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This investigation presents methane, noble gas isotopes, CTD, and stable isotopic data for
water samples collected in Niskin bottles at Tatar Strait during the spring seasons of
2015 and 2019 onboard the Russian R/V Akademik M.A. Lavrentyev. The results are
compared to previous research carried out in 1999 in a nearby portion of the Strait and
demonstrate that salinity and temperature can change appreciably. The CTD data from
1999 shows warm surface waters underlain by cold subsurface waters. In contrast, the
2015 data show the CTD data that show warm temperatures and high salinity extending
down from the surface well into intermediate waters, while the 2019 data show cold
surface waters underlain by even colder subsurface waters. CTD data collected above
active gas plume sites along Sakhalin Island’s western shore show no substantial
difference in temperature or salinity from the non-plume sites, and the methane
concentrations at all of the measured sites are significantly above saturation, even in
the shallow waters. Hydroacoustic data also suggest the presence of free gas and gas
hydrate–coated methane bubbles from the seafloor at least to the base of upper
intermediate waters. All of the intermediate and deep Japan Sea Proper waters in
Tatar Strait still retain tritiogenic 3He, similar to that observed throughout much of the
Japan Sea, indicating limited vertical exchange between these layers and surface waters.
An analysis of the δ13C of dissolved inorganic carbon in the seawater shows that positive
values are limited to surface waters and that the waters become progressively more
depleted in 13C with depth. The results are consistent with research over the past several
decades which has shown that ventilation of intermediate and deep Japan Sea Proper
water is somewhat limited, while both the temperature and salinity of surface and
subsurface water layers within the strait are sensitive to the balance between cold,
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less saline waters contributed by the Amur River/Primorye Current from the north and
warm, saline waters contributed by the Tsushima Current from the south.

Keywords: methane seep, Tatar Strait, ocean circulation, helium isotopic ratios, stable carbon isotopes,
hydroacoustics, salinity, Japan Sea

INTRODUCTION

Background
Recent research at Tatar Strait, located in the northernmost Japan
Sea, has indicated that surface water circulation patterns may
change significantly from one year to the next, influencing not
only the thermal structure of the strait but also potentially
influencing the distribution of zooplankton well as the
abundance and migration patterns of a variety of macrofaunal
species (Tarasyuk et al., 2002; Kobayashi et al., 2009; Velikanov,
2016; Dulenina et al., 2020). To provide a preliminary assessment
of the potential for changes in Tatar Strait circulation, we present
CTD (conductivity, temperature, and depth) results and gas
chemistry obtained on research cruises during the late spring
of 2015 and 2019 onboard the Russian R/V Akademik M.A.
Lavrentyev (cruises LV-70 and LV-85, respectively). The data is
compared to that obtained in 1999 (Postlethwaite et al., 2005) to
see if measurable changes have occurred over the past two
decades.

For the gas plume sites in eastern Tatar Strait, hydroacoustic
data are presented showing the active release of methane from
seafloor seeps at the time of sampling. We also present noble gas
isotopic data and compare this with earlier noble gas isotopic
determinations carried out in non-plume sites of the strait
(Postlethwaite et al., 2005). There are several reasons why the
noble gas isotopic analysis is a compelling procedure to elucidate
ocean circulation in general, as well as the behavior of gases at
both hydrothermal and cold seep sites. Mantle-derived gases are
more abundant in 3He, whereas radiogenic 4He is generated in
uranium- and thorium-rich crustal rocks such as granite. As such,
3He/4He ratios have been used to determine, for example,
whether mantle helium is present in methane hydrates located
in gas chimneys in the eastern margin of the Japan Sea (Snyder
et al., 2020). Adjacent to Tatar Strait, seeps and hydrocarbon wells
on Sakhalin Island have shown consistent mantle helium
signatures in the southern part of the island with crustal
signatures being predominant in the northern part of the
island (Lavrushin et al., 1996). Some helium anomalies have
been noted in seawater and sediment gas around the plume sites
(Shakirov et al., 2016) yet no previous noble gas isotopic studies
have determined whether this helium is derived from mantle
gases relating to rifting during the opening of the Tatar Trough,
or whether the helium is related to sedimentary and granitic rocks
of late Cretaceous to early Eocene which were subsequently
uplifted during the formation of Sakhalin Island (Glorie et al.,
2017) and which by now would have accumulated measurable
amounts of 4He.

Anaerobic oxidation of methane (AOM) has been shown to
influence the isotopic composition of dissolved inorganic carbon
in the pore waters of shallow sediments associated with gas seep

sites as has been the well documented in the Japan Sea. Sediment
pore waters associated with AOM at gas chimney sites in Umitaka
Spur, for example, yield δ13C values of around −40‰ (Hiruta
et al., 2015). The fate of methane in the water column is not well
understood, although the implications are important given it is
the potential of methane as a greenhouse gas. We look at the δ13C

FIGURE 1 | (A) Map of Tatar Strait and the Amur River, relative to the
Russian island of Sakhalin and the Japanese islands of Hokkaido and Honshu.
The red line shows the current geographical boundary for Tatar Strait. The
reference seep samples in this study are from Umitaka Spur in Japan
Sea to the south. (B) Map of southern Tatar Strait with principal surface
currents (After: Andreev, 2020; Pishchal’nik et al., 2010). Pr, Primorye Current;
Sst, Soya Strait; WS, West Sakhalin Current; AL, Amur Liman Current; Sc,
Schenk Current; Ts, Tsushima Current. Shelf areas (<500 m) of the strait are
shaded in light brown. Deeper areas of the strait comprising Tatar Trough
(>500 m) are shaded in green and blue. (C) Study area is located between
47⁰30′N and 48⁰30′N, near the Trough transitions from intermediate to
shallow depths. Orange represents transects LV85 A&B sampled in 5/
2019 and Violet represents LV70-L transect sampled in 6/2015. Yellow
represents sites from KH36 sampled in 7/1999 and reported previously
(Postlethwaite et al., 2005). Red represents Plume seep-C5 and seep-C6
from LV85. Green star represents Plume seep-C6 from LV70.
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values of dissolved inorganic carbon (DIC) in one plume site in
Tatar Strait, to see if methane oxidation in the water column is
significantly large to influence the dissolved carbon pool within
the water column. In addition, we calculate methane
oversaturation in the shallow waters at the sampled plume
sites and compare it with a reference site to see if it is
significantly higher.

Study Area
Tatar Strait is situated at the northernmost part of the Japan Sea,
between Sakhalin Island and the Russian Far Eastern districts of
Primorski Krai and Khabarovsk Krai (Figure 1A). The
northernmost extent of Tatar Strait comprises the 7.2 m deep
Amur Estuary at 53.7oN which is located to the south of the Amur
River mouth. The southern geographical boundary of Tatar Strait
begins at the tip of Sakhalin Island at 45.9oN, extends just south of
the Japanese Islands of Rebun and Rishiri, and then continues
back up to 45.9oN in Primorski Krai (red line on Figure 1A)
(Danchenkov, 2004). This boundary is for the most part
geopolitical, in that there are no bathymetric features which
either distinguish or isolate the southern extent of Tatar Strait
from the rest of the Japan Sea. Water depths in the central
southern portion of the strait are just over 2000 m, forming
the Tatar Trough (blue- and green-shaded areas in
Figure 1B), whereas north of 48.5o the Tatar Strait narrows
and the waters are all shallower than 500 m (tan-shaded areas in
Figure 1B).

Water circulation into the strait is limited to the Tsushima
Current, which flows northward along the length of the Japan Sea,
and to the Amur Liman Current, which flows from the mouth of
the Amur River into the northern reaches of Tatar Strait
(Figure 1B). The outflow of waters from the strait is either
back into the Japan Sea along the western margin by means of
the Primorye Current, or through Soya Strait and into the
Okhotsk Sea, between the islands of Sakhalin and Hokkaido
by means of the West Sakhalin Current. Internal circulation
within the strait is quite variable but includes the West
Sakhalin and the Schrenk currents (Andreev, 2018;
Pishchal’nik et al., 2010). As will be discussed, the vertical
structure of water masses in Tatar Strait can also be
influenced by the variable influx of waters from either the
Amur Liman Current, or from the Tsushima Current. This
influence can extend through the shallow surface and
subsurface waters, all the way down to the upper intermediate
waters (Danchenkov, 2004).

Our study area is located between 47.5oN and 48.5oN in Tatar
Strait (Figure 1C), including the eastern margin of the strait
where abundant gas seep plumes are located, deeper central
portion of the trough, and seep-free portion of the trough on
the eastern margin (Shakirov et al., 2019; Yatsuk et al., 2020). The
water depth is sufficient in the study areas to preserve the vertical
water mass structure (Danchenkov, 2004), and the study area also
includes the northern portion of the deep Tatar Trough. There
are four sampling transects (Figure 1C) running roughly parallel
from north to south: LV85-A sampled from 5/21 to 5/22, 2019;
LV70-L sampled from 6/21 to 6/24, 2015; KH36-J6 sampled from
7/28 to 7/29, 1999; and LV85-B sampled in 5/23, 2019. A number

of areas off the transects but above active gas plumes from the
easternmargin of the strait were sampled around the same time as
the transects, including LV85-seepsC5, LV85-seepC6, and LV70-
seepC6. To provide a non-seep reference for comparison, site
LV85-C2ref., located on the farthest west on the northernmost
transect was selected for more detailed study.

SAMPLING AND ANALYSES

Hydroacoustic observations were carried out during both the
June 2015 (LV70) and May 2019 (LV85) cruises using the sonar
system of the R/V Akademik M.A. Lavrentyev, which consists of
echo sounders Sargan-EM and ELAC, sonar Sargan-GM, a
multichannel digital registration system, and a GPS system.
The hydroacoustic system provides simultaneous registration
of echo signals up to four independent channels with
frequencies of 12, 20, and 135 kHz (Salomatin et al., 2014). At
a time of acoustic measurements, accurate vessel’s coordinates
were determined with GPS and using the operating frequencies of
20 kHz with a beam width of 10°.

During both the LV70 and LV85 cruises, a Sea-Bird SBE-9
CTD and Niskin Rosette system were deployed. Water column
salinity, temperature, and depth data were recorded over
1 s intervals and processed using Seasave ver. 7.26.2.13
(Supplementary Data). Seawater turbidity was also
determined using a SeaPoint Turbidity Meter which operates
with an 880 nm light source at scattering angles between 15o and
150o, with peak sensitivity covering approximately 90o. Turbidity
measurements are reported in Formazin Turbidity Units (FTU).
Upon shipboard recovery, water from the Niskin bottles was
immediately transferred into 68 ml glass sample bottles which
were hermetically sealed. The samples were then analyzed
onboard the R/V Akademik M.A. Lavrentyev for dissolved
gases (methane, hydrocarbon gases, carbon dioxide, nitrogen,
and oxygen) using shipboard gas chromatographic
instrumentation as described in Vereshchagina et al. (2013)
and Shakirov et al. (2019). In order to create headspace gas in
the 68 ml bottles, 12 ml high-purity helium was injected through
the rubber septum. After this, samples were shaken on a LS-110
mixing device to reach equilibrium between the liquid and the gas
phases. After mixing, an aliquot of the gas phase (4 ml) was taken
up by a syringe for a gas chromatographic analysis. Onboard gas
analysis was performed with a “KRISTALLUX-4000M” gas
chromatograph (“Meta-Chrom”, Yoshkar-Ola, Russia). The
chromatograph has three detectors: two thermal conductivity
(TCD) and one flame ionization (FID) detectors. FID allows one
to study the quantitative content of hydrocarbon composition
(C1–C6) with a sensitivity of 10−6%. Inorganic gases such as
nitrogen, oxygen, and carbon dioxide, as well as methane with a
concentration of more than 1%, are analyzed on a TCD, the
sensitivity of which is 0.01%. The gas chromatograph had two
packed columns: HayeSep R column, 2.5 m length, 2.5 mm i.d.,
80/100, “Meta-Chrome”; NaA column, 3 m length, 3 mm i.d., 60/
80. The temperature program of the chromatographic column
was isothermal—50 °C, 5 min hold. Temperature detectors were
set at 195 °C for the evaporator and 160 °C for the carrier gas
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which was ultrapure helium. The carrier gas flow rate was set at
20 ml/min for helium, 30 ml/min for hydrogen, and 250 ml/min
for air. Calibration gas mixtures of methane were manufactured
by PGS Service (1, 10, 20, 100, and 1000 ppm and 1%). The
relative error of measurements did not exceed 5%. The laboratory
gas geochemistry, POI FEB RAS is certified for measurements by
Rosstandart (Federal Agency on Technical Regulating and
Metrology, Russia). The concentrations of methane dissolved
in seawater were calculated by technique described by
Yamamoto et al. (1976) and modified by Wiesenburg and
Guinasso (1979), using the solubility constants of the gases
and are reported in nmol/L (Table 2). Oxygen concentrations
were used to determine if the samples were subject to air
contamination, and in one case (Table 2, LV85-5–150 m) the
sample results were discarded and not considered in the figures or
data analysis.

In addition to the aforementioned sampling and analyses, two
additional sample splits were collected during LV85 from
seepC6 and seepC5 (Figure 1C). Seawater samples were
transferred directly from the Niskin bottles to copper tubing
for later noble gas analysis using the procedures described in
Takahata et al. (2008). In addition, for seepC5, 100 ml of seawater
aliquots were filtered and introduced into evacuated flasks which
each contained 100 mg sulfamic acid using a method adapted
from Atekwana and Krishnamurthy (1998) and also employed at
submarine seep sites by Hiruta et al. (2015) for later
determination of the δ13C values for dissolved inorganic
carbon (DIC). Solid, reagent-grade sulfamic acid (HOS2NH2)
was used, rather than phosphoric acid employed in the method of
Atekwana and Krisnamurthy (1998), due to its ease in handling
under shipboard conditions (Kawagucci et al., 2013). In addition,
during cruise LV-85, the atmospheric methane concentrations
were determined using a Picarro gas concentration analyzer so
that the flux of methane from shallow water to the atmosphere
could later be calculated above the two sites LV85-seepC6 and
LV85-seepC5 as well as above a reference site (LV85-C2ref.)
shown in Figure 1C.

At the end of the cruise, both the sealed copper tubes and the
glass flasks for the DIC analysis were shipped fromVladivostok to
the Atmosphere and Ocean Research Institute (AORI),
University of Tokyo, Japan for analysis at the Noble Gas
Isotope Laboratory. For noble gas isotopic composition, the
dissolved gas in the seawater was transferred from the copper
tubing using methods described in Takahata et al. (2008). The
procedures for the noble gas isotopic analysis are described in
Sano and Nakjima, (2008) and Park et al.(2006). Helium and
neon were separated from the gas using a combination of
charcoal traps kept at liquid nitrogen temperature as well as
hot titanium getters. The ratios of 20Ne/4He were determined
using a Pfeiffer Vacuum Prisma quadrupole mass spectrometer.
Helium was separated from neon using a 40K charcoal
trap. Helium isotopic composition was determined using a GV
Instruments Helix SFT noble gas mass spectrometer, and the
ratios of 3He/4He were normalized to the air ratio (RA=1.4 x
10−6). Precision of the 3He/4He ratios is ± 0.01 RA. The results are
listed in Table 2. Of the 18 samples analyzed from the gas plumes,
two samples showed signs of atmospheric contamination with

20Ne/4He similar to the air ratio of 3.14. The noble gas isotopic
composition was not further considered for the two air-
contaminated samples which were LV85-seepC5–12 (0 m
water depth) and LV85-seepC6–2 (316 m water depth) due to
air contamination.

For the stable isotopic composition of DIC, the gas sample in
the headspace of the sampling bottle (5–10 ml), including CO2

liberated fromDIC, was transferred to a glass vial, which was pre-
filled with pure helium. The carbon isotope ratio of samples was
then measured with a conventional continuous flow mass
spectrometer (Delta V plus, Thermo Fisher Scientific). The
carbon isotope ratio is expressed as conventional delta
notation (δ13C) with respect to Pee Dee Belemnite (PDB).
NBS-19 (δ13C=1.95‰) served as the standard material to
determine δ13C of the sample. Repeated analyses of NBS-19
yielded the reproducibility of δ13C measurement better than ±
0.2‰. After measuring the reference CO2 gas three times, the
sample CO2 gas was analyzed six times. The standard deviation
for sample gas varied from 0.02‰ to 0.1‰, depending on the
intensity.

RESULTS

In order to provide a consistent depth reference, the results are
presented in the context of the eight recognizable water
masses, as described by Danchenkov (2004), which provide
the vertical seawater structure found in Tatar Strait (Figure 2)
and are consistent with water layers found in the Japan Sea in
general. The water masses have been numbered in the figures
and discussion as follows: a surface water mass (I) which
generally extends down to around 40 m. In areas where the
Tsushima Current is present, surface water (I) may be
subtropical and saline (>34.1 Practical Saline Units, PSU).
In other areas where the surface water is influenced more by
the Amur and Primorye currents, surface water (I) is subarctic,
cold, and has low salinity. A subsurface water mass (II) is
generally restricted to the upper 75 m and may consist of either
subtropical or subarctic water and depending on which is
denser than the prevailing surface waters. Below the surface
(I) and subsurface (II) waters are intermediate waters (III). Just
as the Japan Sea in general may be characterized by
intermediate and central waters (Jenkins, 2008), Tatar Strait
intermediate waters are subdivided into upper (IIIa) and lower
(IIIb) water masses. The upper (IIIa) is slightly warmer with
low-salinity (33.96–34.04 PSU, 3–4 °C), while the lower (IIIb)
is colder and with high-salinity (>34.06 PSU, 1–2 °C). The
relative thickness of IIIa and IIIb is variable, but the combined
intermediate water mass extends from 75 to 300 m. Below
300 m is the deep Japan Sea Proper water mass (IV) with
temperatures indistinguishable from those of the rest of the
Japan Sea deep waters at 0.12–1.2 °C and salinities of
34.05–34.08 PSU. Finally, a slightly warmer bottom water
mass (V) can be present just above the seafloor, but it is
found only in the deepest parts of the Tatar Trough located
to the south of our study area and need not be considered in
this study.
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Hydroacoustic Flares at Methane Seep
Sites
Methane seeps from the eastern margin of Tatar Strait are readily
identified by hydroacoustic flares, or areas of high reflection
intensity in the echograms which are shown plotted against
time (Figure 3), and are situated at depths of 300–350 m. The
hydroacoustic flare at the site LV85-seepC6 was observed in 2019
(Figure 3A) and is from the same gas chimney structure as the
site LV70-seepC6 in 2015 (Figure 3B), while the site LV85-
seepC5 is situated along the same margin, but to the south
(Figure 3C). The reference site LV85-C2ref. is situated 64 km
to the west of plume LV85-seepC6, (Figure 1C) along transect
LV85-A and does not show any evidence of flaring at all
(Figure 3D). Where flares are apparent, the highest reflection
intensity is in deep Japan Sea Proper water (IV) and attenuates as
the gas rises through lower intermediate water (IIIb),
disappearing completely toward the top of upper intermediate
water (IIIa) and subsurface water (II).

In addition, all of the echograms in this study reveal a number
of reflective areas or sound scattering layers (SSL), including the
reference site, (Figure 3D) which do not appear to be related to
gas seep activity or rising gas bubbles. The SSL are most intense in
the Surface (I) and Subsurface (II), although similar layering is
observed in lower intermediate (IIIb) water.

Salinity and Temperature Trends Along the
Transects Crossing the Strait
Depth profiles were constructed with salinity (in Practical Salinity
Units, PSU) and temperature (oC) as well as turbidity (in
Nephelometric Turbidity Units, NTU). The data from the
2015 and 2019 cruises in this study (Supplementary Data), as
well as those of those of the 1999 cruise, (Postlethwaite et al.,
2005) are plotted against depth (Figures 4A,B). Turbidity was not
available from the 1999 study, so the depth profile for turbidity
only considers data from 2015 to 2019.

As can be observed with the temperature depth profiles
(Figure 4A), samples show a strong temperature minimum at
the boundary between surface (I) and sub-surface (II) waters in
1999 (KH36) and 2019 (LV85). This boundary appears to be
missing in 2015 (LV70). In addition, with the 2015 sites, there is
an inflection at or just above the boundary between upper (IIIa)
and lower (IIIb) water masses. Both 1999 (KH36) and 2015
(LV70) waters show higher temperatures in the surface and
subsurface waters than that observed in 2019 (LV85). These
differences decrease with depth, but do extend all the way to
the base of the lower intermediate waters (IIIb). For each of the
given years, there are no apparent differences between the
different cross-basin transects, nor is there an apparent
difference between seep temperatures and the temperatures of
non-seep transect sites.

Salinity increases rapidly with depth in the surface waters
(Figure 4B). For both 1999 (KH36) and 2015 (LV70), the
salinities largely coincide as opposed to the less saline 2019
(LV85) samples. For both KH36 and LV70, salinities reach
maximum values in the shallow subsurface (II), as opposed to

the LV85 sites where salinity continues to increase until the base
of the upper intermediate (IIIa) waters. Turbidity is, in all cases,
greatest in the deepest waters of all sites, regardless of what depth
that actually is (Figure 4C). The 2015 LV70 transect-C sites show
an increase in turbidity with depth in surface waters (I), followed
by a decrease in the sub-surface (II), followed by fairly constant
turbidity until the waters near the bottom. This increase coincides
with the area of SSL in the hydroacoustic data associated with the
nearby plume (Figure 3C), which will be further discussed.

A cross-plot of salinity versus temperature (Figure 4D) clearly
shows how the water compositions converge in the deeper Japan
Sea Proper waters (IV), but diverge greatly in the shallow
subsurface (II) and surface waters (I). In addition to the CTD
data, isopycnal lines were calculated using the UNESCO formula
(Massel, 2015) and plotted in the same figure. The most recent
waters from 5/2019 (LV85) trend toward low-salinity, low-
temperature sub-arctic waters. The next most recent waters
from 6/2015 (LV70) show the greatest influence of shallow,
high-salinity subtropical waters. Waters from two decades
previous, in 7/1999 (KH36), are situated in-between those of
the two most recent cruises. It is interesting that shallow and
intermediate waters can vary greatly from year to year, but the
overall density trend with depth remains constant with low-
salinity and cold shallow and intermediate water masses having
nearly the same density as high-salinity warm waters from the
same water masses.

In order to visually evaluate the spatial distribution of
temperature and salinity in the water column, Generic
Mapping Tools (Wessel et al., 2019) was used to
interpolate between the CTD sites for transects in 2019,
2015, and 1999 (Figures 5, 6; Supplementary Figures S1,
S2). The seafloor position was mapped according to Gebco’s
Bathymetry Data (IOC, IHO and BODC, 2003). The transects
studied include the northernmost deep portion of the trough
(Figure 1C).

Cross-basin temperature profiles (Figure 5) clearly show
layering consistent with that of the depth profile in Figure 4A.
Both 2019 (LV85) sections (Figures 5A,B) show a warm
surface water mass underlain by cold sub-surface waters
and slightly warmer intermediate waters underlain by colder
deep waters. The 1999 section (Figure 5C) shows surprisingly
little difference when compared to the corresponding nearby
2019 section (Figure 5B), despite two decades having elapsed
between the two cruises. The surface waters are warmer for
1999 (as seen in Figure 4B), perhaps since they were sampled
in July rather than in May, but temperatures in the sub-surface
waters and deeper are not discernible from 2019. Very striking
differences are observed in 2015, however, where there are
high temperatures which extend from the surface through the
subsurface, and even somewhat into the intermediate waters
(Figures 4A, 5D). Data from the 2019 transects were combined
with the data from the two plume sites of that year to see
anomalies in surface and bottom waters (Supplementary
Figure S1). In general, a plume of somewhat cooler waters
(by about 2 °C) seems to extend over the surface waters from
north to south, just west of the slope on the Sakhalin Island
side of the trough. Bottom waters are uniformly cold at near-
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zero temperatures throughout the sampled area, with only
slightly warm bottom waters in the shallowest site which is
closest to the Sakhalin coast.

Cross-basin profiles of salinity also demonstrate how
different the 2015 data is. Both of the 2019 profiles (Figures
6A,B) show very dilute surface waters, underlain by somewhat
more saline subsurface waters, and intermediate waters that
are slightly less saline than the deep waters. Once again, the
1999 waters from Postlethwaite et al. (2005) are not
appreciably different (Figure 5C) from those of 2019. In
contrast, the 2015 profile (Figure 5D) shows saline surface
waters, very saline subsurface waters, slightly less saline
intermediate waters, and finally saline deep waters. The
most striking feature in the 2015 profile is the highly saline
subsurface waters, clearly influenced by the subtropical
Tsushima Current. As with temperature, the interpolated
salinity values from 2019 were also mapped for surface and
bottom waters (Supplementary Figure S2). On the surface,
areas of slightly greater salinity are observed both to the west
and to the east of the low-temperature surface waters (shown
in Supplementary Figure S1A); however, a clearly-lineated
low-salinity plume is not observed. Bottom waters are
uniformly more saline (Supplementary Figure S2B), with
the exception of slightly less saline waters on the margins of
Sakhalin Island. Still, in 2019, surface waters are less saline
than bottom waters, even along the coastal margin.

Plume Site Depth Trends and Methane
Concentrations
One point of interest with submarine gas seeps is the depth of
hydrate stability within the water column in the area where the gas is
ascending. The phase boundary between pure methane hydrate and
methane gas in seawater was calculated using the following
simplified relationship (Dickens and Quinby-Hunt, 1994):

T−1 � 3.79 x 10−3 − 2.83 x 10−4 (logP), [1]
where T is temperature in K, P is pressure in MPa, and the
pressure gradient is assumed to be 1 x 10–2 MPa/m.

FIGURE 2 | Vertical structure of in Tatar Strait seawater showing eight
discernible water masses (after Danchenkov, 2004). Surface (I), subsurface (II),
and intermediate (IIIa, b) water masses are influenced by changes in the
relative amounts of water from the southbound Primorye Current and the
northward migrating Tsushima Current. Japan Sea Proper water (IV) is
generally found below 300 m and shows less variation. Slightly warmer
bottom waters (V) are found only in the part of Tatar Trough to the south of our
study area.

FIGURE 3 | (A) Hydroacoustic data, depth versus time, for LV85-
seepC6, showing the gas plume position as well as the position of the CTD
during sampling during 5/2019. Sound scattering layers (SSL) infer the
presence of zooplankton in the upper 50–70 m and possibly deeper. (B)
Hydroacoustic data for LV85-seepC5 sampled during 5/2019. (C)
Hydroacoustic data for LV70-seepC6, sampled during 6/2015 adjacent to the
same location as LV85-seepC6. (D) Hydroacoustic data for reference site
LV85-C2ref., located on the western margin where there are no gas plumes.
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The CTD data is matched with intervals where the Niskin
bottle water was sampled (Table 1), in order to provide a direct
comparison with gas chemistry and isotopic composition

(Table 2). In order to compare seawater above the plume sites
(LV70-seepC6, LV85-seepC6, and LV85-seepC5), the reference
site located at a similar depth on the western margin of Tatar
Strait is also included (LV85-C2ref., Figure 1C), as well as the
non-plume sites with noble gas data sampled in 1999
(Postlethwaite et al., 2005). Also presented for comparison are
data from a major plume site Umitaka Spur (Saegusa et al., 2007;
Takahata et al., 2008), which is located in the Japan Sea just
offshore Niigata Prefecture and 1200 km to the southeast of our
study area (Figure 1A), collected in 5/2005. As can be observed
(Figure 7A), the temperatures for all of the sites converge near the
top of the Japan Sea Proper water mass (IV), between 250 and
300 m. It is also apparent that waters in the deep Japan Sea Proper
waters (IV) can host stable gas hydrate, including at the base of
plume sites LV70-seepC6, LV85-seepC5, and LV85-seepC6 as
well as through much of the water column in the central portion
of Tatar Trough and in Umitaka Spur. At depths of ~900 m, as
observed in Umitaka Spur, hydrate can be stable in seawater at
temperatures below 10 °C. This is much warmer than the deep
Japan Sea Proper (IV) waters at ~0.4 °C, which could host rising
gas hydrate bubbles to depths shallow as 313 m.

Both temperature (Figure 7A) and salinity (Figure 7B) were
combined with pressure to calculate water density in g/cm3

(Figure 7C) using the UNESCO formula (Massel, 2015). Unlike
temperature and salinity which can vary significantly in surface (I)
and subsurface (II) between sampling years and localities, density
largely coincides between the different sampling years and localities.
From surface (I) to subsurface (II) there is a rapid increase in density
followed by a gradual, nearly linear increase in density from
subsurface (II) to deep Japan Sea Proper waters (IV).

Methane concentrations for the plume and reference sites are
shown plotted against depth (Figure 7D). Many of the
LV85 plume samples are not appreciably different from the
reference site (LV85-C2Ref.), with the exception of some
elevated values near the top of the deep Japan Sea Proper
waters (IV) and a few high values in the upper intermediate
(IIIa) and lower intermediate (IIIb) waters. Water sampled in
2015 at the site LV70-C6, however, shows uniformly higher
values than the LV85 plumes and reference site, with one
extremely high methane concentration in the subsurface (II).

As has been documented previously (Shakirov et al., 2019),
methane concentrations can exceed saturation around the Tatar
Strait plume sites. To determine to what degree oversaturation is
present, the oversaturation ratio (SR) for methane (Kudo et al.,
2018) was determined as follows:

SR(%) � ([[CH4]w/[CH4]a] − 1) × 100%, [2]
where [CH4]w and [CH4]a are the observed concentration in
seawater and the calculated saturation concentration of dissolved
atmospheric methane in seawater, respectively. The value of
[CH4]a in nmol/L is calculated as follows:

ln[CH4]a � ln fG + A1 + A2(100/T) + A3 ln(T/100)
+ A4(T/100) + S[B + B (T/100) + B (T/100)2],

[3]

FIGURE 4 | Water column salinity and temperature profiles determined
from CTD data. Isopycnal lines (g/cm3) calculated from the UNESCO formula
(Massel, 2015). Appreciable changes have occurred from between the three
sampling years in shallow to upper intermediate waters. (A) Temperature
profiles show warm surface waters (I) in 1999 and 2015. Cold subsurface
waters (II) are observed in both 1999 and 2019. Temperatures from each
sampling year converge in the Deep Japan Sea Proper water mass (IV). In both
2015 and 2019, there is no appreciable difference in the temperatures was
observed for seep and non-seep sites. (B) Salinity profiles show the highest
values in lower surface (I) and subsurface waters (II) collected in 2015 and
1999. As with temperature, there is that are largely coincident in lower
intermediate (IIIb) and Japan Sea proper (IV) waters. (C) Turbidity is generally
greatest in samples closest to the seafloor; however, some inflections occur
between water layers. (D) Temperature-salinity plot showing that while
samples from 1999, 2015, and 2019 diverge in surface (I) and sub-surface
water masses (II), they still fall into similar density fields for any give depth. The
samples from all three years converge with depth in the Japan Sea Proper
water mass (IV).
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where fG is the concentration of atmospheric CH4 in ppmv, T is
seawater temperature in K, S is salinity in PSU, and the
coefficients for solubility concentration in nmol/L are
(Wiesenburg and Guinasso, 1979) A1 = −415.2807, A2 =
596.8104, A3 = 379.2599, A4 = −62.0764, B1 = −0.05916, B2 =
0.032174, and B3 = −0.0048198. The atmospheric fG is generally
around 2 ppmv. Actual atmospheric values were measured
onboard the R/V Akademik M.A. Lavrentyev during cruise
LV85 at the time of Niskin bottle sampling (Supplementary
Table S3) and range from 1.89 ppmv to 2.02 ppmv. For LV70-
seepC6, we assume the same atmospheric concentration for
LV85-seepC6 of 1.97 ppmv. For Umitaka Spur, we assume an
atmospheric fG = 1.89 ppmv (Kudo et al., 2018). Both methane
concentrations in nmol/L and the derived SR are reported in
Supplementary Table S1. Methane gas concentrations were not
measured for the 1999 KH-76 cruise (Postlethwaite et al., 2005).

It is worth noting that this approach, as applied to this study
and others (e.g., Kudo et al., 2018) does not contain a pressure
term and only calculates the percent saturation relative to surface
conditions. Nonetheless, it does provide a means of comparison
over time and between sites which integrates measured headspace
gas, seawater temperature, and salinity. Using this approach, the
waters above the gas plumes as well as the reference sites show
positive oversaturation ratios throughout the range of
measurement depths (Figure 7E), meaning gas would exsolve
from such water when brought to the surface. In some cases, a
shallowmaximum oversaturation occurs at 50–75 m depth, either

in the subsurface (II) or the top of the upper intermediate (IIIa)
waters. For the 2019 reference site LV85-C2ref., the maximum is
205% at 50 m. For the 2015 plume gas sample LV70-seepC6, the
corresponding shallow maximum oversaturation value is 5212%
at 60 m. Other sites have deeper maximum saturation ratios,
either near the seafloor or at the boundary between upper and
lower intermediate (IIIb) waters, or between lower intermediate
(IIIb) waters and Japan Sea Proper (IV) waters. For example, at
305 m depth LV85-seepC6 reaches a methane oversaturation
ratio of 2386%, while at 200 m LV85-seepC5 reaches an
oversaturation ratio of 3740% (Table 2).

Noble Gas Isotopic Composition in
Seawater Above plumes and Reference
Sites
The noble gas isotopic composition was determined for two
plume sites in Tatar Strait from cruise LV85 (Table 2), which
we compared with the previously mentioned Umitaka Spur
plume site (Saegusa et al., 2007; Takahata et al., 2008).
Because the availability of noble gas sampling materials was
somewhat limited on cruise LV85, we did not sample the
reference site but instead compared our results with the
1999 noble gas determinations from non-plume sites
(Postlethwaite et al., 2005).

Seawater in the Japan Sea generally does not show measurable
amounts of mantle helium (Postlethwaite et al., 2005; Takahata

FIGURE 5 | (A)Cross-basin temperature transect in 5/2019, showing shallow warm surface waters underlain by cold subsurface, slightly warmer intermediate and
cold deep waters. (B) Shorter transect to the south, showing similar thermal layering. (C) Similar cross-basin transect from 7/1999, shows cooler waters in the shallow
western portion of the basin, along the Primorye coast and warmer along the Sakhalin coast. (D) Extremely warm shallow and intermediate waters in 6/2015.
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et al., 2008) and the samples in this study are no exception. Since
the changes in 3He/4He ratios are small, it is convenient to refer to
the helium isotopic composition using delta notation.

δ3He �
[
3He
4He]samp.

− [
3He
4He]air

[
3He
4He]air

X 100%, [4]

where Rair =
3He/4Heair = 1.4 x 10–6.

We report both air-normalized 3He/4He ratios and δ3He
values for the plumes and reference sites. Depth profiles
(Figure 7F) show a near-linear increase in δ3He which is
observed for both the Umitaka Spur and Tatar Strait
samples, starting at air-saturated seawater values
(δ3He= −1.5%) in surface (I) waters to 5%–7% in the upper
portions of Japan Sea Proper (IV) waters. The δ3He values for
Tatar Strait waters increase more rapidly with depth than the
Umitaka Spur values, reaching maximum values at 200–300 m
above the seafloor. These increases are fairly typical of Japan
Sea and elsewhere and are not due to the admixture of
relatively 3He-enriched mantle gas from the seafloor, but
rather contributions of tritiogenic 3He produced during the
surface nuclear weapons testing in the mid-1960’s. The
presence of tritiogenic 3He provides some indication of the
limited exchange of water masses between shallow surface (I)
and subsurface (II) waters, with the older, deeper intermediate
(III) and Japan Sea Proper (IV) water masses (Postlethwaite
et al., 2005; Jenkins, 2008; Takahata et al., 2008; Gamo et al.,

2014). Tritium undergoes β-decay producing both a β electron
(e−) and an antineutrino (�υ):

3H → 3He + e− + �υ, t1
2
� 12.43yr. [5]

Given the short half-life, practically all of the anthropogenic
tritium from the 1960’s has decayed to 3He. Although tritium
analyses were not measured in this study, previous studies have
shown the correlation between 3H and δ3He values in
intermediate and deep waters which are similar to those found
in this study (Postlethwaite et al., 2005; Takahata et al., 2008).

The ratios of 20Ne/4H also give some indication of the amount
of helium added to air-saturated seawater from sources such as
mantle gases and radiogenic sources. As will be shown, however,
the ratios are also temperature dependent and at lower
temperatures, the solubility of helium increases more relative
to neon. Salinity also has an influence, although in the conditions
of this study, much less than temperature. A useful method for
discussing the relative amount of neon and helium is a deviation
from the equilibrium solubility ratio under the observed
temperature and solubility conditions (after Nicholson et al.,
2011).

Δ
20Ne
4He

�
[
20Ne
4He ]samp.

− [
20Ne
4He ]eq.

[
20Ne
4He ]eq.

X 100%. [6]

The equilibrium solubility ratios [20Ne
4He ]eq. were calculated using

the Bunsen solubilities for each gas using experimentally

FIGURE 6 | Salinity values in southern Tatar Trough. (A) Cross-basin profile in 5/2019 show less saline surface, sub-surface, and upper intermediate waters. (B)
Transect to the south from 5/2019 shows similar layering. (C) Profile from 7/1999 shows the less saline surface water mass and subsurface low salinity water mass are
thicker on the Primorye side of the basin than the Sakhalin Side. (D) Short transect from 6/2015 shows predominantly high salinity waters, particularly in the subsurface.
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TABLE 1 | Location and depth of samples collected with Niskin bottles, as well as corresponding temperature and salinity from CTD. Density is calculated from pressure,
temperature, and salinity (Massel, 2015).

Cruise Site Date Long. Lat. Depth Temperature Salinity Density
(ρ)

(E) (N) (m) (°C) (PSU) (g/cm3)

Tatar Strait Slope Seeps [1]

LV-85 C5 05/23/2019 141.367 47.722 0 4.331 32.593 1.025990

LV-85 C5 05/23/2019 141.367 47.722 50 1.064 33.875 1.027290
LV-85 C5 05/23/2019 141.367 47.722 75 1.165 33.933 1.027330

LV-85 C5 05/23/2019 141.367 47.722 100 1.582 34.035 1.027383
LV-85 C5 05/23/2019 141.367 47.722 150 1.356 34.051 1.027412

LV-85 C5 05/23/2019 141.367 47.722 200 0.969 34.057 1.027432

LV-85 C5 05/23/2019 141.367 47.722 250 0.969 34.057 1.027442
LV-85 C5 05/23/2019 141.367 47.722 326 0.885 34.058 1.027448

LV-85 C5 05/23/2019 141.367 47.722 336 0.885 34.058 1.027448
LV-85 C6 05/23/2019 141.392 47.982 0.15 3.382 32.556 1.026053

LV-85 C6 05/23/2019 141.392 47.982 40 −0.708 33.128 1.026781
LV-85 C6 05/23/2019 141.392 47.982 75 0.303 33.585 1.027103

LV-85 C6 05/23/2019 141.392 47.982 100 1.079 33.868 1.027284

LV-85 C6 05/23/2019 141.392 47.982 150 1.622 33.993 1.027346
LV-85 C6 05/23/2019 141.392 47.982 200 1.658 34.035 1.027377

LV-85 C6 05/23/2019 141.392 47.982 250 1.233 34.033 1.027405
LV-85 C6 05/23/2019 141.392 47.982 306 0.841 34.000 1.027404

LV-85 C6 05/23/2019 141.392 47.982 316 0.839 34.038 1.027435

LV-70 C6 06/19/2015 141.392 48.246 0 10.731 33.617 1.025903
LV-70 C6 06/19/2015 141.392 48.246 34 7.335 33.826 1.026598

LV-70 C6 06/19/2015 141.392 48.246 60 4.461 33.879 1.026998
LV-70 C6 06/19/2015 141.392 48.246 95 3.874 33.999 1.027154

LV-70 C6 06/19/2015 141.392 48.246 142 3.001 33.991 1.027232
LV-70 C6 06/19/2015 141.392 48.246 174 2.373 33.990 1.027286

LV-70 C6 06/19/2015 141.392 48.246 202 2.307 34.019 1.027314

LV-70 C6 06/19/2015 141.392 48.246 230 2.157 34.025 1.027331
LV-70 C6 06/19/2015 141.392 48.246 258 2.070 34.027 1.027339

LV-70 C6 06/19/2015 141.392 48.246 286 1.553 34.037 1.027387
LV-70 C6 06/19/2015 141.392 48.246 310 1.359 34.041 1.027404

LV-70 C6 06/19/2015 141.392 48.246 319 1.267 34.042 1.027411

Tatar Strait W. Slope References Site [1]
LV85 C2 5/21/19 140.5895 48.20316 0 4.644 32.498 1.025882

LV85 C2 5/21/19 140.5895 48.20316 50 0.630 33.671 1.027154

LV85 C2 5/21/19 140.5895 48.20316 75 0.942 33.823 1.027257
LV85 C2 5/21/19 140.5895 48.20316 100 1.043 33.874 1.027291

LV85 C2 5/21/19 140.5895 48.20316 150 1.190 33.936 1.027331
LV85 C2 5/21/19 140.5895 48.20316 200 1.059 33.988 1.027381

LV85 C2 5/21/19 140.5895 48.20316 300 0.820 34.040 1.027439
LV85 C2 5/21/19 140.5895 48.20316 364 0.781 34.040 1.027441

LV85 C2 5/21/19 140.5895 48.20316 374 0.781 34.040 1.027441

Tatar Strait Slope and Trough [2]
KH-35 124 07/28/1999 141.4400 48.0000 3.2 11.105 33.243 1.025548

KH-35 124 07/28/1999 141.4400 48.0000 66.3 2.2516 34.038 1.027334

KH-35 124 07/28/1999 141.4400 48.0000 111.7 1.8835 34.031 1.027358
KH-35 125 07/28/1999 141.0400 48.0000 4.2 11.793 33.089 1.025307

KH-35 125 07/28/1999 141.0400 48.0000 21.6 2.903 33.688 1.026999
KH-35 125 07/28/1999 141.0400 48.0000 40.0 1.289 33.825 1.027235

KH-35 125 07/28/1999 141.0400 48.0000 139.6 1.214 33.981 1.027366
KH-35 125 07/28/1999 141.0400 48.0000 254.4 1.251 34.076 1.027439

KH-35 125 07/28/1999 141.0400 48.0000 348.4 0.835 34.071 1.027463

KH-35 125 07/28/1999 141.0400 48.0000 441.9 0.606 34.070 1.027476
KH-35 125 07/28/1999 141.0400 48.0000 648.6 0.327 34.067 1.027490

KH-35 125 07/28/1999 141.0400 48.0000 801.0 0.233 34.065 1.027493
KH-35 125 07/28/1999 141.0400 48.0000 838.4 0.235 34.065 1.027493

KH-35 127 07/29/1999 140.7533 48.0000 3.6 12.100 32.945 1.025141

KH-35 127 07/29/1999 140.7533 48.0000 69.5 1.273 33.924 1.027316
KH-35 127 07/29/1999 140.7533 48.0000 160.5 0.669 33.968 1.027390

KH-35 127 07/29/1999 140.7533 48.0000 219 0.833 34.022 1.027424
KH-35 127 07/29/1999 140.7533 48.0000 268.5 0.718 34.042 1.027447

KH-35 127 07/29/1999 140.7533 48.0000 362.4 0.652 34.048 1.027456
KH-35 128 07/29/1999 140.4150 48.0017 28.9 1.0184 33.280 1.026815

KH-35 128 07/29/1999 140.4150 48.0017 59 0.2819 33.762 1.027246

KH-35 128 07/29/1999 140.4150 48.0017 116.9 0.6764 33.938 1.027365
Umitaka Spur, Niigata Prefecture [3]

KT05-11 1D1-12 05/19/2005 137.33 41.35 300.63 1.3965 34.1551 1.027492
KT05-11 1D1-11 05/19/2005 137.33 41.35 499.63 0.6234 34.1704 1.027555

KT05-11 1D1-9 05/19/2005 137.33 41.35 720.3 0.3476 34.1707 1.027571

KT05-11 1D1-1 05/19/2005 137.33 41.35 911.29 0.2521 34.1689 1.027574

[1] This study, [2] Postlethwaite et al., 2005, and [3] Takahata et al., 2008; Saegusa et al., 2007.
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TABLE 2 | Noble gas, methane, and dissolved inorganic carbon stable isotopic data for samples collected in Niskin bottles.

Cruise Site Depth 3He/4He δ3He 20Ne/4He Δ20Ne/4He CH4 CH4 SR δ13CDIC

(m) (R/Rair) (%) (%) (nmol/L) (%) (‰)

Tatar Strait Slope Seeps [1]
LV-85 C5 0 a.c. a.c. a.c. a.c. 5.7 63.0 0.02
LV-85 C5 50 0.982 ± 0.01 −1.8 3.81 −3.48 13.2 245.6 −0.66
LV-85 C5 75 0.979 ± 0.01 −2.1 3.71 −6.14 31.4 728.8 −0.74
LV-85 C5 100 0.997 ± 0.01 −0.3 3.67 −6.93 31.5 740.6 −0.87
LV-85 C5 150 1.007 ± 0.01 0.7 3.58 −9.24 a.c. a.c. −0.86
LV-85 C5 200 1.001 ± 0.01 0.1 3.51 −11.16 145.8 3740.5 −0.86
LV-85 C5 250 1.023 ± 0.01 2.3 3.93 −0.61 42.7 1020.1 −0.96
LV-85 C5 326 1.035 ± 0.01 3.5 3.79 −4.22 35.7 834.8 −0.93
LV-85 C5 336 1.039 ± 0.01 3.9 3.75 −5.25 34.4 801.4 −1.05

LV-85 C6 0.15 0.984 ± 0.01 −1.6 3.72 −5.04 5.3 50.8 n.d.
LV-85 C6 40 0.988 ± 0.01 −1.2 3.96 −0.81 7.7 96.4 n.d.
LV-85 C6 75 0.991 ± 0.01 −0.9 3.94 −0.63 8.3 118.7 n.d.
LV-85 C6 100 0.989 ± 0.01 −1.1 4.00 1.30 8.4 126.2 n.d.
LV-85 C6 150 0.984 ± 0.01 −1.6 3.94 0.05 7.6 109.1 n.d.
LV-85 C6 200 0.97 ± 0.01 −3 3.67 −6.90 8.3 127.8 n.d.
LV-85 C6 250 1.022 ± 0.01 2.2 3.76 −4.76 14.7 299.0 n.d.
LV-85 C6 306 1.033 ± 0.01 3.3 3.76 −4.94 92.9 2386.2 n.d.
LV-85 C6 316 a.c. a.c. a.c. a.c. 46.1 1134.6 n.d.
LV-70 6 0 n.d. n.d. n.d. n.d. 11.1 301.1 n.d.
LV-70 6 34 n.d. n.d. n.d. n.d. 29.4 879.3 n.d.
LV-70 6 60 n.d. n.d. n.d. n.d. 172.0 5212.0 n.d.
LV-70 6 95 n.d. n.d. n.d. n.d. 46.1 1303.6 n.d.
LV-70 6 142 n.d. n.d. n.d. n.d. 26.5 687.3 n.d.
LV-70 6 174 n.d. n.d. n.d. n.d. 17.0 396.7 n.d.
LV-70 6 202 n.d. n.d. n.d. n.d. 29.4 758.3 n.d.
LV-70 6 230 n.d. n.d. n.d. n.d. 24.0 596.4 n.d.
LV-70 6 258 n.d. n.d. n.d. n.d. 24.1 597.9 n.d.
LV-70 6 286 n.d. n.d. n.d. n.d. 30.8 777.6 n.d.
LV-70 6 310 n.d. n.d. n.d. n.d. 23.9 577.8 n.d.
LV-70 6 319 n.d. n.d. n.d. n.d. 121.5 3340.8 n.d.

Tatar Strait W. Slope References Site [1]
LV85 C2 0 n.d. n.d. n.d. n.d. 5.3 64.3 n.d.
LV85 C2 50 n.d. n.d. n.d. n.d. 11.0 205.2 n.d.
LV85 C2 75 n.d. n.d. n.d. n.d. 9.8 174.1 n.d.
LV85 C2 100 n.d. n.d. n.d. n.d. 9.2 159.3 n.d.
LV85 C2 150 n.d. n.d. n.d. n.d. 7.6 113.5 n.d.
LV85 C2 200 n.d. n.d. n.d. n.d. 8.9 150.3 n.d.
LV85 C2 300 n.d. n.d. n.d. n.d. 12.0 235.6 n.d.
LV85 C2 364 n.d. n.d. n.d. n.d. 13.0 263.2 n.d.
LV85 C2 374 n.d. n.d. n.d. n.d. 12.8 256.4 n.d.

Tatar Strait Slope and Trough [2]
KH-35 125 4.2 0.9863 −1.4 a.c. a.c. n.d. n.d. n.d.
KH-35 125 21.6 0.9831 −1.7 4.02 2.53 n.d. n.d. n.d.
KH-35 125 40.0 n.d. n.d. n.d. n.d. n.d. n.d. n.d.
KH-35 125 139.6 0.9947 −0.5 4.03 2.05 n.d. n.d. n.d.
KH-35 125 254.4 1.0213 2.13 4.02 1.85 n.d. n.d. n.d.
KH-35 125 348.4 1.0443 4.43 4.03 1.76 n.d. n.d. n.d.
KH-35 125 441.9 1.07 7 4.05 2.10 n.d. n.d. n.d.
KH-35 125 648.6 n.d. n.d. n.d. n.d. n.d. n.d. n.d.
KH-35 125 801.0 1.0721 7.21 4.02 1.27 n.d. n.d. n.d.
KH-35 125 838.4 n.d. n.d. n.d. n.d. n.d. n.d. n.d.
KH-35 127 3.6 0.981 −1.9 3.71 −1.76 n.d. n.d. n.d.
KH-35 127 69.5 n.d. n.d. n.d. n.d. n.d. n.d. n.d.
KH-35 127 160.5 n.d. nd. n.d. n.d. n.d. n.d. n.d.
KH-35 127 219 1.0101 1.01 4.02 1.54 n.d. n.d. n.d.

KH-35 127 268.5 1.0261 2.61 4.02 1.40 n.d. n.d. n.d.
KH-35 127 362.4 1.0353 3.53 4.01 1.14 n.d. n.d. n.d.

Umitaka Spur, Niigata Prefecture [3]
KT05-11 1D1-12 300.63 1.003 0.3 3.72 −5.84 6.3 79.1 n.d.
KT05-11 1D1-11 499.63 1.023 2.3 3.78 −4.47 23.1 543.3 n.d.
KT05-11 1D1-9 720.3 1.054 5.4 3.86 −2.77 3.5 −3.4 n.d.
KT05-11 1D1-1 911.29 1.045 4.5 3.86 −2.72 5.6 54.1 n.d.

[1] This study, [2] Postlethwaite et al., 2005, and [3] Takahata et al., 2008; Saegusa et al., 2007. n.d.= not determined, a.c.= air-contaminated sample split.
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determined coefficients (Smith and Kennedy, 1983; Sano and
Takahata, 2005) as well as with the temperatures and salinity
shown in Figures 7A,B along with the 20Ne/4He ratio measured
from waters collected from the Niskin bottles (Table 2).

Using this approach, it can be seen (Figure 7G) that for the
Tatar Strait samples collected in 1999 (KR125 and KR127),
only surface waters present negative Δ20Ne/4He values,
meaning that the waters are undersaturated in 20Ne relative
to 4He, at the given temperature and salinity conditions. All of
the other samples collected in 1999 are above saturation for
neon relative to helium. In contrast, during 2019, the Δ20Ne/
4He values for plume LV85-seepC5 are negative for both
surface (I) and subsurface (II) waters, decreasing almost
linearly with depth to the base of the lower intermediate
waters (IIIb) and then increasing somewhat for deeper
Japan Sea Proper (IV) samples. The Δ20Ne/4He profile for
2019 plume LV85-seepC6 similar to the 1999 profile, in that
values are negative in the surface (I), then around saturation
down to the base of lower intermediate (IIIb), with the
exception of one negative value at the boundary between
water layers IIIb and IV. At the depths of Japan Sea Proper
(IV) water, the 2019 samples are not appreciably different from
the Umitaka Spur samples from offshore Niigata Prefecture
which also have negative Δ20Ne/4He values and only approach
solubility near the seafloor. The very gradual changes in
Umitaka Spur may be since the Umitaka Spur is in deeper
water (>900 m), compared with the Tatar Strait plumes
(<400 m). In the central portions of Japan Sea, the relative
amount of neon the helium appears to increase more gradually
as the transition between water masses is also deeper
(Postlethwaite et al., 2005; Takahata et al., 2008).

Stable Isotopic Composition of DIC in
Seawater at a Plume Site
The δ13C of DICwas determined in seawater that was recovered and
transferred from Niskin bottles above site LV85-seepC5 in 2019
(Table 2). The measured values begin slightly positive at +0.02‰ in
the shallowest waters and become increasingly more depleted in 13C
with depth, with the deepest sample (336m) having the most
negative δ13C value at −1.16‰. Although at 200m depth, LV85-
seepC5 has an anomalously low Δ20Ne/4He value (−11.6%) coupled
with a very high methane oversaturation ratio (3740%), the δ13C of
DIC at this depth shows no such anomaly and is consistent with
adjacent water samples at −0.86‰.

DISCUSSION

Presence and Fate of Methane at Plume
Sites
Although to date there have not been ROV deployments to
directly observe the seafloor seeps in Tatar Strait, the flares
themselves (Figure 3) are thought to be comprised of free gas,
free gas enclosed in a gas hydrate shell, or gas hydrate flakes
similar to those observed elsewhere in related studies including at
Umitaka Spur (Aoyama et al., 2007). In these cases, it has been

shown that the ascending gas hydrate melts and gas bubbles
disperse within the water column before reaching the subsurface
(II) and surface (I) waters (e.g., Greinert et al., 2006; Salomatin
et al., 2014). Gravity coring during both LV70 and LV85 as well as
the previous cruises has revealed thin laminar gas hydrate layers
in the shallow sediments beneath the plumes (Jin et al., 2013;
Shakirov et al., 2019), while no sediment-hosted gas hydrate has
been recovered from the western margin of Tatar Strait where the
reference site LV85-C2ref. is located.

The Tatar Strait plumes differ from plumes situated offshore
of NE Sakhalin (Salomatin et al., 2014) and Umitaka Spur
(Aoyama et al., 2007) in that the location of gas venting in
Tatar Strait is significantly shallower. Plumes at Umitaka Spur,
Sea of Japan (Figure 1A) are at 900 m or more (Aoyama et al.,
2007; Hiruta et al., 2015), while numerous plumes situated in the
Okhotsk Sea to the northeast of Sakhalin Island are mostly found
between 500 and 1000 m (Jin et al., 2011). Any gas hydrate
forming at 350 m at the base of the Tatar Strait Plumes, would
travel a much shorter distance before dissociating and dissipating
into the water column. The speed of ascending bubbles decreases
as the diameter of the bubbles becomes smaller until they
eventually reach neutral buoyancy and dissipate in the water
column (Yapa et al., 2001; Greinert et al., 2006; Salomatin et al.,
2014). Assuming an average vertical velocity of 15 cm/s
(Salomatin et al., 2014) bubbles could presumably travel up to
100 m depth in as little as 28 min. On the other hand, at such
shallow depths, the water pressure is less at the top of upper
intermediate waters (IIIa), which leads to more rapid dissociation
of gas hydrate and dissipation into the water column. In any case,
the echograms would suggest that most of what is free gas has
dissipated into the water column in the intermediate waters (IIIa
and IIIb) or at least reached a bubble diameter so small that it
cannot be detected through hydroacoustic methods.

If the most intense red and orange areas within the
hydroacoustic flares (Figure 3) do in fact represent such gas
hydrate which forms layers around rising gas bubbles as has been
observed elsewhere in the Japan Sea (Aoyama et al., 2007), it is
clear that the gas hydrate bubbles could extend into lower
intermediate (IIIb) and even upper intermediate (IIIa) water
masses, above the predicted range of gas hydrate stability
(Figure 7A) as calculated from the equation of Dickens and
Quinby-Hunt (1994). Shakirov et al. (2019) interpreted some of
the shallower gas anomalies as being due to the dissociation gas
hydrate bubbles, based on observations by Yapa et al. (2001),
whereby gas hydrate from seeps which are relatively rich in
ethane and propane, with C1/(C2+C3)<6, can remain stable at
higher temperatures and shallower depths, even shallower than
intermediate waters (IIIa and IIIb) found in Tatar Strait.
Recovered shallow seafloor sediments near the plume sites in
Tatar Strait yield headspace gases which are primarily
thermogenic with measured C1/(C2+C3) ratios <10 and as low
as 2.8 (Yatsuk et al., 2020), so the upper limit of hydrate stability
could potentially be shallower than the ~300 m depth indicated
by pure methane, although the rising gas bubbles would have to
be collected and analyzed to directly confirm this. It is apparent,
however, that the presence of gas bubbles in the plume sites does
not seem to have a detectible net effect on salinity or temperature
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that influences the density (Figure 7C), as the profile from the
reference site LV85-C2ref. is indistinguishable from the plume
sites, nor are the Tatar Strait density profiles from the 1999 Tatar
Strait transect sites observably different from the 2015 and
2019 plume sites.

In terms of CH4 saturation in the water column, water
collected from site LV85-C2ref. has the highest oversaturation
in the deep Japan Sea Proper water (IV), decreasing only
gradually until the base of surface water (I). The plume sites
have high methane anomalies in the subsurface (II) and in lower
intermediate water (IIIb). Such anomalies could potentially be
from dissolved gas or from finely suspended gas bubbles
entrained in the Niskin bottle at the time of sampling since
the Niskin Rosette system passed directly into the plume during
sampling (Figure 3). It is worth noting that, although
accumulation of small gas bubbles at water mass boundaries is
not impossible, the SSL observed in the hydrograms are probably
not directly related to the gas seeps themselves, especially since
similar SSL are also observed in the reference site (Figure 3D).
Such SSL are frequently associated with the presence of
zooplankton and micronekton in the water column (Liao
et al., 1999) and, in such cases, position of the SSL often
ascends during night time as these organisms tend to migrate
closer to the surface (Evans and Hopkins, 1981; Baliño and
Aksnes, 1993; Iida et al., 1996). Both the LV85-seepC6
(Figure 3A) and LV70-seepC6 (Figure 3C) were sampled
during daylight hours (from 8:53 to 9:14 and from 6:47 to 7:
09 local Sakhalin Time, respectively). During these hours, it seems
that the SSL is most intense in surface (I) and subsurface (II)
water layers, with hardly any reflection in the upper intermediate
waters (IIIa) and a more broadly dispersed SSL in the lower
intermediate waters (IIIb). In contrast, the CTD sampling and
hydroacoustic measurements above plume LV85-seepC5
(Figure 3B) occurred at night (from 00:15 to 00:38). At the
night time, the strong SSL is in the upper surface waters (I), while
the more disperse SSL has migrated up from its position in the
lower intermediate waters during daylight hours to upper
intermediate (IIIa) and subsurface (II) waters. The reference
site LV85-C2ref. was also sampled in the earlier night hours
(from 21:02 to 21:34), yet with the exception of the surface waters
(I), any deeper SSL is either absent for far more disperse than near
the plume sites. While finely dispersed gas bubbles could
potentially produce SSLs, these layers appear to change
position between day and night and are likely entirely due to
biotic activity.

Hydroacoustic data suggest that by the time the plume gas
reaches the subsurface waters, the bubbles are dispersed enough
that either the bubble diameter is too small for them to be

FIGURE 7 | (A,B) Depth profiles for temperature and salinity in seawater,
respectively, from CTD data. Red represents plume samples from LV85-
seepC5 and LC85-seepC6 in 2019, green stars represents plume LV70-
seepC6 in 2015, yellow represents Tatar Strait sites from Cruise KH76 in
1999 (Postlethwaite et al., 2005), blue represents Umitaka Spur seep, offshore
Niigata from Cruise KT05-11 in 2005 (Takahata et al., 2008). The dotted line
shows gas hydrate stability for pure methane in seawater (Dickens and
Quinby-Hunt, 1994) (C) Seater density calculated from temperature, salinity,
and pressure (after UNESCO, 1981). (D) Dissolved methane. (E) Dissolved
methane expressed as the oversaturation ratio (SR) calculated from

(Continued )

FIGURE 7 | concentration, temperature, and salinity. (F) Tritiogenic 3He
should increase somewhat linearly down to the base of intermediate waters
(Postlethwaite et al., 2005). The slope is greater in Tatar Strait (green line) than
that in Umitaka Spur due to Tatar Strait’s shallower seafloor depth.
Introduction of radiogenic 4He in the plume sites at ~200 m water depth may
be the cause of the apparent negative excursion in δ3He. (G) Depth profile for
Δ20Ne/4He calculated from the observed ratios, temperature, and salinity.
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detected or they have dissolved into the surrounding water.
Despite the disappearance from the hydrograms (Figure 3),
the seawater methane in Tatar Strait is not completely
oxidized; however, as shown by oversaturation ratios in
surface (I) and subsurface (II) waters above both plumes and
in the reference site (Figure 3D). If the gas dispersed from the
plumes is effectively oxidized within the water column before
reaching the air–water interface, it is possible that the oxidized
methane would influence the carbon pool, at least around the
plumes.

Unfortunately, with the exception of this plume study, there
have not been other investigations of the δ13C of DIC in the water
column in Tatar Strait, or even in the Japan Sea to compare with
at the time of this study. It is obvious from the data, however, that
the more negative trend in δ13CDIC with depth observed at the
Tatar Strait plume site is not caused by deep-water ventilation of
sub-arctic, less saline Amur River water, even though rivers in
other Arctic marginal sea settings have been shown to impart
negative δ13CDIC values (Bauch et al., 2015; Dubinina et al., 2020).
Such ventilation would require the Tatar Strait intermediate (IIIa,
IIIb) and deep (IV) waters to be much less saline, less dense, and
would have lower δ3He values than those which are observed. To
provide some comparison, the LV85-seepC5 results are plotted
alongside with two reference sites where waters were also
collected during late spring and early summer months along
ocean margins where the water depth is similar, Skagerrak
between the North Sea and the Baltic Sea (sampled in 5/19/
2006) (Filipsson et al., 2017) and a shallow portion of the South
China Sea (site-n, sampled during 6/1995) (Lin et al., 1999). For
LV85-seepC5, the values generally become more negative with
depth and with water density (Figure 8A). The largest difference
is between surface (0 m, δ13CDIC=+0.02‰) and subsurface (50 m,
δ13CDIC = −0.66‰), and the most negative value is near the
seafloor (336 m, δ13CDIC = −1.05‰). The waters of South China
Sea (Lin et al., 1999) show a similar trend; however, the waters
there show more positive δ13CDIC values and the water is
significantly warmer (26.76 °C at 10 m to 34.46 °C at 301 m),
leading to lower water density. Skagerrak samples show a more
complex pattern since sub-surface waters are much shallower
at <20 m consist of colder, less saline Baltic Sea waters which
transition abruptly to more saline, warmer intermediate waters at
only 50 m (Filipsson et al., 2017). That said, all of the Skagerrak
waters have more positive δ13CDIC values than those of the Tatar
Strait plume. There are some marine settings where the range of
δ13CDIC values overlaps with those of the Tatar Strait site. A
number of sites in the South China Sea (Lin et al., 1999) have
δ13CDIC values which extend from around +1‰ in surface waters
to just less than −1‰ in the deep waters; however, the more
negative values are generally much deeper, at 500–1500 m depth.
Bornholm Basin, Baltic Sea, has δ13CDIC values ranging from as
high as +1.3‰ in surface waters to as low as −3.3‰ at 90 m
(Filipsson et al., 2017); but the waters are less saline and less dense
than those of Tatar Strait.

Depending on gas flux, the deep Japan Sea Proper (IV) water
above the Tatar Strait gas plumes can possibly be influenced by
the expulsion of fluids from gas vents. Sediment pore waters
associated with seafloor gas chimneys have been shown to have

quite negative δ13CDIC values of around −40‰ due primarily to
anaerobic methane oxidation (Hiruta et al., 2015). We can see for
example, that the deepest waters in plume LV85-seepC5 which
are least influenced by tritiogenic 3He are also those that have the

FIGURE 8 | Stable isotopic composition of dissolved inorganic carbon
(DIC) versus gas composition at the LV85-seepC5 sampled in 5/2019. Depth
indicated in meters beside each data point. (A) Deeper, dense waters
generally have the most negative δ13C values for DIC, compared to the
South China Sea (Lin et al., 1999) and Skagerrak (Filipsson et al., 2017). (B)
Most positive δ3He values for LV85-seepC5 sampled in 2019 generally
correspond with the deeper waters due to past tritiogenic production of 3He in
the waters, which also show an influence of DIC production from methane
oxidation near the seafloor. (C) With the exception of the extremely high
methane concentration at 200 m, there is generally more negative δ13C with
greater methane concentration in waters closer to the seafloor.
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most negative δ13CDIC values (Figure 8B) and also that, with the
deep Japan Sea Proper (IV) water with more negative δ13CDIC

values also has a methane saturation ratio which is greater than
the shallower surface (I) and subsurface (II) waters (Figure 8C).
The problem is that contributions of DIC produced through
mineralization of particulate organic matter as it settles on the
seafloor can also impart negative δ13CDIC values similar to those
observed. As such, the present data from the Tatar Strait plume is
insufficient to determine whether the trend towards more
negative values in the deep waters is influenced at all by the
localized expulsion of water from a single gas chimney or even
from fluids expelled by multiple gas seeps on a more regional
scale. Future studies of the δ13CDIC in this area are merited. In a
recent study, Na et al. (2022) found that the DIC concentrations
in deep Japan Sea waters have increased significantly between
1999 and 2019, due to the slowing of ventilation of shallow waters
coupled with an increasing contribution of DIC from oxidation of
detrital material. Since an increase in dissolved CO2 from
oxidation of particulate organic carbon can lead to deep water
acidification, clearly more research is needed to see if this is
occurring in Tatar Strait.

Another environmental concern in light of the global warming
potential of methane gas is the transfer of methane from shallow
surface waters (I) to the atmosphere. The methane flux into the
atmosphere from the shallow ocean can be calculated as follows
(Kudo et al., 2018):

FCH4 � Kw x ([CH4]w(0−10m) − [CH4]a), [7]
where FCH4 is the flux in µmol/m2/day (also reported in some
studies as mol/km2/day), Kw is the gas transfer coefficient in cm/
hr, [CH4]w(0–10m) is the concentration of methane in µmol/L in
the upper 10 m of water depth, and [CH4]a is the saturation
concentration of atmospheric methane in water from Eq. 3. The
gas transfer coefficient (Kw) is calculated as follows:

Kw � 0.31v2(Sc/660)−1/2, [8]
where ν is the wind speed in m/s and Sc is the Schmidt number for
CH4 in seawater. The Schmidt number which is dimensionless is
calculated as follows:

Sc � 2039.2 − 120.31T + 3.4029T2 − 0.040437T3, [9]
where T in this case is temperature in oC. As can be appreciated
in Eq. 8, changes in wind speed have a strong influence on the
gas transfer coefficient which is directly proportional to the
flux of methane to the atmosphere, more than air temperature
change. The range of wind velocities measured during
sampling of the plumes and the reference site during cruise
LV85 ranged from 1.1 to 7.7 m/s, while air temperature varied
from 5.2 to 7.9 °C. In another study, wind velocities measured
during a sampling in the southernmost portion of Tatar Strait
in August, 2010 yielded a range from 2 to 10 m/s
(Vereschchagina et al., 2013). In order to provide a
meaningful comparison of methane flux between the plume
sites and the reference site regardless of changes in weather, we
assume a constant air speed of 7 m/s and an air temperature of
6 °C, yielding a Schmidt number (Sc) of 1431 and a gas transfer

coefficient (Kw) of 10.32 cm/h. The gas transfer coefficient is
then applied to the difference in measured concentrations of
methane observed in shallow waters versus the calculated air
saturation values yielding flux values for the plume sites and
the reference site (Supplementary Table S1). The
2019 reference site LV85-C2ref has a methane flux of
5.16 μmol/m2/day. Despite having much higher methane
concentrations in the intermediate waters, the two plume
sites from the same year, LV85-seepC6 and LV85-seepC5
have essentially the same flux to the atmosphere at
4.41 μmol/m2/day and 5.18 μmol/m2/day, respectively. The
2015 site LV70-seepC6 has an atmospheric methane flux
which is significantly greater, at 20.68 μmol/m2/day. It is
also possible that sporadic gas emissions can result in even
greater methane emissions, as noted with an anomalously high
methane profile for 2015 site LV70-20, which has near-surface
concentrations of 115 nmol/L and yields an atmospheric flux
of 482 μmol/m2/day (Shakirov et al., 2019). It could be that
some the methane fluxes are variable from year to year as noted
by Mishukova et al. (2015), in part as a result of sporadic
releases of gas following local seismic activity (Shakirov et al.,
2020). Although there was no significant difference between
plume and reference sites in sampled during LV85 in 2019, all
of the calculated fluxes are higher than those of non-plume
sites to the south of Tatar Strait which were shown to range
from 0.1 μmol/m2/day to 0.6 μmol/m2/day using a similar
method of calculation (Vereshchagina et al., 2013). Aoki
et al. (2020) demonstrated that methane concentrations in
the air just above the sea surface in Umitaka Spur were
significantly greater than background atmospheric values in
other parts of Japan Sea. It could be that the calculated plume
values for Tatar Strait are an underestimate, if plume gases
dispersing and entering over a larger area, or if the plume gas is
moving laterally beyond our sampling area before reaching the
surface.

Mixing of Water Masses and Temporal
Changes
In general, combining the observed chemical and isotopic results
suggest three different groups based on mixing trends between
the described water masses (Figure 2) as shown by on cross plots
with the water depth noted alongside the data (Figure 9). The
theoretical 20Ne/4He ratios (calculated form Sano and Takahata,
2005; Smith and Kennedy, 1983) are only slightly influenced by
the observed range of salinities (green lines), with predicted ratios
for 0 °C representing the coldest waters versus 15 °C representing
the warmest summer temperatures in southern Tatar Strait
(Andreev, 2018). Group-a comprises all the samples deeper
than 150 m from July, 1999 (Postlethwaite et al., 2005) from
lower intermediate waters (IIIb), as well as possibly one of the
deeper 2019 samples. This group represents mixing of the lower
intermediate waters (IIIb) with cold deep Japan Sea Proper waters
(IV), all with salinities all between 34.0 and 34.1 PSU. Group-b
occurs at <150 m deep and represents mixing between less saline
surface waters (I) and subarctic subsurface water masses (II) and
as well as the upper portion of Intermediate low-salinity water
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masses (IIIa). Members of this group are represented by samples
from both July, 1999 and May, 2019. The warmer, less saline
portion of Group-b is restricted to <4 m and may represent low-
salinity subarctic waters that have warmed during the spring to
mid-summer months. Finally, Group-c represents the mixing
between more-saline subtropical intermediate waters (IIIb) with
anomalously low 20Ne/4He ratios and deep Japan Sea Proper
waters (IV). This group includes seawater sampled in May,
2019 as well as the Umitaka Spur samples. Roughly half of the
samples in this group have anomalous 20Ne/4He ratios which
cannot be accounted for by air saturation even at temperatures
above the warmest water temperatures of 15 °C, especially since
the actual water temperatures are much lower.

Looking at the δ3He values for the same samples involved in
the aforementioned groups (Figure 9B) reveals some more
details. While Group-a does not very much in 20Ne/4He ratios,
it spans a wide range of δ3He values which increase predictably
with water depth. Group-b, however, has a limited range of δ3He
values, since these surface and subsurface waters are not
influenced by tritiogenic 3He from the early to mid-1960’s.
Group-c waters are more saline than Group-a, but also have
increasing δ3He values with depth. Some of the δ3He values for
waters involved in Group-c are even lower than those of the
shallow waters.

Finally, combining the δ3He values with 20Ne/4He values
(after Takahata et al., 2005), we can also consider mixing of
warm and cold waters with several other gas sources
(Figure 9C). Addition of tritiogenic helium (T) would
increase the δ3He values while having no effect on 20Ne/
4He (solid green lines). Addition of even minor amounts of
mantle helium (M) would cause a large increase in δ3He with a
corresponding drop in 20Ne/4He (dashed green lines).
Addition of a radiogenic 4He component (R) would cause
both δ3He values and 20Ne/4He ratios to drop (dashed blue
lines). Considering this, Group-a consists of cold waters with
varying degrees of tritiogenic 3He addition which increases
with depth. It is not entirely clear why the 20Ne/4He ratios are
above seawater saturation, though. The formation of ice
during the winter months could possibly increase the
relative amount of He sequestered in ice bubbles, with
injection of cold dense brines produced by the freezing of
seawater resulting in intermediate and deep waters with
higher 20Ne/4He ratios (Hamme and Emerson, 2002;
Hamme et al., 2019). Group-b consists of shallow waters
which are free of tritiogenic 3He.

This group covers a large range of salinities depending on
the relative amount of water from the Tsushima and Amur
River currents. While there is a large amount of variation in
20Ne/4He ratios, this could also be the result of changes in the

FIGURE 9 | Mixing trends observed in Tatar Strait and Umitaka Spur
water masses. Seawater depth indicated in meters. Group-a: Mixing
between subarctic intermediate and deep waters. Group-b: Mixing between
less saline surface waters and subarctic subsurface waters Group-c:
Mixing slightly more saline subtropical intermediate and deep waters. (A)
Observed salinities have only a modest effect on 20Ne/4He ratios, as shown by
the solubility lines (green) at 0 and 15 °C. As shown, low salinity values are
mostly shallow waters. Extremely low values for 20Ne/4He can be produced
either by air injection or by the addition of radiogenic 4He. (B) Salinity versus
δ3He. Low salinity values are primarily from surface and subsurface Group-b.
(C) Addition of mantle gas (M) appear to be minimal, and mixing of tritiogenic
(T) 3He in intermediate and deep waters seems to be the source of the
observed variation. Points below and to the left of the 15 °C seawater end-
member indicate some modification of group III by the addition of radiogenic

(Continued )

FIGURE 9 | helium, particularly in intermediate waters at around 200 m. The
1999 waters tend to trend between intermediate and deep sub-arctic values
in Group-a while the Umitaka Spur and Tatar 2019 waters show an influence
form the Tsushima Current sub-tropical waters, particularly in the intermediate
water masses.
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relative solubility of neon and helium entirely due to
temperature differences. Group-c includes intermediate to
deep waters which are enriched, in varying degrees, with
tritiogenic 3He, but which have lower 20Ne/4He ratios than
Group-a. Only two samples from May 2019, at 75 and 200 m,
have negative δ3He values, suggesting potential mixing
between shallow warm waters and a crustal radiogenic 4He
source that could have originated from the gas plume. While
gas associated with methane hydrate in Umitaka Spur has
mantle helium (3He/4He >2 Ra), radiogenic helium (3He/
4He<0.1 Ra) has been found associated with gas hydrate in
Lake Baikal, Russia (Matveeva et al., 2003) The other samples
in this group at 100 m, 150 m, and 200 m do not fall on the
radiogenic mixing trend, have atmospheric δ3He values and
could represent deeply advected air bubbles produced during
ice formation and salt exclusion. This is not likely due to a
problem during sample recovery, since the LV85-seepC5
samples appear to show a systematic decrease in 20Ne/4He
with increasing depth between 50 and 200 m (Figure 7G).
Hahm et al. (2004) observed a similar situation at Knipovich
Ridge and proposed that such helium and neon anomalies are a
combined effect of air bubble inclusions and brine injection
caused by the process of salt exclusion which occurs during
winter sea-ice formation. The phenomenon of deep convection
of brines has been observed elsewhere in Japan, in particular in
the southern Tatar Strait and offshore Primorye (Talley et al.,
2003). In the case of Group-c waters, the 20Ne/4He ratios are
lower than could reasonably be assumed through seawater
saturation, yet are not as low as that of air (20Ne/4Heair= 3.14,
Sakamoto et al., 1992). This would suggest brine injection into
deep waters with air bubbles which have preferentially lost
some of their helium due to ice formation. The most helium-
depleted of Group-c waters are all >200 m depth and have both
δ3He values and 20Ne/4He ratios which approach the deeper
waters observed in Group-a, while the least helium-depleted
waters are <200 m and have δ3He and 20Ne/4He ratios
approaching those of air bubbles.

Potential for Climatic Fluctuations to
Produce Significant Temporal Changes in
Tatar Strait circulation
There are concerns that a decrease in deep water ventilation over the
past two decades has already resulted in an increase in deep water
acidification in the Japan Sea (Na et al., 2022) and it is also
worrisome that changes in circulation may also decrease the
upwelling of nutrient-rich waters (Jenkins, 2008) as well as
changes in marine species distribution. Tatar Strait is relatively
shallow when compared to the Japan Sea as a whole so the
potential for significant change is even greater. Annual
fluctuations in circulation appear to be intimately associated with
the rate at which the Amur River discharges into the Okhotsk Sea
across from the northernmost part of Sakhalin Island, and then spills
over into Tatar Strait, thus influencing the northward migration of
the Tsushima Current, and impacting both the thermohaline
structure and circulation of water in the strait (Andreev, 2018;

Ponomarev et al., 2018). As the Amur River is one of the largest
rivers in East Asia, it has been hypothesized that increased water
usage by humans as it courses throughMongolia, China, and Russia
might lead to unintended changes in the thermohaline structure of
Tatar Strait (Shevchenko et al., 2011).

To assess the degree to which riverine discharge may have varied
over time, we looked hydrological data provided by the Russian
Federal Water Resources agency for Brodgoroskoye, located at the
mouth of the Amur River (Figure 10, Supplementary Table S2).
The data shows average seasonal discharge during the period of
Spring thaw each year (March, April, May) and the period of Fall
monsoons (September, October, November). The data represents
averages each season between 1990 and 2019, except for
2005–2007 where no data is available. With only one exception,
the Spring discharge is less than that of the Fall discharge of the
preceding year. The Spring discharge has increased only in the past
decade but interannual variability has not changed appreciably.
From 1990–1999, the mean and standard deviation of Spring
discharge was 17,790 ± 3,500 m3/s compared to the period of
2010–2019 where it was at 23,870 ± 3,800 m3/s, representing an
increase of 25%. If we compare Fall monsoonal discharge, both the
mean and variability have increased from 33,200 ± 7,240m3/s from
1990–1999 to 52,990 ± 21,540 m3/s, up by 37%. In general, we do not
see a decreasing trend over time which would be attributable to
increased water consumption through human activities as proposed
by Shevchenko et al. (2011) and if water usage is increasing, it ismore
than offset by other factors which increase discharge. As far as
possible changes in discharge related to intense weather activities, the
most extreme seasonal discharge during this period (Fall, 2013:
97,300m3/s) is more than double that of the most extreme from
1990–1999 (Fall, 1994: 45,700 m3/s).

The Fall monsoonal season of 2014, followed by the Spring thaw
season of 2015 both preceded our sampling cruise in 2015 (LV70)
and, compared with all of the other annual measurements of Amur
River discharge, is unusual in that the Fall discharge is the second
lowest for the decade (Shaded area in Figure 10) while the Spring
discharge is the highest, resulting in the only year inwhich the Spring
discharge is greater than that of the preceding Fall over a span of
30 years. This low Fall monsoonal discharge may have resulted in a
decline in the intensity of the Amur Leeman and Primorye Currents
(Figure 1B) and a northward encroachment of the warm saline
Tsushima Current as described by Andreev (2018). In contrast, fall
of 2018 marked the fourth highest monsoonal discharge for the
decade, followed by the second lowest Spring discharge. The data for
1998–1999 and is in-between the extremes experienced in
2014–2015 and 2018–2019. These fluctuations in Amur River
discharge could explain our CTD data for Tatar Strat shallow
and subsurface water in 2015 is quite different from that 2019,
and why the CTD data for 1999 is between the two (Figure 4D).

Regarding the influence of Amur River discharge on the
Okhotsk Sea to the north, Ogi et al. (2001) found that the
amount of ice cover in the Winter months was anticorrelated
with the discharge rate recorded in the Fall monsoonal months of
the previous year, presumably because of the transport of heat
from the river water into the shallow surface layers of the
Okhotsk. Subsequent research has further shown that annual
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changes in Arctic Oscillation (AO) drive the fluctuations in
humidity and Amur River Discharge which, in turn, influence
shallow seawater temperatures and the extent of ice cover in the
Okhotsk (Ogi and Tachibana, 2006).

Since the two extreme years of our study are 2015 and 2019, we
compare Sentinel 1A Satellite imagery of the sea ice extent in Tatar
Strait during the month of February in which we have shaded the
thicker ice cover for greater visibility (Supplementary Figure S3).
The rectangle indicating our study area in Figure 1B is also indicated
in the supplementary figures and even though the images from the
two years do not overlap exactly, the study area is present in both. In
2015, a year of lowmonsoonal input, the waters of theAmur are seen
reducing the ice cover in the northern portions of the Strait
(Supplementary Figure S3A) but their passage southward is
blocked by ice restricting the circulation of shallow cold,
freshwater southward by the Primorye Current along the western
margin of Tatar Strait. At the same time, ice cover is reduced on
easternmargin of the strait, along the shore of Sakhalin Island, due to
the unimpeded northward flow of the Tsushima Current. With an
ice-free area established in our study area in February, it is not
surprising that the shallow waters observed in June were much
warmer than other years. In contrast, during 2019, following high
Fall monsoonal discharge, the westernmargin is in large part open to
southward circulation of the Primorye Current, consistent with the
anticorrelation between Amur River Discharge and ice extent in the
Okhotsk Sea (Ogi et al., 2001; Ogi and Tachibana, 2006) yet
impeding the northward migration of warm saline Tsushima
Current waters to the east as described by Shevchenko et al.,
2011, resulting in ice cover across most of our study area and
along the coast of Sakhalin Island.

CONCLUSION

Our data is consistent with previous investigations which show that
Amur River discharge appears to be a key factor in determining
shallow, subsurface and even to some extent intermediate water
circulation in the Tatar Strait since waters related to river discharge
limit the extent to which the Tsushima Current can migrate
northward along the coast of Sakhalin Island. Our noble gas
results suggest that vertical migration of water masses is
somewhat limited, since tritiogenic 3He from the 1960’s is still
present in intermediate and deep waters. One concern has been
that global warming has caused a slowing or even stopping of deep
ventilation in the Tatar Strait since the 1960’s and even more so in
the past 20 years (Riser et al., 1999; Jenkins, 2008; Na et al., 2022),
which would have profound implications regarding nutrient
cycling and oxygen availability in parts of the water column.
The presence of saline waters with low 20Ne/4He ratios and
atmospheric δ3He at depths of 100–250 m in 2019 would
suggest that that is not entirely the case, and that deep
convection as described by Talley et al. (2003), does still occur,
perhaps even more so than the data of 1999 (Postlethwaite et al.,
2005) when all the waters showed very high 20Ne/4He ratios.
Unfortunately, our data is too limited in geographic distribution
to tell if this is a localized phenomenon or whether it occurs more
broadly. Since the Satellite images from the winters preceding the
2015 and 2019 sampling seasons show substantial changes in ice
cover, one would expect that deep convection of air bubbles and
brine also varies significantly from year to year depending on
whether ice has accumulated more on the Primorye side of the
Strait or on the Sakhalin Island side of the Strait.

FIGURE 10 | Average seasonal discharge near the mouth of the Amur River in Brodgoroskoye. In general, between 2009 and 2018 the discharge is greater for both
the spring thaw and the fall monsoonal months than between 1998 and 2005. The discharge was significantly lower during the fall of 2014 followed by only a slightly
greater spring thaw discharge in 2015. (Data courtesy of the Russian Federal Water Resources Agency).
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Gas plumes, consisting primarily of methane gas, have been
observed in deep and intermediate waters but are not visible in
subsurface and surface waters. As has been noted by others (Shakirov
et al., 2019, 2020), methane is still present in the water column in
shallow water. The atmospheric flux observed in 2019 for plumes
LV85-seepC5 and LV85-seepC6 (4.41 and 5.18 μmol/m2/day,
respectively) is essentially the same as that of the reference site
LV85-C2ref. located on the opposite side of Tatar Trough
(5.18 μmol/m2/day), yet is significantly higher than values
previously measured in the southernmost part of Tatar Strait
(0.1–0.6 μmol/m2/day Vereshchagina et al., 2013). The atmospheric
flux that accompanied warm, saline surface and subsurface waters
above the plumes in 2015 was greater at between 20.68 μmol/m2/day
observed at LV70-seepC6 (this study) and 684 μmol/m2/day at LV70-
20 (Shakirov et al., 2020). These flux values above the plumes may be
underestimated due to lateral migration or more disperse transfer of
the methane to the atmosphere.

As indicated by sites with similar depth profiles that are not
associated with seeps, the stable isotopic composition of deep DIC
seems to be affected in large degree by scavenging of CO2 during
shallow photosynthesis and by degradation of particulate organic
matter in deep water. That said, more work should be done to
monitor changes in DIC concentrations, δ13CDIC, and as well as
dissolved oxygen throughout the basin, in order to assess changes
in water chemistry over the coming years.

While the noble gas isotopic data is limited to two seep sites from
LV85 in 2019 as well as comparison with the published 1999 results
fromKH-36 (Postlethwaite et al., 2005), the observed depth profiles and
notable differences in both δ3He and Δ20Ne/4He from the two sampled
years highlight the utility of noble isotope isotopic analysis in delimiting
the interactions between water masses, and illustrate the necessity for
more research which should be done in Tatar Strait, perhaps including
tritium analyses of seawater in future cruises. In particular, future studies
of air bubble injection due to brine rejection in winter months can
indicate which parts of Tartar Strait undergo convection and whether
the overall degree of deep ventilation in the strait is waning over time.
Finally, ongoing research intomarine seep sites should continue to focus
onhowmethane plumes interactwith localwatermasses and the degree
to which plume activity contributes to greenhouse gas emissions.
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