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ARTICLE INFO ABSTRACT

Keywords: Numerous hydrocarbon seep sites at the continental shelf, slope, and in the deep water basin are known to feed
Black sea the Black Sea water reservoir of dissolved methane. In this study, we identified the likely sources of gas and oil
Seafloor seepage that are emitted at four sites located on the continental slope offshore Georgia in the Eastern Black Sea at 830 to
gﬁs 1,140 m water depth — an area with gas seepage only (Batumi seep area) and three areas of coupled gas and oil
Methane seepage (Iberia Mound, Colkheti Seep, and Pechori Mound). The geochemistry of bulk parameters, organic

fractions and individual hydrocarbon biomarkers in near-surface sediments and of gas/oil expelled from the
seafloor was analyzed and jointly interpreted to assign most likely hydrocarbon source rocks in the studied
region. Presence of oleanane in shallow oil-impregnated sediments and oil slicks attests that the source rock at all
sites is younger than Mid Cretaceous in age. We conclude that hydrocarbons ascending at all the four seepage
areas originate from the Eocene Kuma Formation and/or the Oligocene-Lower Miocene Maikop Group, which
are considered the principal hydrocarbon sources in the Eastern Black Sea region. Distributions of crude oil
biomarkers in shallow sediments suggests moderate to heavy biodegradation. C;/Ca; ratios (10-4,163) along
with stable C and H isotopic ratios (5'°C-CH,4 —46.3 to —53.1.3%o V-PDB; §°H-CH, —159 to —178%o V-SMOW)
indicate gas mixtures of oil-associated thermogenic and secondary microbial light hydrocarbons that are dis-
charged from the four seep sites. Light hydrocarbons discharged at the Batumi Seep area are characterized by
significant enrichments of methane, but have almost similar §'3C-CH, values if compared to the other study
sites. Such methane enrichments likely result from a comparably higher degree of petroleum degradation and
associated formation of secondary microbial methane.

Gas hydrate
Maikop group
Kuma formation

1. Introduction

The Black Sea basin hosts about 12 km thick, partially organic-rich
sediments, which promote oil and gas formation in the deep subsur-
face. At numerous sites, oil and gas migrate towards the sediment sur-
face and escape into the water body. Seafloor seepage of light
hydrocarbons and partially of oil is widely distributed on Black Sea
continental shelves and slopes (e.g., Artemov et al., 2007; Bohrmann
et al., 2003, Bohrmann et al., 2007, 2011; Dembicki, 2020; Dimitrov,
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2002; Greinert et al., 2006; Klaucke et al., 2006; Korber et al., 2014;
Kruglyakova et al., 2004; Michaelis et al., 2002; Naudts et al., 2006;
Nikolovska et al., 2008; Reitz et al., 2011; Riboulot et al., 2018; Romer
et al., 2012, 2020; Sahling et al., 2009; Schmale et al., 2005; Zander
et al., 2020, this issue). At seepage sites located within the gas hydrate
stability zone (GHSZ), which at current water temperature and salinity is
located in waters deeper than about 720 m below sealevel (bsl) (Naudts
et al., 2006; Pape et al., 2010), concentrations of methane and other
light hydrocarbons exceeding solubility lead to gas hydrate formation in
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the sediment (Vassilev and Dimitrov, 2002). Gas seepage and decom-
posing gas hydrates are considered the dominant source of methane in
Black Sea waters, which are the world’s largest aquatic reservoir of
methane (96 Tg; Kessler et al., 2006; Reeburgh et al., 1991). Highest
methane concentrations (up to 15 pM) are found in the permanently
anoxic water body present below approx. 150 m below sea level (mbsl)
(Reeburgh et al., 1991; Schmale et al., 2011).

Prominent seepage sites are situated within the GHSZ offshore
Georgia, which is the area of investigation in this study. In this area,
hydrocarbon upward migration is mainly related to uplift due to active
tectonic compression caused by the northward movement of the Arabian
plate against Eurasia (Adamia et al., 2010; Banks et al., 1997). For the
Batumi seep area, hydroacoustic investigations in the water column,
visual seafloor inspections and seafloor sampling have shown that it is
characterized by sustained strong gas emissions and elevated methane
concentrations in shallow sediments (Heeschen et al., 2011; Klaucke
etal., 2006; Nikolovska et al., 2008; Pape et al., 2011; Reitz et al., 2011).
Seafloor oil release was observed at other seep sites, such as the Iberia
Mound, the Colkheti Seep and the Pechori Mound (Akhmetzhanov et al.,
2007; Bohrmann et al., 2007, 2011; Dembicki, 2020; Korber et al., 2014;
Reitz et al., 2011). The hydrocarbons nourish microbial communities
thriving in sediments and the water column where they mediate the
anaerobic oxidation of methane (AOM) (e.g., Blumenberg et al., 2004;
Michaelis et al., 2002; Treude et al., 2007; Wakeham et al., 2007) and
potentially of higher homologues (Formolo et al., 2004; Head et al.,
2003; Kniemeyer et al., 2007; Stagars et al., 2016).

The Oligocene-Lower Miocene organic-rich Maikop Group, which is
a potential hydrocarbon source rock in the Black Sea and the adjacent
Caspian Sea (e.g., Abrams and Narimanov, 1997; Boote et al., 2018;
Burwicz and Haeckel, 2020; Efendiyeva, 2004; Inan et al., 1997; Mayer
et al., 2018a; 2018b; Pupp et al., 2018; Ross and Degens, 1974; Sach-
senhofer et al., 2017; 2018b), was previously discussed as major source
of light hydrocarbons for most of the seeps offshore Georgia (Klaucke
et al., 2006; Pape et al., 2010; Reitz et al., 2011; Dembicki 2020).
However, other organic-rich strata that under- and overly the Maikop
Group could also account for hydrocarbon formation in the Eastern
Paratethyan region. A prolific hydrocarbon source rock is the Middle
Eocene Kuma Formation (Beniamovski et al., 2003; Boote et al., 2018;
Mayer et al., 2018b; Pupp et al., 2018; Sachsenhofer et al., 2018a),
which is also an excellent source rock in western Georgia (Vincent and
Kaye, 2018). In the southern Rioni foreland basin onshore Georgia, both
formations are partly buried by several kilometer-thick sediments (e.g.,
Tari et al., 2018). However, due to intense tectonic folding they might
also reach much shallower depths in the study area (Tari and Simmons,
2018). Moreover, general assignments of formation depths for individ-
ual compound classes are difficult, since thermal gradients are variable
in that region (Minshull and Keddie, 2010). Therefore, factors control-
ling oil and gas seepage at Pechori Mound, Colkheti Seep and Iberia
Mound and the exclusive seepage of gas at the Batumi seep area are not
well understood, so far.

The origin of light hydrocarbons can be assessed based on the gas
molecular composition and stable isotope signatures of individual
components (e.g., Berner and Faber, 1988; Faber et al., 2015; Milkov
and Etiope, 2018; Pape et al., 2020, this issue; Whiticar, 1999). While
microbial production leads to the almost exclusive formation of methane
at relatively shallow depth and low temperatures, thermogenic pro-
duction in deeper sediments and at elevated temperatures results in the
concurrent formation of methane and higher hydrocarbons (e.g., Ber-
nard et al., 1977; Claypool and Kvenvolden, 1983; Quigley and Mack-
enzie, 1988; Seewald, 2003). Moreover, information on the type of
organic matter that is transformed into heavy hydrocarbons is gained
from migrated petroleum compounds impregnating shallow sediments
and fluids expelled from the seafloor (e.g., Peters et al., 2004).

In order to characterize the origin and fate of hydrocarbons trans-
ported from the deep subsurface at the four oil and gas seep sites, we
combined state-of-the art sediment and gas sampling with classical
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organic geochemical approaches. Molecular and isotopic compositions
of bulk hydrocarbon fractions, aliphatic C;5; hydrocarbons, tetra- and
pentacyclic isoprenoidal biomarkers, and C;-Cs hydrocarbons from
deep-sea samples were examined in detail. Joint interpretation of data
obtained allowed evaluating the depositional environment, relative
ages, and maturities of the organic-rich deposits that fuel hydrocarbons
bound in shallow hydrates and escape the seafloor. Furthermore, vola-
tile hydrocarbons in shallow sediments and Cjs; hydrocarbons in nat-
ural sea surface oil slicks above one of the seep sites were evaluated with
respect to potential modifications during migration through the sedi-
ment and passage through the water column. These data are useful for
future explorations at these seepage sites and similar geological settings
and might be of prime interest for a better understanding of deep active
hydrocarbon systems in the area.

2. Geological, sedimentological and geochemical setting
2.1. Tectonic evolution of the Black Sea and of the study region

The Black Sea is thought to have formed as a Cretaceous-Paleogene
back-arc basin due to extension associated with northward dipping
subduction of the Paratethys oceanic plate under the Eurasian plate
(Cloetingh et al., 2003; Nikishin et al., 2003; Monteleone et al., 2019;
Robinson et al., 1996; Shillington et al., 2008; Zonenshain and Pichon,
1986). Several phases of compression and extension have affected the
broader Black Sea region since the Cretaceous (e.g., Robinson, 1997;
Nikishin et al., 2015a, 2015b; Stephenson and Shellart, 2010; Vincent
et al., 2016). Nowadays, it has a maximum water depth of ca. 2,200 m
and consists of two sub-basins, the Western and the Eastern Black Sea
(Fig. 1a), which are separated by the central NW-SE-trending Mid-Black
Sea High (Nikishin et al., 2003, 2015a; Shillington et al., 2018; Star-
ostenko et al., 2004; Stephenson and Schellart, 2010).

The relative timing of the opening of the two Black Sea basins is still
under debate (e.g., Monteleone et al., 2019 and references cited
therein), but the Eastern Black Sea basin is generally considered to be
younger than its Western counterpart. For a discussion about the various
models regarding the age of the Eastern Black Sea, the reader is referred
to Tari and Simmons (2018). Montelone et al. (2019) proposed that the
Paleocene to Oligocene deposits present in the Eastern Black Sea, which
harbors the study sites (Fig. 1a), record the time spanning from the
initiation of breakup (Late Cretaceous-Paleocene) to the end of
extension.

Because of the ongoing collision of Eurasia with the Africa-Arabian
lithospheric plates since the Eocene/Oligocene, the extensional basin
of the Black Sea nowadays is surrounded by large compressional struc-
tures such as the Crimean Mountains, the Caucasus, and the Pontides (e.
g., Boote et al., 2018; Nikishin et al., 2015b; Okay et al., 1994). The
continental slope offshore Georgia (Fig. la) is bordered by several
structural elements like the Eastern Pontides thrust belt including the
E-W trending Adjara-Trialet-Fold Belt, the east-southeast trending
Greater Caucasus Thrust-Fold Belt, and the Shatsky Ridge (Adamia et al.,
2010; Banks et al., 1997; Robinson, 1997; Robinson et al., 1996; Tari
et al., 2018). Onshore west Georgia, the Greater Caucasus Thrust-Fold
Belt and the Adjara-Trialet-Fold Belt are separated by the Rioni fore-
land basin, which is a molasse basin with several kilometer thick Late
Miocene-Quaternary deposits mostly transported in the course of the
Greater Caucasus uplift (Adamia et al., 2010; Tari et al., 2018; Vincent
et al., 2007).

Subsidence promoting deposition of sediment packages of up to 12
km in thickness occurred in the central Black Sea basin probably since
the Late Cretaceous/Paleocene (Cloetingh et al., 2003; Nikishin et al.,
2003; Okay et al., 1994). For the Gurian thrust-fold belt (or Gurian
trough), which hosts the sites studied herein, relatively thick Middle and
Late Miocene deposits were interpreted to reflect the main subsidence
phases (Nikishin et al., 2015a). From Middle Miocene to Pliocene sedi-
ment packages having accumulated in the Gurian trough experienced
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Fig. 1. a: Black Sea bathymetric map showing major tectonic structures (tectonic elements after Robinson et al. (1996) and Starostenko et al. (2004)) and position of
the study area (red lined rectangle) in the Gurian thrust-fold belt offshore the southern Rioni foreland basin (Republic of Georgia). b: Positions of the studied four gas
and oil seep sites associated to the Kobuleti Ridge. Bathymetry contours are in 100-m increments.

severe compressional deformation resulting in the formation of anti-
clines and development of a series of ~W-E trending canyons and ridges
(Klaucke et al., 2006; Nikishin et al., 2015a; Sipahioglu et al., 2013; Tari
et al., 2018; Wagner-Friedrichs, 2007).

2.2. Organic matter sedimentology

2.2.1. Pre-holocene sediments

In the region of the South Rioni foreland basin, onshore Georgia,
several thick sedimentary units have accumulated since the Paleocene
(Tari et al., 2018). With respect to their high organic matter content,
post-rift infills belonging to the Middle Eocene (Upper Lutetian — basal
Priambonian) Kuma Formation and the Oligocene-Lower Miocene
(Rupelian-Burdigalian) Maikop Group are of major interest (Boote et al.,
2018; Mayer et al., 2018a, 2018b; Monteloene et al., 2019). Both for-
mations are widespread in the Black Sea and are characterized by a good
to very good hydrocarbon formation potential (e.g., Mayer et al., 2018b;
Sachsenhofer et al., 2018b). In the Eastern Black Sea area they contain
organic-rich units (Kuma - max. 10.3 wt% TOC) (Rupelian part of the
Maikop Group — max. 4.8 wt% TOC) (Vincent and Kaye, 2018) and are
thermally immature (e.g., Mayer et al., 2018b; and references therein).
In the Rioni Basin, the Kuma Formation is composed of fully marine
marls and may reach a thickness of about 40 m (Pupp et al., 2018). In
contrast, the Rupelian oil-prone part of the Maikop Group contains
hemipelagic organic marls and shales and is between 60 and 200 m thick
(Pupp et al., 2018; Vincent and Kaye, 2018). The total thickness of the
Maikop Group in the South Rioni foreland basin may reach up to 800 m
(Pupp et al., 2018; Tari et al., 2018). Post-Rupelian parts of the Maikop
Group consist of a series of thin-bedded sandstones and marls overlain
by organic shale (Tari et al., 2018).

Boote et al. (2018) and Sachsenhofer et al. (2018a) suggested that
the Kuma Formation is tentatively the more significant source of oils in

the Eastern Paratethys region if compared to the Maikop Group. At the
Shromisubani oil field, onshore Georgia some 50 km distant to the
Batumi seep area, biomarker distributions and compound-specific stable
carbon isotopic compositions in two oil samples from reservoir rocks
were interpreted to represent a hydrocarbon mixture generated from
both, the Kuma Formation and the Oligocene part of the Maikop Group
(Mayer et al., 2018b).

From Early to Late Miocene, sediments appear to be mostly sandy
clastics including sandy marl, sandstones and siltstones (Adamia et al.,
2010, 2011; Shillington et al., 2008; Tari et al., 2018). From Late
Miocene to Late Pliocene, sand- and claystones, carbonates, siderites,
clays, black shales and various conglomerates that can reach a total
thickness of more than 1 km occur (Adamia et al., 2010, 2011; Tari et al.,
2018). Pleistocene deposits in the Rioni foreland basin comprise sandy
clastics including sandy shales, sandy beds, sandstones and gravel beds
(Tari et al., 2018).

2.2.2. Holocene sediments

Since the Late Glacial, sediments deposited under limnic to marine
conditions accumulated widespread in the Black Sea (Bahr et al., 2006;
Ross and Degens, 1974; Soulet et al., 2011). They are usually classified
into (at least) three sedimentary units. The lowermost deposits consist-
ing of late Pleistocene-early Holocene (until ca. 8.9 kyrs calBP) lacus-
trine mud are assigned as Unit III. This is overlain by a mid-Holocene
sapropel (Unit II; ca. 7.7-2.8 kyrs calBP). The uppermost Unit I com-
prises of finely laminated late Holocene coccolith ooze.

At the time of Unit III-II transition the Black Sea turned into a well
stratified water body with a permanently anoxic deep-water layer (e.g.,
Ozsoy and Unliiata, 1997; Soulet et al., 2011). Thus, sapropelic deposits
that comprise TOC contents exceeding 10% (Calvert and Karlin, 1998)
mainly represent Unit II sediments. Close to the study sites investigated
herein, TOC contents maximized at 5.6% in Unit II deposits (Pape et al.,
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2010). Currently, organic matter in the Black Sea is mainly supplied by
major rivers draining into the western basin (e.g., Danube, Dnepr,
Dnestr, Don). Due to permanent anoxia below approximately 80-140 m
mbsl (Ozsoy and Unliiata, 1997), the anoxic organic matter decay is less
effective particularly in the euxinic water body (Pedersen and Calvert,
1990) resulting in the accumulation of organic-rich modern sediments
with TOC contents around 2%. In the study area, Late Glacial and Ho-
locene sedimentation have likely been affected by fluvial input from
rivers sourced from the Caucasus (Wagner-Friedrichs, 2007) as well.

2.3. Hydrocarbon seeps in the Eastern Black Sea area

Compressional uplift of anticlines led to the formation of a complex
system of SW-NE to W-E trending canyons and ridges at the offshore
extension of the Rioni foreland basin (Sipahioglu et al., 2013; Tari et al.,
2018; Tari and Simmons, 2018; Wagner-Friedrichs, 2007). In several
cases, the uparching of anticlines buried below the ridges appears to
have affected formation of near-vertical faults, which along with upward
domed lithological boundaries might serve as fluid migration pathways
(Tari and Simmons, 2018). At several sites, intense gas and oil expulsion
typically occur on top of the ridges or on the flanks of the ridges at water
depths between about 830 and 1,140 mbsl (Klaucke et al., 2005, 2006).

Past research focused on four gas and oil seeps (Batumi seep area,
840 mbsl; Iberia Mound, 990 mbsl; Colkheti Seep, 1,120 mbsl; Pechori
Mound, 1,020 mbsl) associated to the Kobuleti Ridge (Fig. 1b) (Akh-
metzhanov et al., 2007; Bohrmann et al., 2007; Klaucke et al., 2006;
Korber et al., 2014; Nikolovska et al., 2008; Pape et al., 2010; Reitz et al.,
2011). All these hydrocarbon seeps showed at least episodic gas escape
from the seafloor, whereas the latter three are characterized by addi-
tional oil impregnations in shallow sediments or even by oil seepage.
Based on oil slick dimensions on the sea surface visualized by remote
sensing, the Colkheti Seep and the Pechori Mound appear to be the most
potent in the Black Sea with respect to emitted oil (Evtushenko and
Ivanov, 2013; Korber et al., 2014). However, the burial depth of the
respective gas and oil source rocks remained largely unknown, so far.

Gas hydrates diagnostic for methane supersaturation have been
found in shallow sediments (>90 cm below seafloor; cmbsf) at all four
seep sites (Akhmetzhanov et al., 2007; Bohrmann et al., 2007; Heeschen
et al., 2011; Klaucke et al., 2006; Pape et al., 2010, 2011). In addition,
sulfate reduction in the upper tens of cm substantiate a very shallow
sulfate-methane interface (SMI) and AOM zone supported by intense
upward flux of methane (Reitz et al., 2011). The presence of authigenic
carbonates at all study sites indicates that hydrocarbon charging of
shallow sediments persisted already for a relatively long time (Bahr
et al., 2010; Bohrmann et al., 2007).

2.3.1. Study sites

2.3.1.1. Batumi seep area. At Batumi seep area, which is located about
40 km west of the Georgian coast on Kobuleti Ridge at about 840 mbsl
(Fig. 1b), almost pure gas emission occurs. The seep area forms a
smooth, up to 10 m-high, irregular seafloor elevation covering an area of
approx. 0.5 km?2. Gas bubbles escaping the seafloor were found to rise in
the water column (Nikolovska et al., 2008), and calculations showed
that methane fluxes are in the range of other well-known hydrate-re-
lated seep areas (Haeckel et al., 2008). Presence of oil in this area did not
become apparent neither in remote sensing data (Korber et al., 2014),
nor in recovered near-surface sediments or during ROV-based seafloor
inspections. From seismic reflectance, it was inferred that gas ascent and
emission is related to vertical faults, which cut through well-defined
sediment packages in the GHSZ and have connection to gas accumula-
tions below (Wagner-Friedrichs, 2007). Seafloor backscatter anomalies
were interpreted as indications either for gas enrichments, or for the
presence of shallow gas hydrates and/or authigenic carbonates, which
all were confirmed by groundtruthing (Bahr et al., 2010; Bohrmann
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et al., 2007; Klaucke et al., 2006; Pape et al., 2010).

2.3.1.2. Iberia Mound. Iberia Mound is located on the southern rise of
Kobuleti Ridge at about 990 mbsl (Fig. 1b). It is a cone-shaped structure
of about 30 m seafloor elevation and >1 km in diameter (Akhmetzhanov
etal., 2007; Korber et al., 2014). Seismic records suggested the presence
of a feeder channel similar in diameter to the seafloor expression itself
that connects upward bulged reflectors at depth and the shallow sub-
surface (Wagner-Friedrichs, 2007). The seismic data from the deep
subsurface was initially interpreted to illustrate a diapiric structure
(Wagner-Friedrichs, 2007) and later associated to a toe-thrust anticline
(Tari and Simmons, 2018). The evolution of Iberia Mound was attrib-
uted to upward transport of gas-saturated material within the conduit
(Wagner-Friedrichs, 2007). Gas flares indicative for gas bubble escape
from the seafloor were observed (Akhmetzhanov et al., 2007). Gravity
cores contained either the common hemipelagic Black Sea sediments or
mud breccia, and oil-staining was observed for sediments below about
60 cmbsf (Akhmetzhanov et al., 2007; Bohrmann et al., 2007). However,
in contrast to Colkheti Seep and Pechori Mound, the presence of oil
slicks at the sea surface identifiable by remote sensing has not been
reported, so far.

2.3.1.3. Colkheti Seep. Colkheti Seep is positioned at the northwestern
rise of Kobuleti Ridge at about 1,120 mbsl (Fig. 1b). It forms an asym-
metric cone-shaped elevation with a relief of ca. 20 m and a diameter of
ca. 1.4 km (Korber et al., 2014). From seismic reflectance, the presence
of upward bulged sediments was inferred (Bohrmann et al., 2007;
Wagner-Friedrichs, 2007). Moreover, fluid upward migration from
toe-thrust anticlines at greater depth fueling oil-impregnations at the sea
bed and oil slicks at the sea surface was proposed (Tari and Simmons,
2018). However, the composition of pore waters in shallow sediments
did not support a deep origin of upward migrating fluids (Reitz et al.,
2011). For shallow sediments, which appeared to be heavily deformed,
seismic data revealed the presence of gas and gas hydrate accumulations
(Bohrmann et al., 2007). Near-surface sediments comprised the common
hemipelagic Black Sea series that was typically oil-stained up to the
sediment top (Akhmetzhanov et al., 2007; Korber et al., 2014). Gas
hydrates, that occurred at depths exceeding 130 cmbsf, where
oil-stained as well. Episodic oil slick occurrence on the sea surface in
recent years substantiate considerable oil discharge from the Colkheti
Seep (Evtushenko and Ivanov, 2013; Korber et al., 2014).

2.3.1.4. Pechori Mound. Pechori Mound is located at about 1,020 mbsl
on the northwestern crest of Kobuleti Ridge (Fig. 1b) and provides gas
and oil seepage. It is a cone-shaped structure with a seafloor diameter of
about 2.0-2.5 km, and a relief of about 75 m (Korber et al., 2014).
Pechori Mound is characterized by weak and chaotic near-seafloor
reflection patterns attributed to the presence of shallow gas or gas hy-
drate accumulations (Bohrmann et al., 2007). A vertical acoustic
transparent zone beneath as wide as the mound diameter and connected
to buried upward-bulged reflectors was interpreted to represent a
pathway for the ascent of gas-saturated, homogenous mud (Akhmetz-
hanov et al., 2007; Wagner-Friedrichs, 2007). In sediment cores taken
close to the center, clasts including mudstones and mud breccia diag-
nostic for material upward transport were frequently found (Akhmetz-
hanov et al., 2007; Bohrmann et al., 2007). Gas hydrates present in
near-surface deposits indicate considerable fluid from below (Reitz
et al,, 2011). Similar to the Colkheti Seep, both the sediments and
embedded gas hydrates were often found to be stained by oil impreg-
nations, and slicks of natural oil were recognized on the sea surface
(Bohrmann et al., 2007; Evtushenko and Ivanov, 2013; Heeschen et al.,
2011; Korber et al., 2014). From the chemical composition of pore
fluids, Reitz et al. (2011) proposed deep fluid advection as well as fluid
alteration by mineral-water reactions at elevated temperatures
(60-110 °C) taking place at Pechori Mound.
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3. Sampling, sample preparation and analytical procedures
3.1. Sampling and preparation

Samples investigated in this study (Table A1 in Appendix) were ob-
tained during four field campaigns in June 2005 (RV ‘Professor Loga-
chev’, cruise TTR-15, UNESCO Training Through Research Program),
March/April 2007 (RV ‘METEOR’, M72/3a and b), May 2010 (RV
‘MARIA S. MERIAN’, MSM15/2), and March 2011 (RV ‘METEOR’, M84/
2). Seafloor inspections using the remotely operated vehicles (ROVs)
‘Cherokee’ or ‘MARUM-QUEST 4000m’ were conducted during cruises
TTR-15, M72/3a, and MSM15/2 prior to groundtruthing.

3.1.1. Sediments

Pressurized sediment cores up to 2.65 m in length were recovered
with the Dynamic Autoclave Piston Corer (DAPC; for description see
Abegg et al., 2008; Heeschen et al., 2007; Pape et al., 2010).
Non-pressurized sediment cores were recovered with gravity corers
(GrG; 3 or 6 m core length), multi and mini corers (MUC and MIC; <0.5
m). The cutting barrel of the GrC was occasionally lined with a tubular
plastic foil instead of a PVC-liner conventionally used in order to enable
immediate access to gas hydrate pieces. Because lengths of gravity cores
have not been corrected for potential loss of uppermost sediments dur-
ing core recovery, sediment depths are reported as ‘core depths’. Addi-
tional surface sediments were collected by push coring (PC, <0.30m)
conducted with the ROV ‘MARUM-QUEST 4000m’.

Sediments were sampled from GrC in 5-40 cm-resolution on deck,
subsequently transferred into a cold room (4-8 °C), and prepared under
temperatures similar to bottom water temperature (~8.9 °C). MUCs,
MICs, and PCs were transferred immediately upon recovery into the cold
room and sampled in 0.5-3 cm resolution.

3.1.2. oil

Oil-water mixtures present in sediment cores were sampled during
cruise MSM15/2 at Colkheti Seep from a depressurized DAPC core
(GeoB14345). Oil slicks floating on the sea surface above Colkheti Seep
were collected within 48 h upon pressure coring in 1L-glass bottles
(screw cap with Teflon inlet). The glass bottles were manually filled
from a dinghy, and the samples were diluted with sodium azide (0.02%;
w/V) to inhibit microbial attack. During time of sampling, gas-oil bub-
bles that disintegrated while reaching the sea-atmosphere boundary and
left oil slicks on the sea surface were observed.

3.1.3. Sedimentary gas, hydrate-bound gas and free gas

Sediment cores were taken under in situ hydrostatic pressure with
the DAPC (Abegg et al., 2008) for the determination of in situ gas con-
centrations, molecular compositions (C; to Cs-hydrocarbons, CO3), and
stable C and H isotopic compositions (Cy, Cz, and Cg). The recovered gas
was released from the DAPC pressure chamber via a ‘gas manifold’
(Heeschen et al., 2007; Shipboard Scientific Party, 1996), and gas
sub-samples were transferred into glass serum vials prefilled with NaCl
solution for later analysis as reported elsewhere (Pape et al., 2010). For
vertical profiling of C; to Cs hydrocarbon concentrations and stable C
isotopic compositions of methane, gases were stripped from the sedi-
ments (taken by GrCs, MUCs, MICs, and PCs). For this, 3 mL of bulk
sediment were transferred immediately after recovery into 20 mL
crimp-top vials pre-filled with 5 mL 1 M NaOH (see Reitz et al., 2011).
Gas hydrate samples were extracted from gravity cores or from longer
sediment cores recovered with the seafloor drill rig MARUM-MeBo70
(Bohrmann et al., 2011) from all seeps sites investigated for analysis
of the molecular composition and stable C and H isotopic ratios of
hydrate-bound volatiles. The hydrate pieces were extracted from the
cores immediately upon recovery, cleaned with ice-cooled purified
water, filled into gas-tight syringes, and left for dissociation at ambient
temperature. The released gas was transferred into glass serum vials as
described above. Gas escaping the seafloor at Colkheti Seep and the
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Batumi seep area was collected several centimeters above the seabed
with the Gas Bubble Sampler (GBS) operated by an ROV (Pape et al.,
2010; Sahling et al., 2009). The gas was released from the GBS pressure
chamber via the gas manifold and injected into glass serum vials for
storage as described above.

3.2. Analyses

An overview of the different analytical methods applied to the
multiple types of samples investigated in this study is given in Table A2
in Appendix.

3.2.1. Analysis of sediments — organic extracts, fractions, and individual
compounds

For analysis of mid-to high-molecular weight hydrocarbons (ca. Ci5
to C3s), organic compounds were extracted from sediment samples with
dichloromethane (DCM) using an accelerated solvent extractor (Dionex
ASE-200), and from the water samples by use of a separatory funnel. For
ASE, 10 g of the sediment sample was diluted with 22 g sea sand
(extracted and annealed, 4 h at 400 °C) within extraction cells. Organic
extracts were collected automatically, and elemental sulfur was subse-
quently removed from the extract by treatment with activated (10% HCl
at 60 °C for approximately 1 h) copper granula. Two oil-water mixtures
from the sea surface above the Colkheti Seep were extracted with DCM
using ultrasonification.

Asphaltenes contained in the extracts were precipitated by adding 2
mL DCM and 60 mL petroleum ether to 100 mg of extract in maximum.
After 12 h reaction time, the extracts were centrifuged at 3,000 rpm for
15 min. The supernatant solution containing maltenes and resins was
collected and the solvent removed through evaporation in a Ny-atmo-
sphere at 35 °C. For samples that yielded more than 10 mg of extract, the
residual maltenes and resins were separated into aliphatic and aromatic
fractions as well as into hetero-compounds (NSO-compounds) on silica
gel (activated at 240 °C for 12 h) by mid-pressure liquid chromatog-
raphy using a sequence of organic solvents of increasing polarity (i-
hexane, i-hexane/DCM (2:1; v:v), DCM/methanol (2:1; v:v)). For sam-
ples with extract amounts below 10 mg, only the aliphatic fraction was
retrieved from the chromatographic column.

Compound distributions in the aliphatic fraction were determined
with an Agilent 6890 gas chromatograph (GC) equipped with a 50 m
Ultra 2 column (Agilent; 0.2 mm inner diameter; 0.11 pm film thickness)
and connected to a flame ionization detector (FID). Individual aliphatic
biomarkers were analyzed by GC separation and subsequent mass
spectrometric determination by a coupled GC (Agilent 6890) mass
spectrometer (MS; Finnigan MAT95S) system. Measurements were car-
ried out as multiple-reaction-monitoring using parent-daughter-scans.

For analysis of stable carbon isotope ratios (613C) of the saturated
and aromatic hydrocarbon fractions as well as the NSO fraction, they
were placed in Ag-melting pots (with minimum 100 pg C). §'3C values
were determined with a coupled Carlo Erba NC 2500 elemental analyzer
(EA) and a Thermo Scientific DeltaPlus isotope ratio mass spectrometer
(IRMS). The reproducibility of 8'3C analyses was +0.2%o. Carbon
isotope values given herein are reported in the 3-notation vs. the Vienna
Pee Dee Belemnite (V-PDB) standard, respectively.

3.2.2. Analysis of volatiles

Concentrations of C; to Cs hydrocarbons extracted from gravity cores
GeoB11970 and 11971 (Colkheti Seep) were analyzed using a GC (Carlo
Erba, GC 8000 top; Reitz et al., 2011). Replicate measurements of
standard hydrocarbon mixtures showed a precision of 1-3 mol-%.
Additionally, molecular distributions of C; to Cs hydrocarbons and CO,
in sedimentary gas from pressurized cores, in vent gas collected with the
GBS, and in hydrate-bound gas collected at Iberia Mound, Colkheti Seep
and Pechori Mound were analyzed with a two-channel GC (Pape et al.,
2010) either on board or in the home lab within six weeks after sam-
pling. Calibrations and performance checks of the analytical system
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were conducted using commercial pure gas standards and gas mixtures
(Air Liquide, Germany). The coefficient of variation determined for the
analytical procedure was <2%.

Stable C isotope ratios of methane extracted from non-pressurized
sediment cores (GrC, MUC, MIC, PC) were analyzed by GC-
combustion-isotope ratio monitoring mass spectrometry (GC-C-IRMS;
see Reitz et al., 2011). Stable C isotope ratios of C; to C3 hydrocarbons
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and CO; in sedimentary gas from pressurized cores (DAPC), vent gas,
and hydrate-bound gas were analyzed by GC-C-IRMS as reported else-
where (Pape et al.,, 2010). Stable H isotope ratios (5%H) of methane
prepared from the various gas types were analyzed at the
GCA-Geochemische Analysen commercial laboratory (Sehnde-Ilten,
Germany) by GC separation (Hewlett-Packard 5840 II) of methane from
other light hydrocarbons followed by on-line pyrolysis (carbon
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microfilm in AlyO3 tube, 1195 °C) according to Tobias and Brenna
(1997). Hydrogen was separated from other gases in a 0.5 m packed
column (M5A, 1/16"), and stable H isotope ratios were measured online
in a EUROPA 20-20 continuous flow IRMS.

4. Results and discussion

Sediment and gas samples from four gas and oil seepage sites in the
Eastern Black Sea were investigated in order to gain information about
the depositional environment, the burial depth, the degree of maturity
of organic matter sourcing hydrocarbons present in shallow deposits,
and potential chemical alterations during migration. Parts of the organic
matter and fluids data at the four hydrocarbon seeps have been reported
in Pape et al. (2010) and Reitz et al. (2011).

4.1. Sources of organic matter and light hydrocarbons

4.1.1. General characterization, origin and depositional regime of organic
matter present at the seep sites

In order to characterize the origin of the organic matter sourcing
hydrocarbons in surface sediments, diagnostic aliphatic biomarkers in
sediments from the four hydrocarbon seeps were investigated in this
study. In a previous study, these sediments were analyzed for abun-
dances and compositions of bulk organic fractions. For instance, large
amounts of extractable organic matter spanning from 650 ppm (Batumi
seep area) to 150,000 ppm (Pechori Mound) of sediment weight showed
that particularly Colkheti seep and Pechori Mound sediments were
heavily impregnated by oil (Reitz et al., 2011). In addition, compositions
of maltenes and resins in sediments from Colkheti Seep and Pechori
Mound were found to be diagnostic for typical crude oils supporting the
relevance of oil injections at these sites (Fig. 2).

Distribution patterns of aliphatic hydrocarbons analyzed in this
study were characterized by unresolvable complex mixtures (UCM)
represented by humps in different degrees in the chromatograms that
indicate substantial degradation of organic matter (Fig. 2). Individual
biomarkers were mainly comprised of linear alkanes, acyclic iso-
prenoids, and tetra- and pentacyclic isoprenoids (steranes and hopanes)
with carbon numbers ranging from about 16 to 35 carbon atoms. For
samples from the Batumi seep area an odd-over-even prevalence of
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linear components, attributable to an origin from leaf waxes of higher
plants (Eglinton et al., 1962) was found. Relative abundances of Cyy- to
Coo-sterane isomers (ca. 20/38/42 mol-% of all Cy7—Cog-sterane isomers)
indicate that organic matter comprises of a mixture of land plants and
marine planktonic organic matter (Fig. 3a).

Isomers of the pentacyclic triterpenoid oleanane (and degradation
products like de-A-oleanane) were present in sediments of all sites
investigated (and also in the oil-water mixtures taken at the sea surface
above Colkheti Seep). The occurrence of oleanane, which results from
certain angiosperms plants (Ekweozor et al., 1979), at the Batumi seep
area, the Colkheti Seep and the Pechori Mound along with the relatively
high oleanane-index (12-19; see also Reitz et al., 2011) hints to a
near-shore origin of the source rock (Table 1, Fig. 3b). This interpreta-
tion is corroborated by the ratio of Cs3;-22R-versus Csp-hopanoids
(mostly around 0.25), which is potentially indicative for a mixed source
rock facies of lacustrine and marine origin (Peters et al., 2004).

4.1.2. Age and maturity of organic matter

Indications for the age of the source rock(s) were gained from the
presence of source-diagnostic hydrocarbons and stable carbon isotopic
signatures of bulk hydrocarbon fractions. The presence of the
angiosperm-biomarker oleanane (Fig. 3b; see also Reitz et al., 2011)
suggests that the deposition of the source rock took place during the
Upper Cretaceous or later times (Moldowan et al., 1994; Riva et al.,
1988).

Further indications for the sourcing rock and, thus, indirectly for its
age were deduced from the stable carbon isotopic signatures of the
saturated and aromatic hydrocarbon fractions. Stable carbon isotopic
signatures of the aliphatic hydrocarbon fraction were —26.5%0 and
—26.6%o for Colkheti Seep and —27.1%o to —27.3%o for Pechori Mound,
while §!3C values of the aromatic hydrocarbon fraction were —25.6%o
and —25.8%o0 at Colkheti Seep and —26.2%0 to —26.4%0 at Pechori
Mound (Table 1, Fig. 4). These values suggest i) that aquatic organic
matter is the prevalent hydrocarbon source at the study sites (Sofer,
1984) and ii) that the petroleum at the different sites originates from
same source rocks. These data further point at deposits younger than
Late Cretaceous in age and in particular at those of the Eocene Kuma
Formation and the Oligocene-Lower Miocene Maikop Group, since both
are rich in organic matter and have significant hydrocarbon potentials
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Fig. 3. a: Relative proportions of Cy7- to Cog-sterane isomers indicate that organic matter from the Batumi seep area, Colkheti Seep and Pechori Mound is primarily
characterized by contributions from land plants and planktonic organisms. Classification according to Huang and Meinschein (1979). For sample codes see Table 1.
3b: C31-22R/C3p-hopane ratio vs. the oleanane index (Oleanane/(Oleanane + Czo-hopane) x 100). The Cg;-22R-/Cso-hopane ratio is commonly used to distinguish
between lacustrine and marine depositional environments (threshold 0.25; Peters et al., 2004). C31-22R-/Czo-hopane ratios for the samples studied herein do not
allow for an unambiguous assignment of lacustrine or marine depositional conditions. However, the presence of the biomarker oleanane in high abundance, as
expressed by relatively high values of the oleanane index (>12%), indicates a significant contribution from angiosperm remnants to the organic matter. For sample
codes and values see Table 1. Note: Values of sea surface oil slick samples from Colkheti Seep are outside of the area shown.
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Table 1
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Biomarker ratios indicative for the maturity of the source rock, together suggesting similar maturities for all samples (early oil to early peak oil). Hop = 17a,21p(H)-
hopane; Mor = 17p,21a(H)-hopane; Ts = 22,29,30-trisnor-18a-neohopane; Tm = 22,29,30-trisnor-17a-neohopane.

Core Sample 208/ BB/ (oa+Bp)-Coo- 228/ Hop/ Ts/ o/ 22R-C3;/ 5% 5%
depth code (20S+20R) sterane’ (228+22R)- (Mor+Hop)"' (Ts+Tm)>® (0O+C3p- Cz0- aliphatic aromatic
(cm) (GeoB) ao-Cag- Cso- Hop)x100 hopane) fraction fraction
sterane” ap-hopane®
Pechori Mound
(45-50) 9913-1 0.51 0.52 0.59 0.92 0.57 13.3 0.23 —27.2 —26.4
(43-46) 9913-2 0.48 0.49 0.59 0.92 0.56 14.3 0.23 —-27.3 —26.2
(84-87) 9913-6 0.55 0.50 0.58 0.92 0.57 15.9 0.24 —-27.1 —26.2
Colkheti Seep
(53-56) 9927-1 0.47 0.51 0.58 0.90 0.67 20.3 0.28 —26.6 —25.8
(80-83) 9927-1 0.44 0.41 0.59 0.90 0.67 19.0 0.26 —26.5 —25.6
Sea 0.49 0.52 0.58 0.86 0.64 29.8 0.47 na na
surface
slick (#
2)
Sea 0.48 0.51 0.58 0.90 0.67 22.7 0.29 na na
surface
slick (#
3)
Batumi seep area
(154.5)" 99094 0.41 0.45 0.58 0.89 0.60 17.1 0.25 na na
(324.5)" 9909-1 0.38 0.45 0.58 0.90 0.64 17.6 0.25 na na

na = not analyzed.
a

b also related to source.

Note that ratios most likely reflect a mixture of lowly concentrated oil and immature sub-recent organic matter.

¢ Equilibrium = 0.52-0.55 at %R, 0.8 (Killops and Killops, 2013; Seifert and Moldowan, 1986).

d Equilibrium = 0.67-0.71 at %R, 0.9 (Seifert and Moldowan, 1986).
¢ Equilibrium = 0.57-0.62 at %R, 0.6 (Seifert and Moldowan, 1980).
f Equilibrium = 0.95 at %R, 0.7 (Killops and Killops, 2013).

8 Equilibrium = 1 at %R, 1.3 (Killops and Killops, 2013).
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Fig. 4. Cross-plot (after Sofer (1984)) indicating bulk stable carbon isotopic
values of aromatic hydrocarbons (8'3C,yo) and saturated hydrocarbons (6"3Cgap)
in organic extracts from samples collected at the Colkheti Seep and the Pechori
Mound. *Values determined for petroleum belonging to the Lower to Upper
Maikop Group (Abrams and Narimanov, 1997) and for Upper Eocene sediments
(Bechtel et al., 2014) from the western South Caspian Depression are shown for
comparison. For sample codes and values see Table 1.

(e.g., Boote et al., 2018; Pupp et al., 2018; Sachsenhofer et al., 2018a;
2018b; Vincent and Kaye, 2018). In the Rioni basin, oil-prone type II
kerogen is dominant in the Kuma Formation, whereas deposits of the
Maikop Group are characterized by oil to gas-prone type II-III and type
III kerogen (Pupp et al., 2018).

Several geochemical parameters including hydrocarbon isomeriza-
tion ratios were used to evaluate the thermal maturity of the source rock
at the study sites (Table 1). At all sites hydrocarbon biomarker isomers
are in line with early oil-window maturity of the source rock. Although
not considerably lower than samples from the other seep sites, samples
from the Batumi seep area represent the lowest calculated vitrinite
reflectance equivalents (in R,% = % reflectance in oil) as exemplified by
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Fig. 5. Relative abundance of sterane isomers at the studied sites and inferred
tentative maturity in vitrinite reflectance in oil (Ro; Killops and Killops, 2013).
Increasing numbers (until equilibrium of isomerization; see Table 1) denote
increasing maturity (Batumi seep area < Colkheti Seep/Pechori mound). All
samples (including Colkheti Seep oil slicks) are in line with early oil window
maturity. For sample codes and values see Table 1 and Table Al in Appendix.
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20S(20S+20R)aa-Cog-sterane ratios

(Fig. 5).

and  Bp/(aa+PpP)-Cag-sterane

4.1.3. Isotopic and molecular compositions of volatiles ascending at the
seep sites

At the Batumi seep area highest relative abundances of methane
(99.94 mol%) amended by traces of non-methane hydrocarbons (C2-Cs)
and COj resulting in C;/Co, ratios of 2,498-4,169 were present in vent
gas, hydrate-bound gas and in gas from pressure cores (Table 2; Pape
et al., 2010; Reitz et al., 2011). Even though gas samples from the oil
seeps were characterized by much higher concentrations of
non-methane light hydrocarbons, they were also dominated by
methane. Relationships between C;/C,. ratios and 5'3C-CH, (Fig. 6a)
suggest that light hydrocarbons at the four seep sites mainly originate
from a mixture of oil-associated thermogenic and secondary microbial
hydrocarbons. Whereas oil-associated thermogenic gas is part of the
biodegradation feedstock (Milkov and Etiope, 2018), secondary micro-
bial hydrocarbons are formed from biodegradation of other light hy-
drocarbons, liquid alkanes, and other organic compounds (Head et al.,
2003; Etiope et al., 2009; Milkov, 2011). Methane is the predominant
secondary microbial hydrocarbon formed. While most of the gas samples
from the four seep sites plot in the range that is representative for sec-
ondary microbial hydrocarbons, some samples from Colkheti Seep and
Pechori Mound plot closer to the field assigned for oil-associated ther-
mogenic hydrocarbons. This interpretation is in accordance with
comparably high abundances of Cy-Cs-hydrocarbons (C1/Cz4+ = 10-1,
560) and of CO,, which are commonly attributed to thermal cracking of
organic matter (e.g., Abrams et al., 2009; Bernard et al., 1976, 1977;
Schoell 1983, 1988). It also goes in line with the presence of
deeply-rooting feeder channels inferred from reflection seismics at Ibe-
ria Mound and Pechori Mound (Wagner-Friedrichs, 2007), and fractures

Table 2
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proposed at Colkheti Seep and Iberia Mound (Tari and Simmons, 2018).
Such subsurface structures may facilitate upward migration of
oil-associated hydrocarbons generated from a deeply-buried, relatively
low mature source rock. Highest C;/Cy ratios determined for samples
from the Batumi seep area relative to those of samples from the oil seep
sites (Fig. 6b) are attributable to a larger fraction of secondary microbial
methane that is typically relatively depleted in 1*C and 2H (Fig. 6b). On
the other hand, an inferred larger proportion of oil-associated thermo-
genic hydrocarbons in particular at Pechori Mound and Colkheti Seep
would correspond to the higher degree of oil-staining observed for
shallow sediments at these sites.

4.1.4. Burial depth of oil and gas source rocks

The most likely sources of oil impregnations and volatiles in surface
sediments of the gas and oil seeps investigated here, the Eocene Kuma
Formation and the Oligocene-Miocene Maikop Group, are probably
buried by more than 1 km of sediment (see e.g., Robinson et al., 1996;
Tari et al., 2018). However, the thickness of the sediment cover can be
highly variable due to tectonic deformation and uplift (Nikishin et al.,
2003, 2015a; Tari et al., 2018; Tari and Simmons, 2018). Formation
depths of less than 2.7 km below seafloor (kmbsf) for microbial methane
as well as minimum formation depths of ca. 3.0 kmbsf for thermogenic
hydrocarbons were proposed for the Batumi seep area previously (Pape
et al., 2010). For fluids expelled at Pechori Mound, the minimum for-
mation depth was estimated at 1.2-2.2 kmbsf (Reitz et al., 2011).

In this study, we provide additional organic geochemical data that
allow for more integral depth estimates. It should be stressed, however,
that formation depths and depth ranges stated below are calculated on
basis of linearly extrapolated geothermal gradients only and are
considered as maximum depths, since gas and oil formation are pri-
marily controlled by time in addition to temperature.

Molecular compositions of hydrocarbons and carbon dioxide (in mol-%ZX[C;-Cs, CO,]) in gas samples retrieved by degassing of pressure cores (DAPC), by dissociation
of gas hydrates (GrC), and by collection with the Gas Bubble Sampler (GBS) from gas and oil seeps in the Eastern Black Sea. C;/Cy; = C1/(C2-Cs).

Sample CH4 CoHg C3Hg i- n- unident. unident. Cy/ CO, Remarks Study
code CsHip  CaHio  CsHiz CsHio [
[GeoB] [mol- [mol- [mol- [mol- [mol- [mol-%] [mol-%] [mol-
%] %] %] %] %] %]
Batumi seep area
Vent gas 99.901 0.019 0.004 0.001 4,163 0.075 (mean, n=5) adopted from
Pape et al.
(2010)
Hydrate-bound gas 99.940 0.030 0.001 3,224 0.029 (mean, n=7, adopted from
variable depth), Pape et al.
(2010)
15236-1 99.426 0.027 0.001 0.001 3,428 0.545 this study
15249-1 99.650 0.039 0.001 0.001 2,430 0.309 this study
15251-1 99.675 0.033 0.001 0.001 2,848 0.290 this study
15260-1 99.595 0.027 0.001 3,557 0.377 this study
15236-2 99.642 0.030 0.001 0.001 3,136 0.325 this study
Sedimentary gas 99.930 0.039 0.001 2,498 0.030 (mean, n=9) adopted from
(pressure core) Pape et al.
(2010)
Iberia Mound
Hydrate-bound gas 11938 99.867 0.029 0.018 0.016 0.001 1,560 0.069 B this study
Colkheti Seep
Vent gas 11902-1 92.460 0.080 0.307 0.053 0.009 0.002 0.037 189 7.052 this study
Hydrate-bound gas 11923 96.165 0.019 0.034 0.002 0.009 0.001 0.037 943 3.733 9 this study
Sedimentary gas 11922 98.620 0.543 0.082 0.060 0.001 0.002 0.007 142 0.685 B this study
(pressure core)
14345 99.062 0.141 0.118 0.139 0.003 247 0.536 9 this study
Pechori Mound
Hydrate-bound gas 11955 90.548 0.128 0.109 0.024 0.030 311 9.161 9 this study
15255 89.484 0.087 0.029 0.014 0.001 683 10.385 9 this study
15256 87.504 0.428 0.048 0.009 180 12.011 9 this study
15227-1 85.358 0.260 0.067 0.013 0.021 0.000 0.004 234 14.277 9, (mean, n=4) this study
15227-3 82.019 0.313 5.370 2.496 0.083 0.008 0.005 10 9.705 9, (mean, n=11, this study

variable depth)

 Potentially mixed with abundant oil-associated volatiles (e.g., C3, CO,) caused by oil impregnations. For sample codes and position see Table Al in Appendix.
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hydrocarbons and stable carbon isotopic composition of methane (biod. — biodegradation). Variable degrees of petroleum degradation resulting in different fractions
of secondary microbial gas are likely the main causes of the geochemical differences observed for the gas samples from the different study sites. 6b: 5'°C values vs.
&%H values of methane in selected gas samples. The results suggest oil-associated thermogenic and secondary microbial production as the major hydrocarbon sources
below the four seep sites investigated. For sample codes and values see Table 2 and Table 3. Note: Data for gases from Batumi seep area taken from Pape et al. (2010).
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Fig. 7. ‘Natural gas plot’ (Chung et al., 1988) illustrating 8'°C values of light
hydrocarbons versus the reciprocal values of the number of carbon atoms of the
respective light hydrocarbon. 613C-COrg of Kuma Formation and Maikop Group
(both —27.0%0 to —24.5%0) according to Pupp et al. (2018). 5'3C values of
kerogen in rock samples from the Rupelian Maikop Group (—25.3%o to
—25.1%0) and an Kuma suite age equivalent (Late Bartonian—earliest Priabo-
nian; —26.6%0) in NW Georgia have been reported (Vincent and Kaye, 2018;
data not illustrated in Fig. 7). Deviations from the line connecting hydrocarbons
towards more positive 513C values point either to post-genetic consumption or
to admixture with component enriched in '3C. In contrast, negative excursions
are diagnostic for admixture by '?C-enriched component, e.g., by
de-novo-synthesis. Note: Gas samples considered in this diagram comprise
sedimentary gas from pressure cores (DAPC), vent gas (GBS), and
hydrate-bound gas (GrC); depth resolutions remained unconsidered. For values
see Table 3.
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Distribution patterns of diagnostic extractable hydrocarbons
(Table 1, Fig. 5), stable carbon isotopic compositions of Cy and Cs
(Table 3, Fig. 7), as well as maturity calculations based on 613C—CH4 -
813C—C2H6-relations (e.g., Faber et al., 2015) suggest source rock
maturity corresponding to early oil to early peak oil. Temperatures
leading to major oil production are typically lower than those that cause
substantial light hydrocarbon thermogenesis (70-250 °C with a peak at
about 150 °C (e.g., Hunt, 1996; Quigley and Mackenzie, 1988; Seewald,
2003). Considering temperatures typically assumed for early oil pro-
duction (60-100 °C; e.g., Seewald, 2003) and a linear geothermal
gradient of about 26 °C km™! as proposed for the region about 20 km to
the south of our study area (Minshull and Keddie, 2010), oil production
at the studied sites should principally have taken place at depths be-
tween 2.3 kmbsf (60 °C) and 3.8 kmbsf (100 °C). Therefore, the for-
mation depth range of oil-associated thermogenic hydrocarbons
calculated in this study is deeper than the minimum source depths
(1.2-2.2 kmbsf) that were estimated for fluids expelled at Pechori
Mound earlier (Reitz et al., 2011). Unresolvable complex mixtures
(UCM) (Figure 2) present in the aliphatic hydrocarbon fractions from all
study sites indicate that hydrocarbon degradation occurred, which is
thought to be limited to temperatures <80 °C (Wilhelms et al., 2001).
Consequently, oil degradation and, thus, secondary microbial methane
generation is restricted to depths shallower than 3.1 kmbsf.

4.2. Post-genetic modifications of hydrocarbons
4.2.1. High-molecular weight hydrocarbons

4.2.1.1. Alterations of high-molecular weight hydrocarbons in sediments.

The presence of UCMs in the fractions of aliphatic hydrocarbons (Fig. 2)
demonstrates that degradation of higher hydrocarbon took place at all
sites investigated. However, the presence of isomers of individual hy-
drocarbon biomarkers, such as some steranes and hopanes, indicates
that biodegradation is not complete. Acylic isoprenoids in samples from
the Batumi seep area and the shallowest samples from Pechori Mound
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Table 3
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Stable isotopic signatures of light hydrocarbons (6'C in %o V-PDB; 82H in %o V-SMOW) in vent gas, hydrate-bound gas and pressurized sedimentary gas from gas and oil

seeps in the Eastern Black Sea.

Site Sample Sample type §2H-CH,4 5'3C-CH,4 5'%C-C,Hs  6'°C-CsHg  Remarks  Study
code
[GeoB] [%o V- [%o V- [%o V-PDB] [%o V-PDB]
SMOW] PDB]
Batumi seep Vent gas —184 —51.2 —38.7 —28.6 "), n=5)  adopted from Pape et al.
area (2010)
Hydrate-bound gas -171 -50.9 -37.6 -27.1 ?), m=6)  adopted from Pape et al.
(2010)
Sedimentary gas (pressure core) -172 —51.5 —38.5 -26.8 %, (n=5) adopted from Pape et al.
(2010)
Iberia Mound 11938 Hydrate-bound gas -167 -51.9 —34.2 this study
Colkheti Seep 11902-1 Vent gas —180 —47.4 —36.9 —225 this study
9931-1 Hydrate-bound gas —47.0 this study
11923 Hydrate-bound gas -192 —47.1 -36.3 —22.5 this study
11924 Hydrate-bound gas —46.3 this study
11971 Hydrate-bound gas -182 —49.5 this study
11922 Sedimentary gas (pressure core) —159 —51.2 -36.3 —22.6 this study
14345 Sedimentary gas (pressure core) —50.4 this study
Pechori Mound 11953 Hydrate-bound gas -210 —47.7 -36.9 this study
11955 Hydrate-bound gas -171 —47.7 —35.8 this study
15227-3 Sedimentary gas (non-pressurized -50.0 this study

core)

# = average values calculated from results given for multiple samples in Pape et al. (2010). For sample codes and positions see Table Al in Appendix.

were dominated by pristane (Cyq; 2,6,10,14-tetramethylpentadecane)
and phytane (Cyo; 2,6,10,14-tetramethylhexadecane; Fig. 3). Except
for the almost oil-free samples from the Batumi seep area in which n-
alkanes have a mostly sub-recent leaf-wax origin, n-alkanes were
commonly absent. This clearly demonstrates that the seeping oil was
affected by biodegradation to a large extent. However, at station
GeoB9913-2 at the northwestern central part of Pechori Mound, n-al-
kanes (along with pristane and phytane) were present, which is indic-
ative for a lower degree of biodegradation. Remarkably, a relation
between the intensity of compound-specific degradation and the dis-
tances of sampling positions from gas/oil emission sites did not become
apparent.

We additionally investigated the potential effects of degradation for
oil-gas bubbles during their rise through the water column above Col-
Kkheti Seep and Pechori Mound. Oil slicks covering several km? of sea
surface above these sites were reported earlier (Evtushenko and Ivanov,
2013; Korber et al., 2014) and were sampled for chemical analysis in this
study. Similar to observations described for oil escaping the seafloor for
instance in the Gulf of Mexico (Leifer and MacDonald, 2003), oil-gas
bubbles disintegrated when reaching the sea-atmosphere boundary

and non-volatile oily compounds remained on the sea surface, while
volatiles escaped to the atmosphere. At Colkheti Seep the rising velocity
of oil-covered gas bubbles released was estimated at 14 + 1 cm s~ close
to the seafloor (Korber et al., 2014). Assuming a constant vertical ve-
locity and negligible horizontal deflections, it would take a maximum of
133.3 min at Colkheti Seep (ca. 1,120 mbsl) and 121.4 min at Pechori
Mound (ca. 1,020 mbsl), respectively, for intact oil-gas bubbles to float
from the seafloor to the sea surface. A comparison of the composition of
hydrocarbons extracted from oil in sediments at Colkheti Seep with
those in the oil slick samples (Fig. 8) demonstrated that the heavily
degraded oil remained relatively unaltered during passage through the
predominantly anoxic Black Sea water column. Except for the early
eluting compounds, which are prone to biodegradation, to water
washing, and loss during laboratory workup, the “fingerprints” are
similar and clearly support that oil slicks at the Colkheti Seep are
sourced by close-by oil seepage at the seafloor. Relatively small differ-
ences in molecular compositions were already described for oil from the
Maikop Group onshore Georgia and a slick-forming oil above Kobuleti
Ridge (Dembicki, 2020) and also for oil migrating through the oxic
water column in the Gulf of Mexico (MacDonald et al., 1993).

steranes and hopanes

homo-

drimane
: de-A-

oleanane

C](,-hopané

Sea surface oil
above
Colkheti Seep

ca. 1,100 m

Extract of sediment
Colkheti Seep

time

Fig. 8. Comparison of FID traces of hydrocarbons in oil extracted from sediments (53-56 cmbsf) recovered with pressure core GeoB14345 at Colkheti Seep (bottom)
and a representative oil slick sample from the sea surface above Colkheti Seep (top). Mass spectrometric analyses revealed that the similar “fingerprints” represent

identical compounds. For values see Table 3.
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4.2.2. Low-molecular weight hydrocarbons

4.2.2.1. Alterations of light hydrocarbons in the methanogenic zone by
microbial and physical transport processes. A nearly linear trend observed
for the C1/Coy — 5'%C-CH,4 data pairs at all sampling sites (Fig. 6a)
suggests that the degree of biodegradation and variable mixture of
secondary microbial hydrocarbons and of oil-associated thermogenic
hydrocarbons is the major cause for the gas chemical differences
observed (Milkov and Etiope; 2018). However, from the C;/Coy —
5'3C-CH, relationships post-genetic advective migration of light hy-
drocarbons that are mostly reflected by modifications of molecular
compositions rather than of carbon isotopic compositions (Etiope et al.,
2009) cannot be completely ruled out. This process leads to a relative
depletion in Cy, hydrocarbons, i.e. an increase in C;/Cg ratios (Ley-
thaeuser et al., 1980; Milkov and Etiope, 2018; Schoell, 1983).
Considering the steep slope between the data pairs, segregation during
advective migration and/or mixing of hydrocarbon endmembers may be
another process affecting the hydrocarbon composition at the four study
sites. However, from our data set the individual impact of the afore-
mentioned processes on the molecular and isotopic hydrocarbon com-
positions cannot be evaluated. Nevertheless, assuming that
hydrocarbons seeping at the four sites investigated are likely generated
from the same source rock(s), trends observed here would particularly
reflect lowest effects of migration on hydrocarbons at the Pechori
Mound and highest for those at the Batumi seep area. This assumption is
corroborated by compressional uplift and severe faulting of overlying
sediments underneath the tops of the gas and oil seeps and, in contrast,
well defined sediment packages cut by vertical faults in the Batumi seep
area as recorded previously (Bohrmann et al., 2007; Wagner-Friedrichs,
2007).

Biotic degradation of propane and n-butane in the subsurface has
been proposed for vent gas discharged at the Batumi seep area (Pape
et al., 2010). The ‘natural gas plot’ in Fig. 7 shows deviations towards
more positive 613C—C3Hg values indicative for removal of *2C-enriched
propane (or, more unlikely, secondary contribution of *C-enriched
propane) at all sampling sites investigated in this study. Degradation of
light hydrocarbons including propane within the methanogenic zone,
might have been mediated by alkane-degrading bacteria using terminal
electron acceptors other than sulfate (e.g., Stagars et al., 2016) and/or
by sulfate-reducing bacteria in case of sulfate availability in the fueling
hydrocarbon reservoir and/or on the long-distance migration pathway.
For sedimentary gas within the sulfate-zone, the capability of
sulfate-reducing bacteria to significantly degrade propane and n-butane
(Kniemeyer et al., 2007) would additionally apply. For our sample set,
strongest deviations from the line connecting 5'3C values of light hy-
drocarbons, i.e. enrichments in 13C for propane, became obvious for
samples from the Colkheti Seep and Pechori Mound (Fig. 7).

4.2.2.2. Modifications of volatile hydrocarbons in shallow sediments by
microbial degradation and degassing. Ex situ concentrations of dissolved
methane in the mM-range in uppermost sediments at the four studied
sites substantiated strong hydrocarbon upward flux (Fig. 9a). Such cores
originated from areas located close to seafloor gas emission sites and/or
even contained gas hydrates (e.g., Batumi seep area — GeoB11904-15
(close to bubble hole); Iberia Mound — GeoB11938 (oil impregnations,
gas hydrates); Colkheti Seep — GeoB11971 (oil, gas hydrates); Pechori
Mound — GeoB11941 (oil)). In addition, cores taken from sites distant to
seep sites were also characterized by relative methane depletions in
comparably shallow depths and a shallow SMI.

In the following, we investigate molecular and isotopic compositions
of light hydrocarbons obtained from short non-pressure cores (GrC,
MUC, MIC) taken at each of the seeping areas (Fig. 9a—d). In order to
asses modifications to the upward rising hydrocarbons in the course of
early diagenesis we compare such hydrocarbon compositions with those
determined for hydrate-bound gas and vent gas, as such gas types are
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considered less affected by geochemical transformation.

Light hydrocarbons in all gas types from each of the study sites dis-
played a dominance of methane with highest C;/Cy ratios at the Batumi
seep area and lower ratios in the oil seep sediments and in particular at
Pechori Mound (Fig. 9b). However, in comparison to C;/(Cy+Cg3) ratios
determined for light hydrocarbons from hydrate-bound gas and vent gas
(highlighted by grey bars in Fig. 9b), those of gas from non-pressure
cores were similar or slightly lower by trend. This is probably due to
selective consumption of dissolved methane in the course of AOM (likely
e.g., in GeoB11939 — Iberia Mound, GeoB11970 — Colkheti Seep (oil))
and/or to preferential loss of the most volatile hydrocarbon, methane,
during recovery with the non-pressurized sampling tools.

Deviations from this general picture with increasing methane con-
centrations and increasing C;/(C2+C3) towards the sediment surface
might result from lateral migration of hydrocarbons under high-flux
conditions or methane de novo production (e.g., in GeoB11938 — Ibe-
ria Mound (gas hydrates, oil); GeoB11924 — Colkheti Seep (oil, gas hy-
drates); GeoB11941 - Pechori Mound (oil)). This interpretation is
consistent with a very shallow, i.e. thin zone of AOM next to gas and oil
emission sites caused by high fluid upward fluxes (Reitz et al., 2011).

513C values of CH4 and CoHg in surface sediments recovered with the
non-pressure tools (Fig. 9¢c, 9d) only slightly differed from those in
hydrate-bound gas, vent gas and gas from pressure cores. Considerable
negative excursions of 8'>C-CHy values in concert with methane de-
pletions were observed for sediments shallower than ca. 50 cmbsf from
the Batumi seep area. This observation is commonly explained by carbon
back-cycling in the course of AOM (e.g., Borowski, 2004). In contrast,
613C—CH4 and 613C—C2H6 values in nearly all samples from the Iberia
Mound, the Colkheti Seep and the Pechori Mound were similar to those
measured in the respective hydrate and vent samples. These observa-
tions might reflect inefficient transformation of methane- and
ethane-derived carbon at the three oil-gas seep sites.

5. Summary and Conclusions

1) A gasseepage area (Batumi seep area) and three oil-gas seepage sites
(Iberia Mound, Colkheti Seep, Pechori Mound) located in the Eastern
Black Sea were analyzed for the composition of oil and gas ascending
from deeply buried sediments. Surface sediments of the Batumi seep
area mainly contain hydrocarbons from organic matter deposited
under recent anoxic conditions, while surface sediments at the three
oil and gas seepages are additionally impregnated by migrated
hydrocarbons.

2) A combination of various geochemical analytical techniques and
organic geochemical indicators was applied in order to evaluate
source rock, thermal maturity and biotic and abiotic modifications of
oil and gas ascending through the sediment and through the water
column.

3) Oil at the three oil-gas seepage sites is highly degraded and charac-
terized by abundant unresolvable complex mixtures and the presence
of tetra- and pentacyclic isoprenoids (mainly hopanes). It has most
likely similar sources and is derived from a planktonic kerogen type
with terrestrial contributions. Diagnostic isomerization patterns of
hydrocarbons (e.g., steranes, hopanes) as well as stable carbon iso-
topic compositions of methane and ethane indicate that thermal
maturities correspond to the early oil window.

Biomarker compositions and stable carbon isotope ratios of aliphatic

hydrocarbons suggest similar source rock types for all four seep sites.

The migrated hydrocarbons most likely originate from organic

matter that has been deposited in an anoxic aquatic setting. Stable

carbon isotopic ratios of hydrocarbon fractions along with the
presence of the angiosperm biomarker oleanane indicate that the
organic matter deposition took place after the Upper Cretaceous. The

Eocene Kuma Formation and/or the Oligocene-Lower Miocene

Maikop Group are the most likely sources for the majority of hy-

drocarbons generated.
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Fig. 9. Depth profiles of CH,4 concentrations (column 9a), C;/(Cp+C3) values (column 9b) as well as 613C—CH4 (column 9c¢) and 613C—C2H6 (column 9d) values in gas
extracted from non-pressure sediment cores at the Batumi seep area (top line), Iberia Mound, Colkheti Seep and Pechori Mound (data adopted from Reitz et al., 2011)
except for GeoB11970/-71). Grey lines and rectangles indicate ranges of values determined for hydrocarbons in hydrate-bound gas and vent gas sampled at the
individual sites for comparison. Note different depth scales and CH4 concentration ranges for individual sites. PC = Pushcore, MIC = Minicore, GrC = Gravity core,
MUC = Multicore. Depth indications as centimeter core depth.
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5) Molecular distribution patterns of light hydrocarbons (C;-Cs) and
stable carbon isotopic compositions of methane suggest that they are
derived from both, oil-associated thermocatalytic processes and
secondary microbial production from petroleum degradation. Large
differences in C;/Cy but relatively small differences in 513Cc-CcH,4
between the individual study sites suggest that hydrocarbon mix-
tures consist of variable portions of admixed secondary microbial
methane generated during petroleum degradation.

6) Oil-covered gas bubbles emitted from Pechori Mound and Colkheti
Seep into the water column reach the sea-atmosphere boundary
within less than 2.5 h and are not geochemically altered further
during the passage. Oil and gas separate at the sea surface, leading to
oil slick formation on the sea surface and gas escape into the atmo-
sphere. Geochemical fingerprints demonstrate seeping oil at Colkheti
Seep as distinct source for the floating oil slicks.
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Site Type of sample Tool Research Sample Lat Long Water Remarks (part of seafloor Study
cruise code Depth structure)
[GeoB] [°N] [°E] [mbsl]
Batumi seep Vent gas GBS M72/3 11904-16 41.9590  41.2902 833 adopted from Pape
area et al. (2010)
GBS M72/3 11907-2 41.9591 41.2922 834 adopted from Pape
et al. (2010)
GBS M72/3 11907-5 41.9591  41.2912 835 adopted from Pape
et al. (2010)
GBS M72/3 11919 41.9591 41.2888 833 adopted from Pape
et al. (2010)
GBS M72/3 11921-1 41.9588  41.2878 844 adopted from Pape
et al. (2010)
Hydrate-bound gas GrC M72/3 11925 41.9572  41.2891 844 adopted from Pape
et al. (2010)
GrC M72/3 11949 41.9592  41.2863 842 adopted from Pape
et al. (2010)
GrC M72/3 11927 41.9568  41.2887 856 adopted from Pape
et al. (2010)
GrC M72/3 11936 41.9593  41.2905 844 adopted from Pape
et al. (2010)
GrC M72/3 11946 41.9589  41.2930 842 adopted from Pape
et al. (2010)
GrC M72/3 11956 41.9575 41.2906 842
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Table A1 (continued)

Site Type of sample Tool Research Sample Lat Long Water Remarks (part of seafloor Study
cruise code Depth structure)
[GeoB] [°N] [°E] [mbsl]
adopted from Pape
et al. (2010)
GrC M72/3 11975 41.9588  41.2931 844 adopted from Pape
et al. (2010)
GrC M84/2 15236-1 41.9597 41.2902 838 this study
GrC M84/2 15249-1 41.9601  41.2877 842 this study
GrC M84/2 15251-1 41.9605 41.2847 842 this study
GrC M84/2 15260-1 41.9597  41.2899 839 this study
MeBo  M84/2 15236-2 41.9598  41.2892 838 this study
Sedimentary gas DAPC  M72/3 11901 41.9568  41.2891 851 adopted from Pape
(pressure core) et al. (2010)
DAPC  M72/3 11903 41.9579  41.2878 850 adopted from Pape
et al. (2010)
DAPC M72/3 11906 41.9578 41.2878 843 adopted from Pape
et al. (2010)
DAPC M72/3 11918 41.9591 41.2905 840 adopted from Pape
et al. (2010)
DAPC  M72/3 11920 41.9576  41.2924 844 adopted from Pape
et al. (2010)
DAPC M72/3 11937 41.9582 41.2910 842 adopted from Pape
et al. (2010)
DAPC  M72/3 11951 41.9591  41.2905 840 adopted from Pape
et al. (2010)
DAPC M72/3 11958 41.9574  41.2908 847 adopted from Pape
et al. (2010)
DAPC  M72/3 11963 41.9568  41.2880 853 adopted from Pape
et al. (2010)
Sedimentary gas (non- PC M72/3 11904-15 41.9590  41.2902 833 close to gas emission site this study
pressurized)
PC M72/3 11907-10 41.9590  41.2902 833 close to gas emission site this study
MIC M72/3 11959 41.9589  41.2928 840 this study
MIC M72/3 11965 41.9575  41.2906 843 at emission site this study
Sediment GrC TTR15 9909-1 41.9587 41.2930 856 Site 1 this study
GrC TTR15 9909-4 41.9587  41.2917 855 Site 2 this study
Iberia Mound  Hydrate-bound gas GrC M72/3 11938 41.8723  41.1673 982 oil-stained, gas hydrates this study
Sedimentary gas (non- GrC M72/3 11938 41.8723  41.1673 982 oil-stained, gas hydrates adopted from Reitz
pressurized) et al. (2011)
MUC M72/3 11939 41.8790  41.1671 989 adopted from Reitz
etal. (2011)
Colkheti Seep  Vent gas GBS M72/3 11902-1 41.9679  41.1033 1,071 this study
Hydrate-bound gas GrC TTR15 9931-1 41.9730  41.1023 1,142 this study
GrC M72/3 11923 41.9687  41.1042 1,088 this study
GrC M72/3 11924 41.9678 41.1033 1,056 oil-stained this study,
GrC M72/3 11971 41.9678  41.1033 1,124 oil-stained this study
Sedimentary gas DAPC M72/3 11922 41.9679  41.1036 1,126 oil-stained this study
(pressure core)
DAPC MSM15/2 14345 41.9676 41.1032 1,129 oil-stained this study
Sedimentary gas (non- GrC M72/3 11924 41.9678  41.1033 1,056 oil-stained, gas hydrates adopted from Reitz
pressurized) etal. (2011)
MiIC M72/3 11970 41.9678 41.1031 1,118 this study
GrC M72/3 11971 41.9678  41.1033 1,124 oil-stained, gas hydrates this study
Sediment GrC TTR15 9927-1 41.9730  41.1027 1,141 site 1 this study
Oil slicks from sea MSM15/2 not this study
surface (#2&3) assigned
Pechori Hydrate-bound gas GrC M72/3 11953 41.9824  41.1257 1,015 this study
Mound
GrC M72/3 11955 41.9827  41.1257 1,012 oil-stained this study
GrC M84/2 15255 41.9816  41.1268 1,010 oil-stained this study
GrC M84/2 15256 41.9823  41.1253 1,025 this study
MeBo M84/2 15227-1 41.9827 41.1266 1,025 this study
MeBo  M84/2 15227-3 41.9831 41.1265 1,027 this study
Sedimentary gas (non- GrC M72/3 11941 41.9827  41.1234 1,014 adopted from Reitz
pressurized) et al. (2011)
MIC M72/3 11954 41.9827  41.1257 1,024 oil-stained adopted from Reitz
et al. (2011)
GrC M72/3 11955 41.9827  41.1257 1,012 oil-stained adopted from Reitz
et al. (2011)
MIC M72/3 11969 41.9827  41.1257 1,011 adopted from Reitz
et al. (2011)
Sediment GrC TTR15 9913-2 41.9833  41.1235 1,033 northwestern center this study
GrC TTR15 9913-6 41.9833 41.1235 n.d. northwestern center, oil- this study
stained
GrC TTR15 9913-1 41.9795  41.1265 1,045 southeastern rim this study
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GBS = Gas Bubble Sampler, DAPC = Dynamic Autoclave Piston Corer, GrC = Gravity Corer, MUC = Multicorer, MIC = Minicorer, MeBo = drill rig MARUM-MeBo70;
TTR-15 = summer 2005, M72/3 = spring 2007, MSM15/2 = spring 2010, M84/2 = spring 2011; n.d. = not determined.

Table A2

Overview on analysis performed on organic extracts, fractions, and individual components.

Site Preliminary

sample code

Sample
code

Sampling
depth

Stable C isotopic
compositions of

hydrocarbon fractions

Gas
composition

Stable H and C
isotopic composition
on volatiles

Hydrocarbon
biomarkers (aliphatic
fractions)

CH4
concentrations

[GeoB] [cmbsf] EA-IRMS

GC-MS GC GC GC-IRMS

Batumi BS350 9909-1 324
seep
area
BS353 9909-4
11904-15
11907-10
11959
11965
15236-1
15249-1
15251-1
15260-1
15236-2
Iberia 11938
Mound

11939

Colkheti 9927-1

Seep

BS374 53-56 X

BS374 9927-1
11902-1
11922
11923
11924
11970
11971
14345
not
assigned

80-83 X

MSM15/2 -oil
slick samples
(#2&3)
Pechori BS355 9913-1 45-50 X
Mound
BS356

BS360

9913-2
9913-6
11941
11955
11969
15227-1
15227-3
15255
15256

43-46 X
84-87 X

X

> P4 D K X
>
>

<o X

>

bR T I
>
o

<

PO K X
>
>

X

TOC = Total organic carbon; CNS = determination of carbon, nitrogen, and sulfur in sediments via flash combustion (N and S not considered in this study); EA-IRMS =
Elemental analyzer- Isotope ratio mass spectrometry; GC-MS = Gas chromatography (GC) —-mass spectrometry; GC-IRMS = Gas chromatography-Isotope ratio mass

spectrometry.
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