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This paper is the first focused study of gas bubble emissions at the Crimean shelf in the northern Black Sea.
During R/V Professor Vodianickiy 125/1 Cruise in November 2022 hydroacoustic and geochemical studies were
carried out to detect gas seepage along Crimean coastline to assess methane-related processes taking place in the
local hydrosphere. More than 200 bubble-induced hydroacoustic anomalies in the water column were found at
7.1 km?. We allocated 4 seepage areas which are arranged in the west of the study area and included most of the
identified flares located primarily along 35 — 45 m isobaths. Vertical profiles of temperature, salinity, dissolved
oxygen content were measured, and a video survey of the seafloor was conducted. The spatial and temporal
variability of the flares was examined at Martyan seep site by multiple hydroacoustic surveys on a hours- and
days-scales. The observations of the flare appearance showed that most flares are temporally variable. Calculated
gas flow rate from individual flare ranged from 4.1 (0.04) to 88.6 (0.101) L~day’1 (t-year’l), while the average
value was 38 (0.07) L-day ! (t-year™!). Distinct methane transport from the seep sites into the hydrosphere was
observed only for Martyan seep area by relative enrichments of dissolved methane in near-bottom waters.
Sediments from the active seep area were significantly enriched in mercury (87 =+ 21 ng g~ 1) compared to the
reference sites (26 + 7 ng g ). Our analyses provide one of the first interdisciplinary descriptions of shallow gas
seeps sites within the Black Sea seep system.

1. Introduction

assess its role as a material and energy source that contributes to food
chains in various aquatic environments (Baumberger et al., 2022).

Methane is a key climate-relevant trace gas, widely encountered in
seawater (Reeburgh, 2007; Weber et al., 2019). Considerable research
efforts have been made to comprehend its sources and sinks (Intergov-
ernmental Panel on Climate Change (IPCC), 2023). Cold seeps are pre-
dominantly methane bubbles and fluid gas migration from the
sedimentary subsurface to the seabed and into the water column. With
the potential for some methane to eventually reach the atmosphere, it is
crucial to monitor its emissions to assess environmental impact
(McGinnis et al.,2006; Suess, 2014; Ceramicola et al., 2018). Accurate
quantification of methane flux at hydrocarbon seeps is necessary to
evaluate their influence on the global methane budget and climate
change (Kvenvolden and Rogers, 2005; Saunois et al., 2020) as well as to

As of approximately 10 years after the first discovery of submarine
hydrocarbon seep systems in the 1980s, a number of hydrocarbon seep
sites have been found also in the Black Sea. The presence of cold seeps
here was first confirmed hydroacoustically in April 1989 during the 28th
Cruise of RV Professor Vodianickii (Egorov et al., 2011). To date, the
questions related to cold methane seeps in the Black Sea have been
already discussed in books about global seabed fluid flow (Judd and
Hovland, 2009), mineral resources of the Black Sea (Shnyukov and
Ziborov, 2004), as well as in fundamental work on the study of the
biogeochemical cycle of methane in the ocean (Lein and Ivanov M. V.,
2009).

More than two decades ago, Egorov et al., (2011) published an
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analysis and associated database for > 4000 water column methane
seeps discovered since 1989 in the Black Sea. The seeps database pub-
lished with Egorov et al. (2011) relied on echosounder surveys during 23
scientific cruises by research vessels between 1992 and 2005. Further-
more Egorov et al. (2011) analyzed the state of the art of Black Sea cold
seeps impact on the hydrochemical and hydrological characteristics of
the marine environment, as well as bioecological aspects of gas emis-
sions. Egorov et al. (2011) proposed a model for gas exchange between
bubbles and water column and assessed methane emission from gas
seeps to the water and atmosphere.

In the intervening decades, numerous studies have significantly
enhanced the understanding of the Black Sea hydrocarbon seeps, e.g.,
possible sea-air methane exchange (Amouroux et al., 2002); the fate of
emitted methane in the water column (Ivanov et al., 2002); the char-
acteristics of seep benthic communities and methane-derived carbonates
(Novikova et al., 2015). Some sites have become model systems for
understanding the variability of hydrocarbon seepage and associated
biogeochemical processes. High-intensity gas releases have been
described at the Dnepr paleo-fan (Naudts et al., 2006; Schmale et al.,
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2010), Don-Kuban paleo-fan (Starostenko et al., 2010) and Danube fans
(Hillman et al., 2018; Riedel et al., 2021), at the Caucasian gas seep area
(Pape et al., 2011; Korber et al.,2014; Pape et al., 2021) and Turkish gas
seep area (Akhmetzhanov et al., 2007; Ozel et al.,2022). Thus during the
three decades, the Black Sea has become one of the areas in the world
with the most intensive studies on hydrocarbon seep systems. However,
much less attention has been paid to shallow coastal areas, which are
important in the context of methane contribution to the atmosphere
(Judd and Hovland, 2009).

Among the inland seas, the Black Sea is one of the largest meromictic
and methane reservoir; many works have been devoted to the study its
methane biogeochemistry (Lein et al., 2009; Egorov et al., 2011). The
methane concentration in the surface layer is 1- 10 nmol L™}, increasing
more than 1000 times in anoxic zone to 11-12 pmol Lt (Lein et al.,
2009). Vast anoxic zone with an extremely high dissolved methane
content has formed under the Black Sea pycnocline, located at a depth of
more than 100 m. Schmale et al. (2005) concluded that only shallow
seeps (depths <100 m) seem to affect the methane concentration of
surface water and direct local emissions into the atmosphere, while

Fig. 1. Map of the study area at southern Crimean continental margin of the Black Sea showing ship-track and about 200 hydroacoustic anomalies (flares) indicative
for ascending gas bubbles in the water column, as well as GC and MIC sample stations (Table 1). Flares cluster in 3 distinct areas (Laspi, Martyan and Cape Plaka seep

sites) are shown in the boxes below.
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high-intensity seep sites below this boundary do not show regional in-
fluence on the surface layer. Greinert et al. (2010) highlighted how
methane fluxes rapidly increase with increasing bubble size and
decreasing water depth, underlining that shallow sites may represent a
significant source of methane to the atmosphere. Even in shallow loca-
tions, vertical transport can be restricted by density stratification.
Therefore, the study of shallow-water methane seeps is important in the
context of the global climate agenda.

Very shallow-water methane seepages have been reported by now
near south coast of Crimean peninsula (Malakhova et al., 2010; Tarno-
vetskii et al., 2018 Budnikov et al., 2019; Malakhova et al., 2020, 2020;
Malakhova et al., 2023a, 2023b. However, previous surveys have been
limited to specific areas of work and have been conducted from shore by
divers or small vessels. During 125/1 cruise by R/V Professor Vodia-
nickiy in November 2022 we performed a hydroacoustic survey and
visual seafloor observation to detect gas seepage along coastline as well
as hydrochemical analysis in the sediments and water column to assess
methane-related processes taking place in the local hydrosphere.

2. Regional setting
2.1. Geological settings

Study area is located on the Crimean shelf in the Black Sea (Fig. 1),
which is characterized by shallow water depth. The shelf and conti-
nental slope (continental terrace) of the Crimean Peninsula within the
Black Sea can be divided into three morphostructural regions: Western,
from Tarkhankut to the Bay of Laspi and Cape Sarich; Southern coast,
from Cape Sarich to Cape Meganom; Eastern, including the area of
Feodosiya Bay and the Kerch-Taman shelf. The narrow shelf along the
southern coast of Crimea is submerged, albeit to a lesser extent. East of
Cape Meganom, the shelf widens, with the depth at the outer edge
ranging from 100 to 130 m. Throughout the shelf of the Crimean
Peninsula, there are internal, abrasion, and accumulative outer parts.
The boundary between them lies at 80-95 m. The abrasion plain of the
inner shelf is overlain by a sedimentary cover of small thickness
(10-20 m), mainly of late-Neoeuxinic to Holocene age. The accumula-
tive layer of the outer shelf is represented by a clinoform, which
apparently formed mainly during post-Karangat times under regressive
conditions. Below the upper clinoform, seismic-acoustic studies have
identified three similar formations, and deltaic accumulation may have
started as early as the Pliocene (Sheremet et al., 2016). Sea level fluc-
tuations have stimulated gravitational processes on the continental
slope. The alluvial cone opposite the Yalta amphitheater represents a
large sedimentary body among other similar formations - alluvial cones
of the pre-Kuban, pre-Don, and other rivers. The absence of a major river
on the southern coast of Crimea could have been partially compensated
by increased flow from karst springs of the Main Ridge during glacial
epochs with their pluvial conditions.

2.2. Very shallow hydrocarbon seeps in the Crimean shelf area

Previous studies indicate very shallow gas seepages distributed at
separate sites (Tarnovetskii et al., 2018; Budnikov et al., 2019; Mala-
khova et al., 2020; Malakhova et al., 2023a; Malakhova et al., 2023b.
This researches focused mostly on 3 gas seeps areas (Laspi, Sevastopol
and Cape Tarkhankut seep areas) while much less attention is paid to gas
emission areas in other shallow regions. Crimean coastal seeps were
mostly of biogenic origin, with a seasonal type of gas bubble emission
(Malakhova et al., 2020). A significant variation was recorded in values
of isotopic composition of methane carbon &' *C-CHa of bubble gas in
coastal shallow areas (—94...—34 %o), which indicates different condi-
tions for bubble gas generation and maturation in seabed sediments
(Malakhova et al., 2020a, 2020b). Various methods were used to esti-
mate the size spectra of bubbles, as well as fluxes from separate seeps.
Gas flux values varied from 1.8 L-day~' (the Martynova Bay, Malakhova
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T. V., 2010) to 40 L-day (the Laspi Bay, Malakhova et al., 2020a,
2020Db).

3. Materials and methods

All data used in this study were collected during 125/1 cruise RV
“Professor Vodianickii” (PV125/1) was conducted during 2-26
November 2022.

e GC - non-pressurized sediment cores

e IDR - IDRONAUTOCEANSEVEN 320 PlusM;

e TUV - teleoperated underwater vehicle <cROVBUILDER»
e MIC - mini corers;

3.1. Hydroacoustic methods

Hydroacoustic survey was carried out using the hydroacoustic
complex “Echo-Baikal”, which is a software-hardware complex of the
upgraded Furuno FCV-1100 echo sounder (Japan) and proprietary
software. The complex was configured for dual-frequency mode with the
parameters: zonding signal frequency 50 and 88 kHz, pulse duration
0.2 ms, noise level treshold —142 dB. The directional pattern charac-
teristic of transducers at a level of —3 dB for 50 and 88 kHz were 8 and
7 deg, respectively. The transducers of the R/V “Professor Vodyanitsky”
installed into the vessel bottom were used. The hydroacoustic complex
was calibrated using a standard method (Simrad) using a copper sphere
with a diameter of 60 mm a target strength (TS_50kHz) value of
—38.59 dB.

3.2. Calculation of bubble gas flows (estimation from size spectra)

Algorithm was similar to the model presented in Veloso et al. (2015).
Briefly, the available information obtained from the echosounder is
given in terms of target strength (TS) which is the logarithmic version of
the total backscattering cross-section. TS is calculated for each sample of
each ping and therefore each TS value represents the backscattering
produced by the targets located at the approximated truncated conical
volume with a depth given by the time sample interval of the received
signal.

The model simulates a combination of bubbles within a sample
volume that aligns with the Bubble Size Distribution (BSD) and the
measured total acoustic scattering cross-section. For calculation of
bubble gas flows we make a number of assumptions. 1. We estimate the
gas flow at the bottom-water boundary (so-called “initial flow”). Thus,
we avoid answering how much gas has dissolved in the water and how
much gas has reached the sea surface. 2. To calculate the total volume of
gas in bubbles, we use BSD obtained from video recordings of shallow
gas seeps in the Black Sea (see Fig, S1. in supplement). 3. We also assume
that the bubbles are filled with methane only, so the gas density, heat
capacity ratio, acoustic damping coefficient, and other characteristics
are calculated for this gas only.

Post-processing for calculating gas flow is based on the “Echo-Baikal”
software and a self-written MATLAB based software package, which
calculates target strength TS and backscattering volume strength SV
(Muyakshin and Sauter, 2010; Makarov et al., 2020). Taking into ac-
count the parameters of the external environment - depth, temperature,
pressure and water density and the above-mentioned assumptions, a
single gas bubble at the depth of the bottom-water boundary is modeled
and its acoustic cross-section is calculated. The number of bubbles is
increased until their total acoustic cross-section in terms of target force
exceeds TS measured by the echo sounder. As a result, we obtain the
number of bubbles and their total gas volume, as well as their mass.
Knowing the size of bubbles, using the A.Liefe equation, we calculate the
bubble ensemble surfacing velocity and gas flow rate (volumetric, mass,
molar) for a particular gas outlet, as presented in (Makarov et al., 2020;
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Muyakshin and Sauter, 2010).
3.3. Water column analyses

To identify the size and magnitude of the dissolved methane plume
generated by the bubble discharge, seawater was sampled along a
hydrocast transects that crossed the active gas emission sites (Table 1,
Fig. 1). The transects extend about 1 km along the coastline and each
include 4 stations. We used a rosette equipped with 12 5-L Niskin bottles
mounted on a frame that holds a IDRONAUT OCEANSEVEN 320 PlusM
plus conductivity, temperature, depth, oxygen sensors. For quantifica-
tion of methane concentrations in the water column 30 mL of sampled
seawater were transferred from the Niskin bottles into glassbottles
immediately after recovery (see 3.6. for gas chemical composition
analytical procedure).

3.4. Sediment sampling

Non-pressurized sediment cores were recovered with gravity corers
occasionally lined with PVC-liner (GC; 3 m core length) and mini corers
(MIC; <0.5m). In total, 10 GC and 4 MIC cores of sediments were
investigated (Table 1). Sediments were subsampled from GC in 20-40
cm-resolution on deck, MICs were transferred immediately upon re-
covery into the cold room and sampled in 5-10 cm resolution.

For vertical profiling of methane concentrations in GC and MIC
sediments, a modified headspace technique was used. 2,5 milliliter of
sediment were taken with cut-off syringes immediately after core re-
covery, when concentrations of light hydrocarbons have still not equil-
ibrated to atmospheric pressure, at defined depths and transferred into
25 mL glass vials prefilled with NaOH. The samples were stored at 4 °C
until analysis onshore.

3.5. Hydrological data (RCM 9 LW)

At Martyan seep area RCM 9 LW (AANDERAA, Norway) multi-sensor
meter was used in a bottom frame mooring on November 15
(44°30.463 N, 34°15.871 E) and November 23, 2022 (44°31.185N,
34°16.856 E). The depth at the site was 44 m. The measured parameters
were temperature T (here and after sensor accuracy/resolution +0.05/
0.030C), conductivity C (£0.018 mS cm—1/ 0.002 mS cm—1), dissolved
oxygen concentration DO (< 8 pmol/L /< 1 pmol/L), turbidity Tu (+10/
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0.5 NTU), current speed (0.3 cm/s/0.3 cm/s), current direction (+50/
0.350). The recording goes on continuously. One recording interval
takes 34 s. Water salinity was calculated from measured temperature T
and electrical conductivity Ck using formulas from the paper (Zori et al.,
2000).

3.6. Gas chemical composition

3.6.1. 3.6.1. CH4u C2 +

A static headspace-equilibrium method was adopted for the CH4
measurements (Kolb, 2006). A 4-mL helium (99.9999 %, mark 5.0, LLC
“Argon”, Russia) headspace was created inside the vial with a gas-tight
syringe. The samples were vibrated and then left to reach the CH4
equilibrium between air and water phases. 250-uL subsamples of
headspace gas were injected into a gas chromatograph equipped with a
flame ionization detector (GC-FID, Hewlett-Packard 5890 Series II,
Agilent Technologies, Santa Clara, CA, USA and in the Scientific and
Educational Center for Collective Use “Spectrometry and Chromatog-
raphy” of the IBSS using a Kristall 5000 gas chromatograph (Khromatek,
Russia)). Compound separation was achieved with a packed column
(1 m length, inner diameter 2 mm, Porapack Q 80/100 mesh, Serva)
under the following conditions: the carrier gas was nitrogen, flow rate —
30 mL/min, temperature of the detector — 225 °C and of the injector
-120 °C. Standard gas mixtures with varying mole fractions of CH, in
nitrogen (“Monitoring”, St. Petersburg, Russia) were used daily to cali-
brate the response of FID before measurements. Relative standard de-
viations on measurements obtained under field conditions were 7 %.

3.6.2. Helium

For helium analysis, gas chromatograph “Chromatec-Gazochrom
2000” (JSC “Chromatec”, Yoshkar-Ola) with high-sensitivity thermal
conductivity sensors was used. The carrier gas was argon. Certified
calibration gas mixtures were used to calibrate the instruments. The
error of this method is less than 5 %. Identification of helium and
hydrogen in bottom sediments was carried out using the method of
equilibrium concentrations (Obzhirov, 1993; Wiesenburg and Guinasso
Jr, 1979).

3.7. Hg

Mercury concentrations were detected in 11 cores (123 bottom

Table 1
List of stations investigated at Crimean continental margin during PV125/1.

Area Sample code Instrument type Data Depth, m Coordinates

Laspi seep area 113 GC, IDR, TUV 03.11.2022 53 44°24.692 33°41.729
105,1 GC, IDR 16.11.2022 118 44°16.620 33°42.023
104 GG, IDR 16.11.2022 145 44°12.922 33°41.362
LS1 MIC, IDR 25.11.2022 66 44°23.995 33°41.995
LS2 IDR 25.11.2022 63 44°24.389 33°41.626
LS4 MIC, IDR 25.11.2022 50 44°24.594 33°41.992
LS5 IDR, TUV 25.11.2022 - 44°24.843 33°43.544

Martyan seep area 137.2 GC, IDR, TUV 04.11.2022 55 44°30.528 34°16.351
136.2 GC, IDR 14.11.2022 700 44°27.092 34°19.812
135.1 GG, IDR 14.11.2022 1119 44°24.546 34°24.445
MS1 MIC, IDR 24.11.2022 51 44°31.150 34°16.829
MS2 IDR 24.11.2022 44 44°30.915 34°16.529
MS3 IDR 24.11.2022 44 44°30.679 34°16.294
MS4 IDR 24.11.2022 46 44°30.404 34°15.983

Cape Plaka seep area 139.1 GC, IDR 13.11.2022 130 44°35.991 34°29.424
139 GC, IDR 65 44°38.692 34°26.534
139.2 GC, IDR 580 44°34.596 34°29.746
138.1 GC, IDR 1300 44°32.885 34°30.140
CPS1 MIC, IDR, TUV 23.11.2022 35 44°38.741 34°25.101
CPS2 IDR 23.11.2022 43 44°37.532 34°24.693
CPS3 IDR 24.11.2022 39 44°36.132 34°23.525
CPS4 IDR 24.11.2022 51 44°34.793 34°22.705

Megaseep MegaS GG, IDR, TUV 21.11.2022 40 44°46.548 34°40.938
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sediments samples). To determine mercury, an RA-915M+ mercury
analyzer with a PYRO-915 pyrolytic attachment was used. The lower
detection limit was 0.5 ng g~!. The analysis error was 2-3 %. GSO
7183-95, SPDS-1,2,3, HISS-1, MESS-4, and PACS-3 served as reference
materials for mercury. External control was carried out annually in the
manufacturer’s laboratory (Lumex LLC, St. Petersburg).

3.8. Visual Seafloor observations

The Rovbuilder RB 300 (Russia), a towed underwater system
equipped with a high-resolution digital camera, was used to visually
inspect the sea floor at an altitude of about 1.5-2 m relative to the
seabed in areas where flares were detected using echosounder. In
addition to the provided live feed, the camera was programmed to take
high-resolution photographs of the sea floor for target-objects.

4. Results
4.1. Seep locations

During hydroacoustic surveys anomalies in the water column (gas
flares) diagnostic for gas bubble release from the seafloor were observed
on the Crimean continental margin using the Furuno and Simrad
echosounder (see Table S1. in supplement materials for a full list of
seeps).

The seeps were composed of vertically arranged oblique reflections
that image the up-rising individual bubbles or groups of bubbles (Fig. 2).
In total, more than 200 individual seeps were detected in the 7,1 km?
area during our study (Fig. 1, Table S1). These seeps were originating at
seafloor depths between 19,7 and 78,5 m below sea level (mbsl) and are
preferentially located at the closest transect to the shore (Fig. 3,
Table S1). The seeps showed mostly vertical orientation and were about
20 m high. It is difficult to determine the real height of the seeps due to
the narrow directional pattern of transducer (6° for Furuno 50 kHz, 7°
for Simrad EK500 120 kHz). Such a small angle results in loss of the
uppermost part of the seeps in the beam when the ship did not pass
exactly through the center of the bubble train. Some seeps detected were
discontinuous or were disconnected from the sea floor.

One of the steps in analysing seep dataset was identifying seep
clusters, defined as groups of seeps that are close enough together. We
allocated 4 seep clusters (Alupka, Martyan, Cape Plaka and Ribach’e)
which are arranged in the west of the study area and included most of
the identified hydroacoustic anomalies. Most of the gas flares were fixed
near Cape Martyan, mainly along the isobath with a depth of 35-45 m
(Fig. 3). In the eastern part of the study area were mostly individual
flares.
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Fig. 3. Distribution of detected gas seepage along the bottom depth.

4.1.1. Spatial and temporal variability of the flares

The spatial and temporal variability of the seeps was studied at
selected seepage by multiple hydroacoustic surveys on a hours- and
days-scales. The observations of the seeps appearance showed that most
seeps probably are temporally variable. Surveys conducted at Martyan
seep site 15 and 23 November showed at Fig. 4 summarizes the positions
of all flare areas detected during two time periods. Thus, at Martyan seep
site 11 individual flares were recorded on November 15 and their
number increased to 59 on November 23 (Fig. 4).

4.2. Gas flux

Based on acoustic survey data, estimates of gas flux were obtained for
“clean” flares without acoustic noise from fish and jellyfish. A total of 26
recorded gas flare were processed at depths from 30.1 to 51.8 m
(Table 2). To estimate the gas flow rate, the maximum value of acoustic
backscattering in the bottom layer of water with a thickness h of 0.14 m
was selected (h=tau*1446/2, tau = 0.2 ms). Several gas bubbles (1-3
pcs.) were recorded in the sample volume of the probing signal. This
characteristic count of gas bubbles is confirmed by video frames of
similar gas flares filmed in Laspi Bay, when 1-3 bubbles were

Fig. 2. Echograms (120 kHz), examples of acoustic recording of gas flares in the water area (A) - flare group at Martyan seep area and (B) individual flare at cape
Plaka. The echograms were taken at a research vessel speed of 1,6 knots, echo sounder pulse duration 0.2 ms, echo integration threshold —80 dB.
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Fig. 4. Distribution of the flares detected within the Martyan seep area during two time periods: on November 15 (red crosses) and on November 23 2022 (yel-

low circles).

Table 2
Individual seep characteristics (depth and flare length) and corresponding gas
flow rate.

Depth, m Flare length, mL-day ! mmol-s~! t-year !
43.62 15.01 65.17 0.147 0.074
43.97 22.97 79.13 0.179 0.090
44.21 19.51 88.60 0.200 0.101
39.29 23.12 85.42 0.193 0.097
42.77 14.68 27.70 0.063 0.032
40.94 31.58 33.60 0.069 0.035
43.12 31.22 4.50 0.008 0.004
43.55 13.62 34.16 0.056 0.028
42.70 36.46 56.33 0.121 0.061
40.28 35.05 12.52 0.020 0.010
41.91 22.44 4.07 0.008 0.004
44.26 19.44 24.50 0.052 0.026
42.41 17.02 10.73 0.023 0.011
40.14 15.19 22.05 0.029 0.015
40.17 22.58 40.69 0.081 0.041
42.98 17.45 24.40 0.044 0.022
37.80 33.80 33.96 0.061 0.031
46.52 26.80 86.23 0.198 0.100
46.95 31.35 15.74 0.031 0.016
30.87 6.47 23.32 0.036 0.018
39.86 10.36 49.35 0.106 0.054
51.77 12.62 32.82 0.080 0.040
42.98 17.87 18.80 0.036 0.018
39.72 17.45 45.52 0.091 0.046
37.45 23.12 62.46 0.116 0.059
39.01 29.93 6.57 0.013 0.006

simultaneously recorded in a single frame (Budnikov et al., 2019).

Calculated gas flow rates from individual flares ranged from 4.07
(0.04) to 88.6 (0.101) L-day’1 (t-year’l), while the average value was
38 (0.07) L-day ! (t-year™!) (Table 2).

4.3. Seafloor characteristics

A Rovbuilder deployment was conducted at all flare sites in order to
visually confirm the seafloor origin of the gas flares recorded hydro-
acoustically (Table 1), and the type of the surrounding sediments.
During the all ROV-surveys gas bubble emissions were neither observed

visually nor detected with the ROVmounted sonar. However, many
times seeps were recorded at shallower depths by divers at the Martyan
seep area 44°30'15, 34°14'02 (Fig. 5a) and Laspi seep area 44°25'15’,
33°42/25" (Fig. 5b).

During the ROV dive at ‘Laspi seep site” dense microbial mats, usu-
ally observed at active hydrocarbon-seeps, were observed. The sea floor
was inspected along an approx. 500 m long track during 2,5 h. The sea
floor was covered by decimeter-sized whitish material, occurring either
as subcircular as elongated patches (Fig. 5¢ and d). These patches most
probably represent microbial mats indicative of fluid flow from below.
Any features of gas bubbles seepages as holes which could produced by
bubbles emanating were not visible in the sea floor along the ‘Laspi seep
site” track. The sea floor at Cape Plaka seep site was covered with
slightly elevated structures which formed topographic mounds up to a
10-15 cm high and 30-40 cm length (Fig. 5f). Whereas the sea floor at
Martyan seep site was densely covered with clam shells (Fig. Se).

4.4. Oceanographic setting

The hydrographic conditions at 4 seepage areas are shown in Fig. 6.
In November 2022 the surface water consisted of about 40 m thick
mixed layer below which a seasonal thermocline was found. At the
investigated stations the water column had a temperature of 14-15 °C, a
salinity of 18.6 — 18.7, a density of 13.4 kg m™, and oxygen concen-
trations of 6.7-6.8 mg-L L.

4.5. CH4 and He in sediments

Vertical ex situ concentration profiles of methane dissolved in pore
waters of shallow sediments were established for all stations investi-
gated (Fig. 7, Tabl. 1). Methane was present in shallow sediments of all
the research stations (Fig. 7). The highest concentration was measured
in 139,1GC sediments — 0.7 mM. Generally, the concentrations
increased with sediment depth at 104, 137.2, 135.1, 139, 139.1 stations
(Fig. 7). At the other stations the values almost did not change with
depth and even slightly decreased with depth at 136.2 (Fig. 7). The ir-
regularities in the profiles were detected probably due to sediment
decompression after core retrieval. Also, high concentrations of ethane
were measured in the columns of two stations located in Laspi seep area
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Fig. 5. Underwater pictures taken by divers at the very shallow sites of the Martyan seep area 44°30'15, 34°14'02 (a) and Laspi seep area 44°25'15’, 33°42'25" (b)
and showing gas bubbles and sandy floor (after Malakhova 2020), as well as sea floor picture taken with the high-resolution video camera mounted on the Rovbuilder
RB 300 at Laspi Bay demonstrates the occurrence and intercalation of white colored patches (c, d); clams flaps at Martyan seep area (e); Cape Plaka seep area with

elongated mounded structure (f). For locations see Fig. 1.

st.113 and Martyan seep area st. 137.2 up to 1 uM and 200 nM
respectively.

The helium content along the sampled sediments averaged 10.7 parts
per million (ppm). This value is considered the background level for the
study area. For comparison, the background helium concentration in the
sediments in the Tatar Strait (Sea of Japan) is 5.6 ppm and in the Kuril
Basin (Sea of Okhotsk) is 4 ppm (Shakirov et al., 2016). The increased
background of helium content in the sediments of the shallow shelf of
Crimea may be associated with active tectonic activity in the area.
Geological faults, mud volcanic activity, and hydrothermal vents are
likely sources of helium. Additionally, the unique conditions of the Black
Sea, including the lack of oxygen and difficulty with water exchange,
create favorable conditions for helium accumulation in sediments
(Greinert et al., 2006).

Significant results were obtained at stations 136.2-GC and Megaseep.
Abnormally high helium concentrations were recorded at both loca-
tions, with 111,943 ppm (11.2 %) at station 136.2-GC at the 190-cm
horizon and 4891 ppm (0.5 %) at the Megaseep site at the 100-cm ho-
rizon. These sites are located within the influence zone of an active fault,
as identified by Sydorenko et al. (2017). It should be noted that these
locations are also associated with active gas seeps and methane anom-
alies, as shown in Fig. 1.

4.6. CHjy in water

The methane profiles above Martyan seep area show concentration
decreases from higher concentrations (24 nM) close to the seafloor to
low values between 5 and 10 nM close to the sea surface (Fig. 8). No
perceptible change of the methane gradient was found for Laspi seep and
Cape Plaka (Fig. 8). Using the mean atmospheric methane concentration
of 1.9 ppm (Ocean Station M: http://www.esrl. noaa.gov/gmd/ccgg/
iadv/, at 66.001 N, 2.001E) and the ambient T and S values (Fig. 6), the
equilibrium methane concentration at the sea surface was estimated as
2.73 nM (after Wiesenburg, Guinasso Jr, 1979). Consequently, the
measured mixed-layer methane concentrations between 4 and 15 nM
indicate a saturation of 150-550 %.

4.7. Determination of Hg concentration

The sediment columns we studied can be divided into two groups —
with mercury concentrations in the range of 8-45ng g~ and with
mercury concentrations from 50 to 170 ng g~ ! (Fig. 9). Higher mercury
concentrations corresponded to the seep sites exceeding mercury con-
centrations in background areas by 2-3 times. The maximum concen-
tration reached 170 ng g ! in sediments of Laspi Bay (50 cm bbl, Fig. 9).
This value did not exceed the standards for sediments according to the
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Fig. 6. Water column profiles of temperature (T), salinity (S), ot and dissolved oxygen (O3), recorded in November 2022 at Laspi, Martyan, Cape Plaka and

Megaseep areas.

Fig. 7. Vertical concentration profiles of methane (lines) and helium (histograms) in sediments recovered. Numbers in legends indicate GC (solid lines) and MIC

(dotted lines) cores.

“Dutch sheets” (300 ng g’l) (Neue NiederlandischeListe, 3/95).

4.8. Hydrological parameters in the bottom layer at the Martyan gas
emission site (November 15 and 23)

On November 15, 2023, measurements were taken from 12:30 p.m.
to 2:30 p.m. local time (Fig. 10 left side). During the measurement

period, changes in the bottom current velocity and direction were
observed. During the period from 12:30 p.m. to 13:15 p.m. the north-
eastern direction of the current prevailed, changing consistently to
southeastern, southern and southwestern, and then again to north-
eastern with flow about 15 cm/sec. The period from 13:15 p.m. to
14:00 p.m. was characterized by a rather stable current direction to the
northwest with flow about 10 cm/sec. From 14:00 p.m. the flow
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Fig. 8. Profiles of dissolved methane concentration for all CTD casts at
seep areas.

significantly varied in direction from northward to southward in the
sector 180-360° and in magnitude in the range from 3 to 34 cm/sec.

Changes in flow velocity and direction were concomitant with
changes in turbidity. Between 12:30 p.m. and 13:05 p.m., turbidity
varied between 2 and 4 NTU with an average of about 3 NTU. The period
from 13:05 p.m. to 13:45p.m. was characterized by more intense
turbidity variations ranging from 3 to 9 NTU and an average of about 4
NTU. After 13:45 there was a decrease in turbidity to 2 NTU with small
deviations from this value.

Salinity varied between 18.6 PSU and 18.8 PSU during the mea-
surement. The temperature generally reduced from 14.9°C to 12.3°C
until 14:00 p.m., then raised to 13.7°C from 14:00 p.m. to 14:15 p.m.
and remained practically unchanged thereafter. Oxygen content up to
13:45 p.m. was 8.13 mg/l + 0.08 mg/1 and varied within the error of
the sensor, however, starting at 13:45, there was first a decrease in ox-
ygen concentration to 7.98 mg/1 and then its rise to 8.16 mg/1.
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On November 23, 2022, measurements were made from 18:10 p.m.
to 18:40 p.m. local time (Fig. 10 right side). During the measurements,
the flow velocity and direction did not change significantly. The flow
was directed to the southeast, the value of the flow velocity was in the
range of 5.3-10.3 cm/sec. Turbidity varied in the range of 1-3 NTU, no
abrupt turbidity changes were observed. Salinity, as on November 15,
2022, ranged from 18.6 PSU to 18.8 PSU. The temperature remained
constant within the sensor’s accuracy and was approximately 13.85°C.
The dissolved oxygen concentration DO was kept at 8.05 mg/L with a
small peak at the beginning of the measurements to 8.13 mg/L, how-
ever, within the sensor’s error range.

5. Discussion

We detected 204 hydroacoustic anomalies in the water column (gas
flares) at the northern shelf of Crimea (Fig. 1, Table S1) during R/V
Professor Vodianickiy cruise in November 2022. This new finding of
methane seepage adds to the long and steadily growing list of seep areas
in the world’s oceans (Campbell, 2006; Judd and Hovland, 2009; Suess,
2014) and specifically in the Black Sea (Egorov et al., 2011).

The seeps are not randomly distributed, but are located over a depth
range from 35 to 45 m (Fig. 4). Visual sea-floor inspections with the
high-resolution video camera of the Rovbuilder system did not confirm
active gas bubble emissions but detected white sea-bed patches at Laspi
seep area as a marker of fluid release often accompanying methane gas
emissions (Fig. 5¢ and 5d). Exploration of the seafloor at the base of
water column bubble plumes sometimes fails to discover an active sea-
floor seep. This can be attributed to ephemerality of emissions, uncer-
tainty in the seep’s location, or extremely small size of the bubbles.
Nonetheless, throughout this paper, we assume that identified water
column plumes are indicative of seafloor gas seepage during the discrete
time interval. Our data demonstrate that the flares are temporally var-
iable over hours and weeks (4.4) and it is likely that the activity and
intensity of the gas emissions may also change seasonally or annually.

5.1. Intensity of gas seepage and comparison with other areas

Our observations revealed that most imaged flares during our

Fig. 9. Distribution of mercury in sediment columns at various stations (Note: GC — non-pressurized sediment cores recovered with gravity corers; MIC — mini corers).
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Fig. 10. Hydrological parameters in the bottom layer at the Martyan gas emission site at November 15 (left) and November 23 (right).

surveys are often appear episodically and are characterized by discharge
in pulses. These data suggest that most of the flares are rather weak and
represent discontinuous releases of gas bubble emissions. The quantity
of bubbles and the intensity of seepage from the investigated area of
Crimean continental margin seems to be rather weak in comparison to
other well-researched seep areas in the Black Sea (Greinert et al., 2006,
2010; Naudts et al., 2006; Egorov et al., 2011; Romer et al., 2012),
where vigorous gas bubble emissions and/or strong flares have been
documented. Our estimates coincide with gas flow rates for very shallow
seep site in Laspi Bay (Budnikov et al., 2019; Malakhova et al., 2024.
Important to note that in Laspi Bay interseasonal observations per-
formed in 2023 showed a relatively constant gas flow with yearly var-
iations of no more than 30 % (Malakhova et al., 2024). Therefore,
estimating the annual flux should account for a potential inaccuracy of
30 %. Meanwhile some biogenic sources may be inactive for months,
which complicates annual extrapolations and necessitates more precise
gas release statistics.

The estimates obtained for the average gas flux of individual flares

10

(38 L-day’l) allow us to evaluate the total flow from the entire water
area of the southern coast of the Crimean peninsula. In this work 200 gas
flares were fixed over an area of 7.1 km? Thus, the specific flux per
square kilometer is 1070 L day ! km?. The estimated total gas flux from
the shelf of the southern coast of Crimea, with an area of 10000 km?, is
about 10.7 10® m® of gas per day. This value is significantly less than the
estimates made for the paleo-delta of the Dnieper, Danube and Don,
where the average flux was 2.8 10° m® of gas per day (Artemov et al.,
2019).

5.2. Fate of methane in the water column

The individual methane concentration profiles in Fig. 8 represent a
snapshot of the local and likely time-dependent methane distribution
patterns. The resulting profiles are strongly affected by currents and the
proximity of the sampled water to rising gas bubbles, as well as dissolved
methane transport from the bottom sediments to the water.

Our highest dissolved methane concentrations, measured in the
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bottom water during the all surveys (25 nM at Martyan seep area), are
significantly lower in comparison to those observed at other shallow
seep sites: in the Tommeliten, North Sea (268 nM; Schneider von
Deimling et al., 2011), offshore Svalbard, west of Prins Karls Forland
(524 nM; Gentz et al., 2014), seep field in central North Sea (1628 nM,
Mau et al.,2015) and the Coal Oil Point seep field (up to 1900 nM; Mau
et al., 2012). However, the CH4 profiles at Martyan seep area still show
elevated methane concentration in the bottom water and lower con-
centrations in the near surface layers at all 4 profiles (Fig. 8). We do not
exclude that the near-bottom maxima can be a result of diffusion fluxes
of dissolved gas. Sometimes such fluxes can be comparable or even
exceed the bubble flux at the seep site (Malakhova et al., 2020, 2020). It
is conceivable that our observations occurred in a period of minor
seepage activity. For example, observations made for the Coal Oil Point
seep field revealed interannual changes between 1990 and 2008, which
have been related to internal geological processes (Bradley et al., 2010).

We assume that the hydrodynamic regime in the seepage area can
impact the intensity of gas emissions as well as methane concentration in
water column. Data obtained with RCM 9 LW showed that changes in
the modulus and direction of current speed during measurements are
coupled with changes in turbidity, temperature, and dissolved oxygen
content. Atmospheric pressure fluctuations and surface waves can also
affect the pulsations of gas bubble flow (Malakhova et al., 2024). Further
research is needed to elucidate how seasonal variations in hydrophysical
parameters of the water column affect the distribution of methane in the
water column in the study area.

5.3. Genesis of bubble gas

We have discussed earlier genesis of bubble gas for some very
shallow-water seeps of Crimean shelf compared to other Black Sea gas
seepages areas (Malakhova et al., 2020). Our data revealed that gas
bubble methane at the Heracles Peninsula seep sites as well as at
Martyan seep area mainly originate from primary microbial path, the
exception was Laspi Bay seeps which are thermogenic origin (Fig. 11).
Single subbottom echosounder profiles presented by Khortov et al.
(2023) indicate a domelike structure in shallow sediment depth inter-
preted as gas front. We assume that where this gas front comes very close
to or even intercepts with the seafloor, gas ebullition is commonly
observed.
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5.4. Is mercury in bottom sediments a sign of gas discharge?

Geochemical studies indicate the presence of increased Hg concen-
trations in the water above mud volcanoes (Shnyukov et al., 1992;
Sagalevich et al., 1992; Astakhov et al., 2011), hydrothermal formations
(Torokhov and Taran, 1994; Astakhov et al., 2007) and at the areas of
methane seeps (Egorov et al., 2003; Kostova et al., 2006; Ryzhov et al.,
2003; Li et al., 2022). According to previous studies at the Black Sea
(Kostova et al., 2006), the Hg concentration in the surface layer of
bottom sediments from methane seeps area was about 7 times higher
than at the background station and concentrations in the bottom water
layer reached 2676 ng L1, Our data showed that Hg concentrations of
sediments from gas seep-areas (87 + 21 ng g, n = 49) are higher than
those of background areas (26 + 7 ng g-1, n = 91) especially in the near
core-top layers (Fig. 9). Similar results were obtained for Haima cold
seep (South China Sea, Li 2022). Total-Hg concentrations of seep sedi-
ments (65.27 + 38.74 ng/g) were reliably higher than those of
inactive-area (42.03 + 3.15 ng g~ 1). It has been shown that sedimentary
organic matter is a crucial factor that influences the distribution and
speciation Hg in marine sediments (Chakraborty et al.,2015) and the
Hg/TOC values in sediments from the active seep area are higher
compared to those from the inactive area and reference sites (Li et al.,
2022). In future work, we aim to identify the Hg/TOC ratio used to
assess the capacity of organic matter to adsorb mercury.

5.5. He in sediments

The presence of helium in the sediments of the Black Sea can be
attributed to a unique combination of geological factors and charac-
teristics of the region. Tectonic forces control the degassing zones in the
Black Sea, and many land faults continue into the sea (Sheremet et al.,
2016). Current gas emissions from the Crimean coast of the Black Sea are
associated to seismic activity (Nikishin et al., 2015). Gas-geochemical
analysis of sediment samples from the shallow water area reveals that
gas release in this region has a deep origin. This release occurs in deep
fault zones where tectonic activity is ongoing (Hippolyte et al., 2018).
The high concentrations of helium and heavy hydrocarbons in bottom
sediments indicate the deep nature of this degassing process (Shakirov
et al., 2016; Syrbu et al., 2024).

The study of helium as an inert gas is useful for understanding the

Fig. 11. Generic classifications of light hydrocarbons (adopted from Milkov and Etiope, 2018) illustrating hydrocarbon ratios (C1/Ca,) vs. 8'>C-CH, isotope data for
the Crimea coastal areas and Black Sea gas samples from various sites (after Malakhova et al., 2020). LS — Laspi seep area; MS - Martyan seep area; CR — carbonate
reduction, F — methyl-type fermentation, SM - secondary microbial, OA — oil-associated thermogenic gas, EMT - early mature thermogenic gas, LMT - late mature

thermogenic gas.
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nature of gas flows, as they are natural indicators that do not react
chemically with the host rocks. Helium can be found in sediments and
bottom waters, and it can be derived from three different sources with
distinct isotopic signatures, allowing us to trace its origin and move-
ment. These sources include the atmosphere, crust, and mantle Ballen-
tine et al., 2002). For our study area, high concentrations of helium were
recorded at stations 136.2-GC and Megaseep. In both cases, the helium
anomalies suggest specific seepage processes occurring in the local area.
These concentrations are likely characteristic of only this specific loca-
tion, and they cannot indicate an increase in helium flow from the entire
water area of the shallow Black Sea off the Crimean coast.This is
confirmed by previous isotope studies of helium in this area (Sorokin
trough) (Holzner et al., 2008). These studies confirmed that the helium
in pore waters of sediment has a crustal origin with a small amount of
mantle component, indicating a deep source for the helium.

Deep helium is likely to migrate along with natural gas (methane)
through the bottom sediments. High concentrations of hydrocarbon
gases, including helium, have previously been recorded in the sediments
on the shelf off the coast of Crimea in the Black Sea (Shnyukov, 1992,
1998, 1999; Holzner et al., 2008). In the study by Holzner et al. (2008),
helium concentrations were measured in pore waters, sediments, and
water at a depth of 200 m in the Sorokin Trough, an area of active gas
emission. It was found that helium concentrations increase with depth
and reach their maximum in the bottom water layer, where it comes
from the bottom sediments and accumulates, as vertical transport is
slow. The study found that the bottom water layer is supersaturated with
helium by approximately 20 % and the pore waters in the sediment core
are 400 % supersaturated relative to the bottom layer. This confirms the
influx of helium due to the advection of fluids through permeable zones
in the Earth’s crust, such as zones where active faults intersect.

5.6. Bacterial mats at Laspi Bay seep area

The presence of hydrogen sulfide, generated through sulfate reduc-
tion and discharged with fluids at bubble gas emissions sites, has been
shown to stimulate the formation of bacterial biofilms/mats on the
surface of sediments. Such mats have been documented many times for
gas emissions along the coast of Crimea (Bryukhanov et al., 2018;
Pimenov et al., 2018; Malakhova et al., 2023a, 2023b). These mats are
predominantly composed of sulfur-oxidizing bacteria belonging to the
genera Thiocapsa, Thiobaca, Thioflavicoccus, and Thiorhodococcus
(Bryukhanov et al., 2018; Pimenov et al., 2018). But until now we did
not register any biofilms in Laspi Bay shallow-water gas emission area
(<4 m depth). Earlier we identified sulfur-oxidizing epsilonproteobac-
teria of the family Thiovulaceae (8.2 %) in the surface horizons of Laspi
Bay sediments. Deeper (10-15 cm bsfl) archaea of the phylogenetic
cluster ANME-2a/b (19.2 %) and bacteria of the family Desulfobacter-
aceae (12.2 %), mediating anaerobic methane oxidation, were detected
(Malakhova 2020).

6. Conclusion and outlook

Our work is a piece in a larger puzzle dedicated to the study of
methane seep areas in the world’s oceans and specifically in the Black
Sea. We have performed focused survey of gas bubble emissions at the
Crimean continental margin (northern Black Sea) which has not been
systematically surveyed before. During R/V Professor Vodianickiy 125/
1 Cruise in November 2022 hydroacoustic and geochemical studies were
carried out to detect gas seepage along coastline. More than 200 bubble-
induced hydroacoustic anomalies in the water column (flares) were
found at 7,1 km?. This new finding of methane seepage adds to the long
and steadily growing list of seep areas in the world’s oceans (Judd and
Hovland, 2009) and specifically in the Black Sea (Egorov et al., 2011).
We allocated 4 seep clusters (Alupka, Martyan, Cape Plaka and Riba-
ch’e) which are arranged in the west of the study area and included most
of the identified hydroacoustic anomalies. The seeps were found to be
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temporally variable, with some showing episodic and discontinuous
releases of gas bubbles. The quantity of bubbles and the intensity of
seepage on the investigated area of Crimean continental margin seems to
be rather weak in comparison to other well-researched seep areas in the
Black Sea (Greinert et al., 2006, 2010; Naudts et al., 2006; Egorov et al.,
2011; Romer et al., 2012), where vigorous gas bubble emissions and/or
strong flares have been documented.

The gas flux from single localized gas seepage was calculated using
the method of incoherent addition of the acoustic responses of an
ensemble of gas bubbles and ranged from 4.07 (0.04) to 88.6 (0.101) L/
d (t/y), average - 38 (0.07) L/d (t/y). The total gas flux of bubble
methane from the seafloor at the surveyed area estimated by extrapo-
lating was about 10.7 10% m? per day.

Our geochemical data (helium anomalies and high mercury con-
centrations in seep sediments) suggest a thermogenic origin for the gas,
while previous isotopic data (613C) of bubble methane indicate a mi-
crobial origin with only one exception for Laspi Bay seep area. This
discrepancy highlights the need for further research to clarify the nature
of the emitted gas.

Research questions arising from our shallow gas seeps survey
offshore Crimea include: 1) why the depth of gas emissions is limited to
the 35-40 m isobath; 2) determining the factors leading to the high
variability of seep activity on the synoptic scale; 3) assessing the role of
thermogenic and biogenic gas contributions; 4) documenting the role of
methane input on the local biocoenosis and associated biogeochemical
processes.
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