cryogenic GHs (although negative temperature values exist
over the major part of the Sea of Okhotsk shelf) is not
considered. First, this issue is beyond the scope of our study
(sea water column). Second, an explanation for the probability
of existence of cryogenic GHs and their presumed localization
within the Sea of Okhotsk was described in enough detail by
Bogoyavlensky VI et al. (2018a).

Reliability of the results that obtained in this study is
estimated on the basis of localization of the identified GH
deposits and methane plumes (seeps). This data was obtained
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Fig. 7. Spatial distribution of average long-term values of the upper GHSZ boundary depth (m) in the Sea of Okhotsk: a—in May—June; b—in
November—December (the shaded area indicates a zone that lacks thermobaric conditions for GHs to form and exist in the water column).
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Fig. 8. Spatial distribution of average long-term values of depth difference (m) between the upper GHSZ boundary and the seafloor in the Sea
of Okhotsk: a—in May—June; b—in November—December (the shaded area indicates a zone that does not meet the thermobaric conditions for hy-

drate formation).
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Fig. 9. Bathymetric map of the Sea of Okhotsk (main isobaths are indicated by numerals) showing the known GH accumulations confirmed by
direct methods (a) and methane seeps (b) (the shaded area indicates a zone that lacks thermobaric conditions for GHs to form and exist in the

water column).

within the framework of long-term observations during the
POI FEB RAS expeditions for the period 1988-2021 and
published in part (Obzhirov Al and Shakirov RB, 2012, 2013;
Jin YK et al., 2013, 2015; Shoji H et al., 2014; Minami H et
al., 2016; Obzhirov Al, 2018). As follows from Fig. 9a, the
GH deposits detected by the contact methods are located in
and tend to the water area where the upper GHSZ boundary
runs in the water column. The pattern of distribution of the
identified methane plumes in the Sea of Okhotsk waters is
more complex but comprehensible (Fig. 9b). These are
distributed not only in the zone with the lack of thermobaric
conditions for GH formation and existence in the water
column but also in the deep-sea part.

The existence of methane plumes in the shallow parts of
the study area is associated, first, with the oil and gas deposits
and active faults in the sediment layer. Here, in the water
column also (and probably in the upper sediment layer), there
are no thermobaric conditions for the formation and existence
of GHs that can act, by “cementing” bottom sediments, as a
fluid-impermeable seal. Second, in these areas of the sea, the
upper GHSZ boundary can run both near the seafloor and in
the upper part of the sediment layer. Therefore, thermal
conditions favorable for GH dissociation can form here. This
can be evidenced by the well-known facts of both seasonal
and year-to-year fluctuations in water temperature in the Sea
of Okhotsk (Gladyshev S et al., 2003; Itoh M et al., 2003;
Shcherbina AY et al., 2003; Luchin VA and Zhigalov IA,
2006; Luchin VA, 2007; Nakanowatari T et al.,, 2007;
Ohshima KI et al., 2010; Figurkin AL, 2011).

The presence of methane seeps in the deep-sea part (Fig.
9b), where thermobaric conditions in the water column are
favorable for GH formation and existence, can be explained
by effects of the following factors. Here, disturbances in the
structure of host sediments may occur due to seismic and
tectonic processes (especially in fault zones), which may also
cause gas emissions. As is known, episodes of seismic and
volcanic/magmatic activity are currently observed in the Sea
of Okhotsk region. Another factor is apparently some
additional sources in the form of accumulations of

hydrocarbons, foci of post-magmatic processes, etc., which
will be considerd in subsequent publications.

4. Conclusions

Based on an extensive oceanographic data base for the Sea
of Okhotsk for the period from 1929 to 2020 and the use of
the GH stability conditions (Dickens GR and Quinby-Hunt
MS, 1994) for the “pure methane—seawater” system, the
spatiotemporal patterns of distribution of parameters at the
upper GHSZ boundary such as water temperature, salinity,
and GHSZ top depth are identified.

The data for the extreme periods in the annual variations
(May-June and November—December) has  shown
invariability of the major patterns of average long-term spatial
distribution of these parameters at the upper GHSZ boundary
in the Sea of Okhotsk. The Minimum values of the
temperature and GHSZ top depth (less than 1°C and 300-320
m, respectively) to occur off the eastern slope of Sakhalin
Island is found. Maximum water temperatures and GHSZ top
depth (1.5°C-2.0°C and 340-360 m, respectively) have
proven to be typical of the southeastern sea area adjacent
Kuril Islands.

The presented results are expected be in demand for
designing gas hydrates surveys in the Sea of Okhotsk and also
for studying the effect that GHs and consequences of their
dissociation exert on the distribution of marine
microorganisms. Furthermore, the position of the top depth
and the extent of GHSZ in the water column are the essential
parameters for modeling scenarios of methane hydrates
response to temperature variations near the seafloor and for
assessing the probability of methane emission into the
ecosystem. The patterns that is identified in this study will
find application in simulations to study the dynamics of
dissolution of rising gas bubbles in the water column.
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