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Abstract: The study of the vertical distribution of methane dissolved in water and related parameters
(water temperature and salinity, dissolved oxygen concentration) was carried out in 2021–2023 at
the offshore carbon supersite Rosyanka in the Gdansk Deep of the Baltic Sea. Measurements with
such frequency (a total of 16 surveys) were carried out in the region for the first time. Methane
concentrations varied over a fairly wide range (0.000–1.122 µmol/L), and increased with depth,
which is a typical distribution for the Baltic Sea and is associated with the vertical stratification
of the water column. Single maximum values were characteristic of the layer extending from the
bottom to the upper boundary of the halocline, which indicates the flow of methane from bottom
sediments into the water column. In the near-surface layer (5–15 m), a weakly pronounced peak in
methane concentrations was observed, which is a manifestation of the “oceanic methane paradox”.
No pronounced seasonality was detected in the vertical distribution of dissolved methane; the
correlation between temperature, salinity, oxygen, and methane content turned out to be low.
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Introduction

According to [IPCC, 2023], global surface temperature in 2011–2020 was around
1.1 °C higher than in 1850–1900 (1.09 [0.95–1.20] °C), with larger increases over land
(1.59 [1.34–1.83] °C) than over the ocean (0.88 [0.68 up to 1.01] °C). The observed warming
is caused by human activity: warming from greenhouse gases, dominated by carbon dioxide
and methane, is partially masked by aerosol cooling.

Many environmental changes caused by past and future greenhouse gas emissions are
irreversible on timescales of centuries and millennia, especially in the ocean, ice sheets, and
global sea level. Ocean acidification, ocean oxygen loss, and global average sea level will
continue to rise into the 21st century at rates dependent on future emissions. Issues related
to reducing anthropogenic greenhouse gas emissions and climate conservation occupy an
important place on the agenda of most world powers, including the Russian Federation,
which was documented through the adoption of the Paris Agreement [Voigt, 2023]. The
market for greenhouse gas emission quotas, which emerged after the entry into force of
the Kyoto Protocol, provides for taking into account not only emissions, but also carbon
absorption (sequestration), which allows Russia to enter it as a supplier of carbon units.
In this regard, in 2021, a network of so-called carbon supersites is being created in Russia
to develop and test technologies for monitoring the carbon balance, as well as assessing the
state of natural systems, the quality of water resources and other parameters [Bashirova
et al., 2023].

At the end of the last century, the main sources of atmospheric methane were the
following [Heilig, 1994]: emissions as a result of anaerobic decomposition in 1) natural
wetlands; 2) rice fields; 3) emissions from livestock production systems (including inter-
nal fermentation and animal waste); 4) biomass burning; 5) anaerobic decomposition of
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organic waste in landfills; and 6) fossil methane emissions from fossil fuel exploration
and transportation. In the modern world, the problem of global climate change cannot
be solved without quantitative assessments of methane flow from the ocean. According
to various estimates, the effective contribution of methane flux from the ocean surface to
global emissions ranges from 0.005 to 3% [Cicerone and Oremland, 1988; Conrad and Seiler,
1988; Reeburgh, 2007b; Kirschke et al., 2013] or from 5 to 25 million tons/year [Saunois et al.,
2016; Weber et al., 2019; Bange et al., 1994]. Discrepancies in flux estimates may be due
to insufficient knowledge of the biogeochemical cycle of methane in the ocean [Lein and
Ivanov, 2009]. In the last quarter of the 20th and first quarter of the 21st centuries, methane
research developed mainly in two directions: assessment of distribution in the main ocean
reservoirs – bottom sediments and water, as well as the development of molecular biological
and isotope methods.

This study aims to study the variability (monitoring) of the vertical distribution of
methane in the water column in the south-eastern part of the Baltic Sea in 2021–2023.
In 2021, the offshore site of the Rosyanka carbon supersite was opened [Bukanova et al.,
2022], where research was carried out.

Study area

The carbon supersite is located in the territorial waters of the Russian Federation, the
sea depth is 64–87 m, and the area is influenced by the flow of the largest river in the region
Vistula, as well as in close proximity to the outflow of the Kaliningrad Lagoon and the
Pregolya River. The location of the offshore carbon supersite in the South-Eastern Baltic
Sea (Figure 1) is determined by the following factors:

• an unprecedentedly high level of water eutrophication, and, as a consequence, high
rates of primary bioproduction and phytoplankton biomass [Kudryavtseva and Aleksan-
drov, 2019]. On a global scale, a pronounced regional maximum in CO2 sequestration
due to photosynthesis is observed in the Baltic Sea. The intensity of photosynthesis is
highest in the southern part of the sea, where the offshore site of the carbon supersite
is located [Mosharov et al., 2022, 2024];

• closeness of the gassy sediments area which influences the methane distribution in the
water;

• transboundary of the sea and high anthropogenic load [Ulyanova and Danchenkov,
2016].

The semi-closeness of the Baltic Sea and the episodic influx of salty North Sea waters
through the Danish Straits [Mohrholz, 2018] lead to significant stratification of the water
column (warm and fresh surface waters, cold and fresh intermediate waters, cold and salty
bottom waters, as well as two transitional water masses [Rak, 2016; Krechik et al., 2017] and
limited vertical mixing. The development of a noticeable redox shift (from oxygen to sub-
or anoxic conditions) and the formation of biogeochemical conditions for the existence of
methanogenic bacteria and anaerobic oxidation of methane is typical for the Baltic deep
basins [Nausch et al., 2016; Kanapatskiy et al., 2022]. The Gdansk Deep is characterized by
the occurrence of periods of stagnation of water, which are renewed during large Baltic
inflows (Major Baltic inflow) of salty, oxygenated water from the North Sea [Elken, 1996;
Piechura and Beszczynska-Moller, 2003; Markus Meier, 2007]. Surface sediments of the
Gdansk Deep, located in predominantly stagnant conditions, have been studied from the
point of view of the distribution of organic matter and diagenesis processes. In the center
of the Gdansk Deep, geochemical studies of pore waters and seismoacoustic studies of the
seafloor reveal large areas with high concentrations of dissolved and free gas occurring
in an organic-rich layer of post-glacial sediments [Majewski and Klusek, 2011; Brodecka
et al., 2013; Ulyanova et al., 2013; Jaśniewicz et al., 2018]. Methane, being part of the
organic carbon cycle, participates in biogeochemical processes occurring in silty sediments.
The relevance of studying areas of distribution of gas-saturated sediments is due to their
important role as a source of methane as a greenhouse and media-forming gas for the water
column and atmosphere.
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Figure 1. Scheme of the monitoring station (carbon supersite) location in the South-Eastern part of
the Baltic Sea. Isobaths are lined every 20 m.

The high productivity of the South-Eastern Baltic Sea waters, combined with a sig-
nificant supply of allochthonous organic matter [Mosharov et al., 2022], promotes intense
microbial processes of destruction of organic matter in the sediments. The terminal phase
of decomposition of organic matter under anaerobic conditions with the participation of
sulfate reducers and methanogens is accompanied by the formation of a significant amount
of biogases – hydrogen sulfide and methane [Geodekyan et al., 1989, 1990]. In the Gdansk
Basin, the area of silts with contents of more than 1% (up to 5% in the surface horizon
0–5 cm) of Corg is confined to silts of Gdansk Deep [Emelyanov, 2002].

The Baltic Sea is among the seas with the fastest warming in the world in recent
decades. Linear trends of seasonal and interannual sea surface temperature increase
for 2003–2012 in the open part of the South–Eastern Baltic is estimated at a rate of
0.70± 0.27 °C/decade [Bukanova et al., 2015] and 0.01 °C/year for 2005–2019 [Stont et al.,
2015, 2020]. These changes affect biogeochemical conditions, such as euxinic areas (lack of
oxygen and increased levels of free hydrogen sulfide), as well as pelagic and bottom marine
ecosystems, where methane conversion processes are active.

Two barriers limiting the release of greenhouse gases from marine basins are anaerobic
and aerobic oxidation in sediments and the water column [Reeburgh, 2007a,b] and limited
vertical mixing in the density gradient zone, which often leads to the accumulation of gases
in deeper parts of the water column [Gentz et al., 2014]. The latter barrier is especially
important in the highly stratified Gdansk Deep [Jakobs et al., 2014].
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Materials and methods

The research was carried out at station located in coordinates 54°43.20’ N, 19°34.80’ E
in different seasons 2021–2023 (Table 1). Each survey included vertical hydrophysical
sounding and water sampling.

Table 1. Surveys dates

2021 2022 2023

28.04.2021 02.03.2022 26.04.2023

30.06.2021 28.04.2022 09.05.2023

29.08.2021 28.06.2022 10.07.2023

01.10.2021 12.07.2022 16.08.2023

30.10.2021 23.08.2022 22.11.2023

05.11.2022 20.12.2023

24.12.2022

Vertical hydrophysical sounding (temperature, salinity, pressure) was carried out each
survey using SonTek CastAway and Sea&Sun Technology CTD 90M probes.

Water sampling from various horizons (0, 2.5, 5, 7.5, 10, 15, 20, 25, 30, above thermo-
cline, under thermocline/above halocline, under halocline, 10 m above bottom, 4 m above
bottom, 1 m above bottom) was carried out using a 5-liter Niskin bottle. Total number
of samples was 200 probes. Samples for dissolved gases were taken immediately after
lifting the bottle aboard the vessel. The sampling discreteness for oxygen determination
did not always coincide with the sampling discreteness for methane. Determination of the
concentration of dissolved oxygen was carried out by the Winkler titrimetric method using
a manual titrator-dispenser Aquilon ATP-1D. To determine methane, water was poured
through a silicone tube into penicillin vials with a volume of 25–30 ml, with a fixative
(dry KOH) previously placed in them to suppress microbial processes. Then, using a special
plexiglass dispenser, the same volume of water (3 ml) was squeezed out of the vial, and
closed with a gas-tight butyl rubber stopper and rolled with an aluminum lid. The gas
phase in head-space consisted of air. Samples in penicillin vials were stored upside down
and transported to the coastal laboratory at a temperature of +4 °C. Gas components in
seawater samples were determined on a Crystallux–4000M chromatograph using the phase-
equilibrium degassing method, the so-called headspace analysis [Bolshakov and Egorov,
1987]. The measurement of methane content on a gas chromatograph is performed with an
error of 2%. A standard sample of artificial gas mixture in helium was used for calibration.

Results
Interannual vertical variability of dissolved methane concentrations
2021

The following methane concentrations were measured in 2021: min 0.000, max 0.173,
median 0.002 µmol/L. In April, the distribution of methane in the 0–25 m layer was
generally uniform (Figure 2). At a horizon of 10–15 m, a slight increase in gas concen-
tration to 0.003 µmol/L was noted. In the near bottom layer, the methane concentration
increased by an order of magnitude – to 0.087 µmol/L. In June, the vertical distribution
of methane was typical for the open sea: a minimum value of 0.001 µmol/L was observed
at the surface, and with increasing depth there was an increase up to a maximum at the
horizon of 15 m (0.005 µmol/L); in the near bottom water, methane concentrations reached
0.032 µmol/L at a depth of 4 m above the bottom and 0.173 µmol/L directly above the
bottom. In August, a pronounced peak of methane was noted in the near bottom layer
(0.069 µmol/L), and at a horizon of 10 m another “mini” peak was recorded – 0.002 µmol/L.
The distribution of methane on October 1 was atypical: the maximum (0.151 µmol/L) was
observed not near the bottom, but above the halocline (51 m horizon). Concentrations in
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the upper quasi-homogeneous layer were minimal, with the exception of a slight peak at
5 m (0.001 µmol/L). At the end of October, the minimum for the entire research period
was recorded – 0.0002 µmol/L at a horizon of 15 m; high concentrations were again found
above the bottom (0.136 µmol/L). In November, maximum was observed near the bottom
(0.133 µmol/L), caused by the flux of methane from the sediments; at overlying horizons,
methane concentrations changed slightly.

Figure 2. Vertical distribution of temperature, salinity, concentrations of dissolved oxygen and
methane at the carbon supersite in 2021–2023.

2022

The following methane concentrations were measured in 2022: min 0.002, max
0.465, median 0.013 µmol/L. In March, methane concentrations changed slightly, from
0.009 µmol/L at a horizon of 7.5 m to 0.018 µmol/L 10 m above the bottom (see Figure 2).
This homogeneous distribution is likely caused by active mixing, cooling and decreased
biological activity characteristic of the upper quasi-homogeneous layer, which extended
to a depth of 70 m in March (see text below). No subsurface peak was detected. In April,
the methane profile was also quite uniform, methane concentrations changed slightly,
from 0.004 at the sea surface to 0.025 µmol/L at a horizon of 72 m. The upper quasi-
homogeneous layer extended to a horizon of 60 m, deeper than which there was an
increase in methane concentrations. At the beginning of June, the distribution of methane
changed – two characteristic peaks appeared. The first was in the subsurface horizon up to
7.5 m, where the concentration gradually increased by almost an order of magnitude from
0.023 at the surface to 0.140 µmol/L at a horizon of 7.5 m. The reason for the increased
concentrations here may be the vital activity of zooplankton. Deeper, the concentration
is distributed uniformly up to 75 m, where a second peak is recorded – 0.213 µmol/L,
separated from the bottom by 4 m, which can be explained by the supply of gas from the
sediments. In July, two peaks were also identified at approximately the same horizons,
however, less pronounced than in June. Methane concentrations varied from 0.007 at the sea
surface to 0.04 µmol/L 4 m above the bottom. In August, concentrations varied within the
range of 0.002–0.016 µmol/L. The maximums are insignificantly expressed. In November,
the distribution of methane was characterized by a significant spread of concentrations.
Two high (an order of magnitude different from the rest) concentrations of dissolved
methane were recorded – at the horizon of 5 m (0.220 µmol/L) and 4 m from the bottom
(0.465 µmol/L). The peak of methane concentration in the near bottom layer was separated
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from the bottom by 4 m, which may indicate its advective transport. On September 26th,
2022, the detonations at the gas pipelines Nord Stream 1 and 2 in the Bornholm Deep
resulted in some of the largest non-natural releases of methane known. Detected methane
concentrations up to 4 orders of magnitude above the natural Baltic Sea background
[Abrahamsson et al., 2024]. However the possibility of detonations influence at methane
concentration in the Gdansk Deep is unlikely. The model simulation showing a primarily
westward transport from the northern explosion sites, and an eastward transport from the
southern one [Abrahamsson et al., 2024]. The distance from the detonations location and
our monitoring point is large (about 300 km), and the Slupsk Furrow which connects the
Bornholm and Gdansk Basins is shallower than these basins so it prevents the free exchange
of near-bottom water between the basins. In December, the concentration changed very
little and (as in March–April) had a fairly uniform vertical distribution. Concentrations
were high at the sea surface (0.022 µmol/L). No pronounced maximum was observed in
the bottom layer.

2023

The following methane concentrations were measured in 2023: min 0.002, max 1.122,
median 0.018 µmol/L. In April, the concentration of dissolved methane varied from 0.002 at
the sea surface to 0.056 µmol/L at the bottom (see Figure 2). At horizons of 5 and 15 m
a weak peak was observed (0.013–0.015 µmol/L). In May, the maximum value was in the
layer above the halocline – 0.035 µmol/L, after which there was a decrease in concentration
10 m from the bottom, followed by a gradual increase. The minimum value was in the
surface layer. In July, the maximum of dissolved methane was again observed above the
halocline (60 m horizon, 0.064 µmol/L), exceeding the concentrations at the bottom by
more than twice. In August, the annual maximum methane concentration was recorded
at two horizons: 20 m (above the thermocline) and under halocline 65 m (0.258 and
1.122 µmol/L respectively). The layer of near bottom hypoxia (oxygen concentration 1.2–
1.8 mg/L) extended to a horizon of 68 m. In November, methane concentrations dropped
sharply again. Against this background, a maximum (0.394 µmol/L) stands out in the
upper part of the anomalously elevated halocline (to a depth of 35 m). In December, against
a generally low background, a small near-bottom maximum in methane concentration
coincided the upper border of the halocline which reached anomaly depth – 75 m. Most
possible it was caused by observed incidents of deep convection above the steep southern
slope of the Gdansk Deep.

The vertical distribution of methane dissolved in water varied over a fairly wide
range – from 0.000 (25 m horizon in June 2021, several horizons in 0–30 m layer in
August and October 2021, and August 2022) to 1.122 (under halocline 65 m in August
2023) µmol/L. In accordance with other studies [Bange et al., 2010; Schmale et al., 2010;
Ma et al., 2020], we found that methane concentrations generally increased with depth,
indicating a predominant release of methane from bottom sediments into the water column.
However, a weak peak in methane concentration distribution was observed in the near-
surface layer (5–15 m).

Relationship with hydrological and hydrochemical parameters

The bottom layer is characterized by euxinic conditions below the halocline (65–75 m),
i.e. there is a lack of oxygen and an increased level of free hydrogen sulfide [Ulyanova
et al., 2022a,b, 2023]. Euxine basins are often highly stratified, with an oxygenated, highly
productive thin surface layer and anoxic sulfide bottom water. According to the data
obtained, in all surveys below the halocline, the oxygen concentration decreased with
depth, while the amount of methane increased in the bottom layer (see Figure 2), which
indicates a large-scale flux of methane from the sediment into the water [Thießen et al.,
2006; Laier and Jensen, 2007]. Microbial methanogenesis by methanogenic archaea directly
in the euxinic water of the bottom layer cannot be ruled out, however, previous studies of
sediments in the study area showed that the intensity of methane oxidation in the mud was
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significantly higher than methanogenesis, which is possible due to the additional supply
of methane from the underlying sedimentary horizons [Pimenov et al., 2010]. In general,
the distribution of dissolved oxygen and methane depends significantly on vertical density
stratification, controlled by salinity distribution. Stratification of the water prevented
upward mixing of methane-rich waters. In the Baltic Sea, the flux of methane from deep
layer to the sea surface is strongly hindered by microbial oxidation of methane in the
transition zone of oxygen/anoxic conditions below the constant halocline [Jakobs et al.,
2014; Berndmeyer et al., 2013]. The minimum oxygen concentration was observed in the
bottom layer, that is, it coincided with the layer of maximum methane concentrations.
A noticeable change in the concentrations of dissolved gases most often coincided with
a layer of salinity gradient.

The subsurface methane maximum (well expressed, for example, in June–July and
November 2022) was not accompanied by a noticeable change in oxygen concentrations.
The summer subsurface peak can be explained by the fact that at the carbon supersite,
the food load of zooplankton on phytoplankton was maximum in the summer and was
determined both by feeding activity and the dominance of large crustaceans with a filtra-
tion type of feeding [Mosharov et al., 2022]. The maximum value of zooplankton biomass
was determined in June, and it was significantly (5–14 times) higher than in other sea-
sons. The integral values of biomass of primary production, chlorophyll a, bacterio- and
phytoplankton were maximum in autumn.

For each survey, the correlation coefficients of methane with hydrological and hy-
drochemical parameters were calculated (Figure 3). A positive correlation is observed
between methane and salinity, negative – with water temperature and dissolved oxygen
concentration in most cases. December 2023 is interesting, when all three relationships had
a high correlation, which is explained by the almost complete absence of vertical variability
of all parameters caused by storm mixing (November–December 2023 were characterized
by strong storms in the south-eastern Baltic) and convection. For some dates the correlation
coefficients were low (up to ±0.4), especially for methane and temperature, so they should
not be taken into account.

Figure 3. The correlation between methane, salinity, water temperature and dissolved oxygen.

Russ. J. Earth. Sci. 2024, 24, ES5001, EDN: RPYLFX, https://doi.org/10.2205/2024es000938 7 of 18

https://elibrary.ru/rpylfx
https://doi.org/10.2205/2024es000938


Methane in the Water Column of the Gdansk Deep (Baltic Sea). . . Ulyanova and Korneeva

Dissolved methane and temperature

When comparing the distribution of methane with hydrophysical parameters, it
was revealed that most of the measurements occurred during the cold period, when
the water temperature was below 10 °C. Increased methane concentrations tend to this
temperature (Figure 4 upper). The relationship between methane concentrations and
water temperature during the study period (2021–2023) is characterized by a weak linear
relationship (R2

= 0.018). The relationship is shown separately for the subsurface (0–5 m)
with high temperature variability (3.5–21.7 °C) and near-bottom layer (near the bottom
and bottom +4 m), which is less susceptible to the influence of synoptic variability.

Figure 4. The relationship between methane and water temperature throughout the entire water
column (upper), subsurface 0–5 m (left) and in the bottom layer (right).

Dissolved methane and salinity

Water salinity in the study area ranged from 5.6 to 12.0 psu, with most methane
measurements occurring at 7–8 psu (Figure 5). The relationship between methane con-
centrations and salinity is characterized by a weak linear relationship (R2

= 0.082). The
relationship is shown separately for the near-bottom layer (near the bottom and bot-
tom +4 m).

Figure 5. The relationship between methane and salinity throughout the entire water column (left)
and in the bottom layer (right).
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Dissolved methane and oxygen

Figure 6 shows that the relationship between the dissolved methane and oxygen
concentrations is characterized by a weak linear relationship (R2

= 0.214). The relationship
is shown separately for the near bottom layer (near the bottom and bottom +4 m). Two
groups are distinguished: most of the measured values fall into the group with high oxygen
concentrations and low methane concentrations, which corresponds to the surface layer
of the sea. High concentrations of methane at high concentrations of oxygen are most
possible associated with “oceanic methane paradox” caused by the vital activity of phyto-
or zooplankton in the subsurface layer or transport by subsurface currents. To reliably
answer the question about the origin of methane in oxygenated water, it is necessary
to study the isotopic composition of methane, since the isotopic structure of methane
emitted by phytoplankton is clearly different from methane produced by methanogenic
archaea [Klintzsch et al., 2023]. The second group – suboxic conditions and low methane
concentrations – manifests itself in the bottom layer below the halocline. Single high
concentrations of methane here are associated with a maximum that is either directly
above the bottom or is separated from the bottom by 4–6 m. In other areas of the Baltic
Sea (for example, Kiel and Eckernförde bays) the correlation between dissolved oxygen
and methane was significantly higher (R2

= 0.764) and there was a seasonal shift in the
CH4 – O2 relationship associated with changes in water masses [Gindorf et al., 2022]. It has
been established that not only in bottom sediments, but also in water above gas emission
points, a significant decrease in oxygen concentration can be observed [Malakhova et al.,
2021].

Figure 6. The relationship between methane and oxygen throughout the entire water column (left)
and in the bottom layer (right).

The change in oxygen concentration in areas where methane seeps from sediments
(silt sediments in the study area) occurs due to a combination of several processes: con-
sumption for aerobic oxidation of methane by the microbial community; consumption
for the oxidation of hydrogen sulfide, released both in the composition of bubble gas and
as a result of fluid emission from gas-saturated sediments; the interchange of bubble gas
components with dissolved oxygen in the water, and the subsequent removal of oxygen
along with the bubble into the atmosphere.

Previously, in the study area, minimum oxygen concentrations were also observed at
points with maximum (up to 0.48 µmol/L) methane concentrations [Pimenov et al., 2008].
For comparison, typical values of methane concentration in water in the shallow coastal
waters of the Gdansk Basin (sea depth up to 50 m) were in the range of 0.008–0.040 µmol/L
[Pimenov et al., 2010].

In November 2021, August 2022 and May, July 2023, increased methane concentra-
tions were observed below the thermocline. The strong influence of the thermohaline
structure on the water column methane distribution has been shown both for seasonal
and for daily dynamics studies [Malakhova et al., 2024]. The formation of a thermocline
in summer leads to the accumulation of a methane “reserve” below this upper density
limit [Gülzow et al., 2013]. Recent studies have revealed periodic accumulation of methane
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in oxic waters just below the thermocline during the summer months [Jakobs et al., 2014;
Schmale et al., 2017]. Stable carbon isotopes indicated a biogenic in situ origin of methane,
while clonal sequences pointed to methanogenic archaea as potential producers [Schmale
et al., 2017]. However, the rate of methane production associated with zooplankton alone
was not sufficient to fully explain the observed methane enrichment. Using the example
of the Central Baltic Sea, it is shown that zooplankton contributes to the enrichment of
methane in the subthermocline due to 1) direct methanogenesis in the digestive tract of
copepods and/or 2) indirect participation in methane production due to the release of
methane precursor substances into the water with subsequent microbial decomposition
to methane outside bodies of copepods [Stawiarski et al., 2019]. Calculations also showed
that methane was consumed below the thermocline and was not transported to the upper
sea, suggesting that other sources in the mixed layer are required to maintain the observed
air-sea methane flux [Schmale et al., 2017].

Vertical mixing directly affects the vertical transport of reduced compounds (e.g., iron
II, manganese II, ammonia or methane) from the lower hypoxic layers towards the redox
zone, where most of the methane is consumed by microbial consumption [Reissmann et al.,
2009; Jakobs et al., 2014]. The halocline prevents the process of vertical mixing of the upper
layer with the bottom layer, therefore, below the halocline, vertical transport is initiated by
wind phenomena that excite several types of deep-sea movements (for example, internal
waves). In addition, the intensity of vertical mixing can also be influenced by the proximity
of the coast [Axell, 1998]. Thus, methane accumulates in a layer that is not subject to
intense vertical mixing.

In addition to vertical mixing processes, methane distribution can potentially be
influenced by variability in methanogenesis in sediments. The availability of organic matter
is an important factor for methane formation. However, the seasonality of this influencing
factor is not expressed, since in the upper meter layer, where sulfate ions are present and
the process of sulfate reduction occurs, no significant methane formation occurs [Piker
et al., 1998]. Deep-water basins, in particular the Gdansk Basin, are characterized by high
rates of transport of organic matter (formed by primary production and coastal erosion)
into deep-water zones, where it is partially mineralized, thereby reducing the oxygen
concentration in the water [Reissmann et al., 2009]. Conditions of absence or deficiency
of oxygen (O2 <2 mL/L) in the deep-sea zone promote the burial of organic matter, and,
consequently, the microbial formation of methane in sediments. In the hydrogen sulfide
zone, areas of gas-saturated sediments with flows of dissolved methane directed into the
water are unique oases of life due to the material and energy properties of methane for the
microbial component, and in coastal oxidizing conditions, on the contrary, they are zones
of inhibition.

Methane anomalies in oxic conditions are well known as the “oceanic methane para-
dox” [Reeburgh, 2007b]. Studies have shown that pelagic methane production in the
presence of oxygen may result from the metabolism of methylated compounds (e.g.,
methylphosphonates [Karl et al., 2008], dimethylsulfoniopropionate [Damm et al., 2010]) or
the activity of methanogenic archaea in the presence of photoautotrophs [Grossart et al.,
2011]. Methane production is associated with anoxic microniches within inorganic particles
or fecal pellets [Karl et al., 2008]. Mesozooplankton (copepods) can create a local anoxic
microenvironment in the intestine [Tang et al., 2011]. The rate of methane production by
zooplankton depends on the type of organism and the diet of phytoplankton. These studies
indicate that the above various mechanisms of methane formation should be considered
significant as a source of methane in the aerobic layer of the water column.

Our data confirm that biogenic methane production in the oxygen-saturated layer is
a common feature not only for the central part of the Baltic Sea during the summer period
[Schmale et al., 2017], but also for the southern part of the Gdansk Basin, where the carbon
supersite is located.
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Seasonal variability

Analyzing some statistical parameters of the distribution of all obtained methane
measurements, it can be concluded that the seasonal course of methane distribution in
the Gdansk Basin takes place. The maximum, both average (0.048 µmol/L) and absolute
values were obtained in the summer (Table 2). Median values were the same in summer
and winter (0.016 µmol/L), the minimum concentrations were observed in spring. For the
surface layer, the maximum concentrations were observed in winter, the minimum – in
spring and autumn.

Table 2. Seasonal statistic of methane concentrations (µmol/L)

Spring Summer Autumn Winter*

Total
Surface
(0–1 m)

Total
Surface
(0–1 m)

Total
Surface
(0–1 m)

Total
Surface
(0–1 m)

Number of measurements 40 4 80 7 64 4 32 3

Mean 0.015 0.004 0.048 0.011 0.037 0.004 0.023 0.015

Median 0.011 0.003 0.016 0.015 0.009 0.004 0.016 0.012

Minimum 0.002 0.002 0.000 0.000 0.000 0.000 0.004 0.010

Maximum 0.087 0.009 1.122 0.023 0.465 0.008 0.123 0.022

* A hydrological winter in the South-Eastern Baltic Sea includes December–March [Bernikova et al., 2007].

Maximum methane concentrations (0.022 µmol/L) in the surface layer (0–1 m) were
observed in both June and December 2022 (Figure 7). However, in general, the surface
layer in all seasons was characterized by minimum methane concentrations, with the
exception of June 2022, when the minimum values were at a horizon of 10 m (0.007 at
10 m versus 0.015 µmol/L at 0 m). The bottom layer was characterized by a wide range
of values: from 0.016 to 0.402 µmol/L. High concentrations at the near bottom layer were
observed in the summer and autumn of 2021, as well as in July 2022. In winter 2022,
concentrations at the surface and at the bottom were comparable. In winter 2023 near
bottom methane concentrations were an order of magnitude higher than at the surface
which may be associated with the abnormal deep location of the halocline.

Figure 7. Seasonal variability of the distribution of methane dissolved in water in the surface (0–1 m),
subsurface (10 m) and bottom layers.
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It is known [Gindorf et al., 2022] that within the upper 1 m of the water column there
are methane concentration gradients, and the difference in concentrations between 0.1 and
1 m (difference in order) was greater than between 1 and 2 m (average difference between
gradients ∼ 1 nmol/L). The direction of the gradients varied: sometimes there were higher
concentrations in the uppermost layer, in other cases there were increases with depth or
intermediate maxima. Concentrations measured in Niskin bottle samples (1–2 m horizon)
were generally higher than in surface samples (mean difference between bottle and surface
sample concentrations: 1.2±0.4 nmol/L). Thus, in our study, speaking about the surface
layer, it can be assumed that the analyzed samples show a certain average concentration
between the immediate subsurface layer (0–10 cm) and the surface layer (1 m), since the
length of the bottle used for sampling was 0.5 m.

According to a study of the South-Western Baltic Sea, maximum methane concen-
trations were usually observed in October, at the end of seasonal hypoxia, favorable for
microbial methane production. Due to the long anoxic period, significant accumulations
of methane (0.6 µmol/L) in the bottom layer were observed in autumn [Ma et al., 2020].
This is higher than the values obtained in this study, but the order of magnitude is the
same. A study of the North-Eastern Baltic Sea (Estonian sea area sub-basins) the median
highest concentrations in the upper layer were observed in April (0.008–0.014 µmol/L),
and authors gave three possible reasons of methane concentrations variability: physically
disturbed organic-rich sediments, river plumes, and upwelling were identified as processes
causing hot spots of methane emission [Lainela et al., 2024]. However in our case the
upwelling is inappropriate as influencing factor as the depth of area is too deep. As well as
river plumes – the site is far away from the coast. The high concentration of methane in
bottom water is most likely the result of methanogenesis in anoxic sediments [Bange et al.,
2010], which produces gas that partially leaks into the water [Reindl and Bolałek, 2012;
Donis et al., 2017]. Summer stratification prevents methane from reaching the surface, and
therefore it accumulates below the pycnocline. In the water column, methane is effectively
oxidized, and only a small part of it reaches the surface layer [Steinle et al., 2017].

Seasonal variability in the distribution of methane in water at the carbon supersite
is observed, however not very pronounced. The same conclusion was made for some
other indicators of the marine ecosystem of the study point. For example, the ratio of the
integral (for the euphotic layer) biomass values of the main components of the marine
biocenosis (phyto-, zoo- and bacterioplankton), which determine the formation of the flow
of organic carbon particles, changed slightly throughout the year [Mosharov et al., 2022].
While the parameters of the biological components themselves change significantly. In
summer, organic carbon particles synthesized by phytoplankton practically do not form
a downward flow, but remain within the upper active layer of water in the form of biomass
and metabolites of bacterio- and zooplankton.

Ecotoxicological effect of high CH4 concentrations

The zone of acute toxicity where fatal intoxication of a reliably recorded number of
aquatic organisms within 2–4 days is inevitable, begins at a methane concentration level
of about 45 µmol/L and higher [Galchenko, 2001]. One of the latest studies of biomarkers
revealed that the non-typical methane community species (mussel Mytilus galloprovincialis)
was more sensitive to methane than to low oxygen concentration, supporting the effects of
methane on the mussel's immune system [Kladchenko et al., 2024]. The highest concentra-
tions of methane at the carbon supersite was comparable to the biogeochemical threshold
of ecological tolerance of hydrobionts for methane (0.45 µmol/L (the same value is accepted
as an approximate value of the maximum permissible concentration of dissolved methane
in the marine environment [Mishukova et al., 2007]). For comparison, the value of methane
dissolved in water in the bottom layer (0.5–1 m from the bottom) in the Gdansk Basin above
the pockmark and gas-saturated sediments was 0.22–0.67 µmol/L, which is comparable
with this study and determines the bottom horizon water as a zone of threshold effects and
environmental tolerance. In both the surface and bottom layers in 2022, according to the
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results of summer, autumn and winter surveys for the Russian sector of the South-Eastern
Baltic Sea (from shallow waters of 10 m up to depths of 110 m), methane concentrations
varied in the range of 0.000–0.205 µmol/L [Korneeva and Ulyanova, 2023]. Thus, in general,
the distribution of methane in the carbon supersite corresponds to background values for
the South-Eastern Baltic Sea.

Conclusion

Studies of dissolved in water methane and related parameters (water temperature and
salinity, dissolved oxygen concentration) were carried out in all seasons in 2021–2023 at
one point located in the Gdansk Deep of the Baltic Sea on the offshore carbon supersite
Rosyanka. A total of 16 surveys were completed. Measurements with such frequency in
the study are were performed for the first time.

The vertical distribution of dissolved methane in water varied over a fairly wide range –
from 0 to 1.112 µmol/L. Methane concentrations increased with depth, which is a typical
distribution for the sea and is associated with the vertical stratification of the water column.
The layer from the bottom to the upper boundary of the halocline is the most saturated
with methane: values above 0.1 µmol/L accounted for about 5% of all measured values
and occurred in the halocline and under it. Thus, the CH4 flux from bottom sediments into
the water column was predominant.

However, in the near-surface layer (5–15 m) a weakly pronounced peak in methane
concentrations was observed (“oceanic methane paradox”). Most likely it is associated with
biological processes.

Most of the measured values fall into the group with high oxygen and low methane
concentrations, which corresponds to the surface layer of the sea. High concentrations
of methane at high concentrations of oxygen are associated with the “oceanic methane
paradox”. The second group is confined to the bottom layer with euxinic conditions and
high methane concentrations – manifested in the bottom layer in and below the halocline.
The lack of oxygen is the possible reason why the more saline near bottom waters were
saturated with methane.

Some pronounced seasonality was detected in the vertical distribution of dissolved
methane. The maximum, both average and absolute values were obtained in the summer,
Median values were the same in summer and winter, the minimum concentrations were
observed in spring. For the surface layer, the maximum concentrations were observed in
winter, the minimum – in spring and autumn. A positive correlation was between methane
and salinity, negative – with water temperature and dissolved oxygen concentration in
most cases.
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