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ARTICLE INFO ABSTRACT

Keywords: The analysis of satellite-based Synthetic Aperture Radar Sentinel-1 data reveals the presence of an oil seepage
Seeps system composed of 33 recurrent oil seeps sites in the Aegean Sea. The temporal analysis of this system shows
Fl_‘lids that most oil seeps are detected during the summer period, probably due to better detection conditions during
oil . this period. The estimations of expulsion frequency computed using the summer period show that the frequency
i?;:;ht:—:nsport deposits is highly variable from one seep to another with occurrence rates that reach 40% for the most active sites. Oil
Aegean seeps gather among two main provinces. First, in the Limnos and Saros pull-apart basins where oil seeps are

aligned along the North Anatolian Fault (NAF), which suggest that oil seep locations are mostly driven by the
fault network. In the Limnos basin, detected oil seeps also coincide with the location of a gravity-driven sedimen-
tary destabilisation complex that developed under the influence of the Limnos pull-apart basin subsidence and
the transtensive strain of the NAF. Finally, oil seeps detected in the proximity of the Skyros-Edremit region seems
to follow a different control considering that oil seeps appear disconnected from the main fault in the area (Sky-

North anatolian fault

ros-Edremit).

1. Introduction

Since the advent of satellite imagery, and in particular the radar sys-
tem (synthetic aperture radar; McCandless and Jackson, 2003), the de-
tection and recognition of offshore oil expulsion sites has been con-
ducted in many sedimentary basins (Dong et al., 2022), whether carried
out by academic research in order to better understand its implication
on the marine environment (role in carbon balances; chemosynthetic
and deep-sea communities distribution; Ondreas et al., 2005; Judd and
Hovland, 2009; Jones et al., 2014), or by the petroleum industry in or-
der to characterise offshore petroleum prospects (Meurer et al., 2023).
Monitoring fluid emissions along major active faults from space pro-
vides a remote and regional vision of fluid escape situation that can fur-
ther be compared with local geological settings or seismic activity (Geli
et al., 2018; Henry et al., 2018; Sultan et al., 2022).

The recognition of these expulsion systems is performed through the
interpretation of successive satellite images. The orientation of oil slicks
is driven by surface winds and currents which can be highly variable
over time, but the surfacing point of the oil droplets at the sea surface
always occur among a restricted sized area (Macdonald et al., 1993;
Crooke et al., 2015; Jatiault et al., 2018). Thus, mapping slicks on a
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stack of images produces divergent patterns easily recognisable from a
central point. The identification of recurrent seepage slicks with space-
borne SAR (Synthetic Aperture Radar) provides a regional overview of
oil seeping provinces that can be directly overlain on geological
datasets allowing to better understand the geological settings involved
in the expulsion process (Garcia-Pineda et al., 2010).

A consistent fraction of sedimentary basins has been investigated
and recognised as associated with recurrent natural oil slicks (Dong et
al., 2022). The provinces identified as naturally emitting the highest oil
volumes are the Gulf of Mexico (MacDonald et al., 1993), the Caspian
Sea (Zatyagalova et al., 2007) and the West African margin (Jatiault et
al., 2017; Najoui et al., 2022). The oil potential being greater, passive
margin has been extensively surveyed by the oil industry for oil seep-
ages (Gulf of Mexico and Lower Congo Basin), conversely to active mar-
gins. However, several studies show that tectonics and structural con-
text is a main controlling factor on fluid expulsion systems (Macgregor,
1993; Loncke and Mascle, 2004; Zitter et al., 2006). Among geological
factors, faults zones are potential conduits for fluid migration and are
known to influence the distribution of fluid emissions (cold seeps) at
the seafloor in tectonically active settings (e.g. Sibuet et al., 1988;
Henry et al., 1989; Jollivet et al., 1990; Bohrmann et al., 2002; Orange
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et al., 2002; Zitter et al., 2008; Barnes and Pondard, 2010; Suess, 2014;
Le Pichon et al., 2016; Henry et al., 2018). Up to now, few active or pas-
sive transform margins are recorded as being associated with oil expul-
sion zones. Even if transform margins systems appear to be widely dis-
tributed around the world and to mediate vertical fluid flow (Mercier
de Lépinay et al., 2016; Hensen et al., 2019), relatively few oil seeps
have been reported in such strike-slip systems even if active gas emis-
sions has been described into the water column especially in active
transform settings (Dupre et al., 2015), (e.g. Allen et al., 1970; Ruffine
et al., 2018). Strike-slip systems are subjected to high variability of
stress regime over short-scale zones, especially along “in echelon” sys-
tems (e.g., Gulf of California; Stock and Hodges, 1989; Canet et al.,
2010; Arango-Galvan et al., 2015). Depending on the fault configura-
tion, those systems can be associated with transpressive (generate
thrust faults and pop-up areas), or transtensive (pull apart basin sys-
tems) components.

The discovery of natural oil seeps in the Aegean Sea (Dong et al.,
2022), which is a back-arc basin bounded by the transform North Ana-
tolian Fault, provides an opportunity to study the mechanisms of fluid
expulsion in this geological environment. Observations of the North
Anatolian Fault led to formulate hypotheses that require long term
monitoring for their testing (Geli et al., 2018; Henry et al., 2018; Sultan
et al., 2022). Natural oil seepages are considered as possible sources of
disturbances to biogeochemical processes in the water column (e.g.
Solomon et al., 2009; Camilli et al., 2010; Joye et al., 2011; Korber et
al., 2014; Jatiault et al., 2021). For instance, oceanographic studies of
the Aegean Sea basins have found anomalous oxygen consumption in
Limnos Basin, with unclear causes (Zervakis et al., 2003). This margin
system presents potentially varied tectonic regimes with alternating
pure transform/strike-slip faults and transpressional and transtensional
bends. These environments represent a unique opportunity to study the
effect of stress regimes on fluid expulsion. The aim of this paper is to de-
tail the oil seeps sites discoveries over the Aegean Sea and to provide a
first vision of the geological contexts involved in the emplacement of
these systems.

2. Geological context of the North Aegean Sea
2.1. Ocean conditions of the Aegean Sea

The North Aegean Sea is a semi-enclosed sea with hydrological ex-
changes with the Southern Aegean Sea taking place through the straits
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crossing the Cyclades area and is hydrologically connected with the Sea
of Marmara through the Dardanelles Strait (Fig. 1a). From a bathymet-
ric point of view, this sea is associated with strong variations in water
depth and two main contexts are represented: shallow areas (0-200 m)
associated with the continental shelf and deeper basins (700-1500 m)
such as the Saros trough, the North Aegean trough and the Skyros-
Edremit trough which are all associated with regional and crustal-
rooted transform or strike-slip faults (Fig. 1b). The transition zones
have steep slopes and are associated with the flanks of these regional
faults.

The North Aegean water is subject to intrusions of low salinity Mar-
mara and Black Sea surface water through the Dardanelle straight and
of higher salinity Western Mediterranean Sea water from the South
(Spondylidis et al., 2020). Due to important water depth variations be-
tween the shelf and the deep troughs (North Aegean, Saros, Skyros-
Edremit), the water circulation is affected by strong vertical water
transfers, notably upwellings related to prevailing northerly winds in
summer (e.g., Androulidakis et al., 2017). This restricted and confined
environment also generates multiple reflection loops and gyres (around
Samosraki, Sporadhes, Athos and Skyros-Edremit gyres). Due to the site
configuration, strong variations of the average current velocity were
modelled (Estournel et al., 2021). The Dardanelle input only affects the
upper water layer and appears stronger in summer forming eddies
around Samosraki and Saros basin.

2.2. Tectono-stratigraphic framework

The Aegean Sea is a back-arc type basin developed above the north-
ward subducting East Mediterranean lithosphere. The rate of SSW-ward
stretching of the Aegean crust (roughly 2-3 cm yr-1 today) is higher
than the rate of convergence between Africa and Eurasia (~5-6 mm.
yr-1) and results in an extensional regime (Reilinger et al., 2006;
Taymaz et al., 2007; Jolivet et al., 2008; Le Pichon and Kreemer, 2010).

The tectonic history of the Aegean region since the Eocene has been
driven by the southward retreat of the Hellenic subduction and the sub-
sequent extension of the overriding crust perpendicular to the curved
Hellenic arc. Later, the onset of the movement of the Anatolian plate to-
wards West since Miocene, accommodated by the dextral North Anato-
lian Fault, modified the style of deformation of the Aegean Region. The
propagation of the North Anatolian Fault Zone branches into the North
Aegean Sea since Late Miocene or Pliocene and the associated dextral
shearing led to the establishment of a transtensional regime and accel-

Fig. 1. a. Bathymetric map of the North Aegean Sea (EMODNET - see insert map in top left corner) overlain with the main reported currents across the area (Tzali
et al., 2010; Spondylidis et al., 2020). The annotation on the map corresponds to the deeper basins among the North Aegean Sea. b. Bathymetric map overlain with
the morpho-bathymetric interpretation of seafloor fault locations (compiled and modifier after Sakellariou et al., 2016; Jolivet et al., 2013; Brun et al., 2016; Erbil

et al., 2021).
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erated the SSW-ward stretching of the Aegean (Mascle and Martin,
1990; Jolivet et al., 2008; Armijo et al., 1999; Brun et al., 2016). Nowa-
days, the North Aegean Sea is crossed by two main fault systems which
are (i) the North Anatolian Fault Zone (northern active branch) and (ii)
the Skyros-Edremit Fault Zone (SEF) (southern branch of the North
Anatolian Fault; Le Pichon et al., 2003; Sengor et al., 2005; Jolivet et
al., 2008; Tsampouraki-Kraounaki and Sakellariou, 2018; Papanikolaou
etal., 2019). Those bound a ~100 km wide deformation zone (Reilinger
et al., 2006, Fig. 1). The tectonic stress regime of the basin progres-
sively evolves from a dominantly transtensional strike-slip regime in
the Eastern part towards a more extensional regime at the fault termi-
nations in the west (Jolivet et al., 2008; Brun et al., 2016; Sakellariou
and Tsampouraki-Kraounaki, 2019). This is evidenced from the horse
tail systems at the termination of both NAF and SEF, visible in the North
Aegean trough and Skyros-Edremit trough (Fig. 1b). The markers of the
extensional strike-slip regime occur along the two major faults and are
notably visible by the development of numerous pull apart basin sys-
tems (Saros Trough, North Aegean Trough and Skyros-Edremit
Trough). The active subsidence of the Limnos basin is evidenced from
the presence of several successive escarpments visible in the seafloor
morphology, North of the basin (Fig. 1b). Some of these escarpments
are associated with gravity-driven deformation, for example like the
sliding mass affecting Pliocene and Quaternary series towards the Lim-
nos basin (Tsampouraki-Kraounaki and Sakellariou, 2018). Manifesta-
tions of transpressive relays are also visible in the Limnos basin with the
occurrence of a thrust belt along the Limnos basin edge which generates
a topographic high pop-up anticline (Sakellariou et al., 2016). The tec-
tonic stress regime is therefore complex along the NAF and associated
with strong lateral modifications.

A series of synclinal and anticlinal folds located onshore north of the
North Anatolian Fault (Ganos area) mainly involve Eocene-Oligocene
sediments of the Southern Thrace Basin (Fig. 1b; Erbil et al., 2021). In
contrast, the folds to the south of the fault also involve Miocene de-
posits, with identical styles and no significant unconformity (Armijo et
al., 1999).

The SEF initiated 2-3 Ma years ago, originates East of the Sea of
Marmara (Dokursun) and runs across Turkey until the Gulf of Edremit
(Le Pichon et al., 2003; Sengor et al., 2005; Jolivet et al., 2008) and in-
duce a dextral movement between the Anatolian plate and the North of
the Aegean Sea. The SEF is also partly transtensive and associated with
a typical horse tail system which triggers the formation of the Skyros-
Edremit trough at its termination (similar to the NAF termination in the
North Anatolian trough). The Upper Eocene-Oligocene shales of the
Thrace basin (Siyako and Huvaz, 2007; Giirgey, 2009; 2015) are re-
ported with a high total organic matter. In the onshore domain, the Pa-
leogene/Eocene silici-clastic of the Thrace basin are high potential
source rocks ().

3. Data and methods
3.1. Satellite imagery

The data used are radar images (Synthetic Aperture Radar; C-Band)
from the Sentinel 1 A and Sentinel 1 B satellites, respectively launched
the April 3rd, 2014, and April 25th, 2016. Sentinel-1 operates in four
acquisition modes: Stripmap (SM), Interferometric Wide swath (IW),
Extra-Wide swath (EW), and Wave (WV). Each mode can potentially
produce different products: at level O - SAR (Synthetic Aperture Radar),
at level 1 — SLC (Single Look Complex), at level 1 GRD (Ground Range
Detected) and at level 2- OCN (Ocean). Data products are available in
single polarization (VV or HH) for Wave mode and dual polarization
(VV + VH or HH + HV) or single polarization (HH or VV) for SM, IW
and EW modes. The analyzed Sentinel-1 data in this study were ac-
quired in Interferometric Wide Swath (IW) mode, VV polarization and
processed to Level 1 - Ground Range Detection (GRD). The pixels size of
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IW mode is 10*10 m and with a swath width of 250 km. The data were
either collected through the Copernicus website (https://
scihub.copernicus.eu/) and the DIAS (Data and Information Access Ser-
vices) of Copernicus. These DIAS are cloud-based platforms allowing
centralized access to data and information, as well as Copernicus pro-
cessing tools. The images were processed using SNAP toolboxes follow-
ing the processing chain: thermal noise removal; Calibration; noise
level reduction Multilook; Ellipsoid-Correction-GG; Linear To dB con-
version.

The study was carried out in two stages, firstly the whole of the
North Aegean was analyzed on a relatively small time scale (Summer,
2019 and 2020; blue colour scale: Fig. 2), then a second phase of analy-
sis of the full data stack was carried out on selected sites that showed re-
current patterns and were potentially associated with fluid expulsions
(red colour scale: Fig. 2). The satellite data used in this study over the
Aegean Sea, covers the full Sentinel-1 data stack between launch until
March 2022. The revisit period over the Aegean is at least every 3-4
days, the coverage varies from 900 of up to 1600 images in this study
(Fig. 2). A total of 4000 images were analyzed considering multiple
satellite acquisition swath across the entire Aegean Sea. Satellite images
were analyzed in the QGIS mapping software.

Seepage slicks detection is based on the analysis of radiometric
anomalies associated with oil-covered areas and were manually delin-
eated. Diverging structures on the stack of slick outlines highlights re-
current oil seeps due to current variability at the sea surface; their cen-
tre pinpoints the locations of active oil seeps (Garcia-Pineda et al.,
2010). We draw visually the Oil Slick Origins (OSO, Garcia-Pineda et
al., 2010; Korber et al., 2014) from the location of the proximal de-
tectable edge of each oil slick. Delineated slicks were afterward con-
firmed using deep neural networks (Scardigli et al., 2023). Spatial at-
tributes were computed for each slick, such as the date and name of the
image, the type of occurrence, the confidence index, the surface area,
and length. The confidence index displays the degree of discrimination
of liquid hydrocarbons compared to the different look-alikes (bioturba-
tions, algal blooms, pollution; Najoui et al., 2022). The Oil Slick Origin
(0OSO; Garcia-Pineda et al., 2010) is defined for the proximal detectable
location of each slick from the centre recurrent seepage area. The OSO
were determined for each slick or recurrent structure detected in the
Saros basin. The hydrocarbon occurrence rate (in %) was calculated
from the ratio between the number of identified hydrocarbon slicks and
the satellite data coverage.

3.2. High resolution seismics

The seismic data presented here were acquired in 2015 by the Hel-
lenic Centre for Marine Research with R/V Aegaeo, during the
“YPOTHER/Aegean Explorations” project funded in the framework of
Greece structural funding program. An airgun with 40in3 air-chamber,
triggered at 4 s rate, and a SIG streamer, Model 16.48.65, 65 m length
with 48 hydrophones at 1 m spacing were used for the acquisition of
the seismic profiles (Sakellariou et al., 2016 ).

4. Results and discussions
4.1. Oil seeps sites inventory in the Aegean Sea

The overlay of the successive oil slick events detected from the
analysis of satellite data reveals typical and characteristic patterns of
natural oil expulsion zones. The compilation slicks map shows diver-
gent structures from different central points. The centre of those struc-
tures inform about the oil impact area on the sea surface (Fig. 3). A total
of 3300 slicks were detected across the Aegean Sea based on the inter-
pretation of the 2014-2022 Sentinel-1 SAR dataset, which corresponds
to a data pile of 4000 images. A total of 34 active and recurrent oil seeps
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Fig. 2. SAR image density stack. The colour shows the amount of repetitive available SAR images. The blue scale displays the dataset of the first study performed
over the entire Aegean Sea. The red scale displays the zoom in the North Aegean Sea where the amount of interpreted data is much higher. The location of avail-

able seismic lines is indicated in bold black lines.

sites are detected and clustered among 4 different provinces across the
Aegean Sea (Fig. 3).

Regarding the geological context, the natural oil expulsion zones de-
tected are located within two distinct areas. The first area is in the
North along the North Anatolian Fault (NAF), associated with the “en
echelon” pull apart basins forming the Saros Trough in the North. The
second is the central part of the Aegean Sea, at Northern edge of the
Skyros-Edremit trough (Fig. 3). Among these two regions, oil seeps are
concentrated among 5 distinct areas, namely oil seeps cluster (Jatiault
et al., 2018).

4.1.1. Temporal distribution

The temporal analysis of the distribution of the detected slicks on
the Sentinel-1 image stack reveals some periods over the year during
which the detection of oil slicks is significantly higher (Fig. 4). Detec-
tion pulses gathered among the summer period suggest a seasonal bias
in the detection between autumn to spring (Fig. 4a). In particular, the
number of detected slicks is much higher during June, July and August
(Fig. 4b).

A consistent portion of Sentinel-1 images remained uninterpreted
due to the large number of look-alikes such as biofilms visible during
certain periods (mainly autumn and spring). The detection of oil is
strongly conditioned by the meteorological conditions and by the wind
speed at the origin of the formation of capillary waves which make it
possible to discriminate between open water and water covered by oil
(Franceschetti et al., 2002; McCandless and Jackson, 2003). The mini-
mum detection speed is between 1.5 (Skrunes, 2014; Fingas and Brown,
2014; Jatiault et al., 2017) and 3 m.s-1 (Espedal and Wahl, 1999;
Johannessen et al., 2000; Girard-Ardhuin et al., 2005, Brekke and
Solberg, 2005), while the higher velocity seems to be dependent on the
origin and thickness of the oil slicks (5 m s-1 for natural thin slicks;

Bern et al., 1992; Espedal and Wahl, 1999; Garcia-Pineda et al., 2009;
Jatiault et al., 2017; up to 10 m s-1 for thicker slicks; Fingas and Brown,
2014). The main wind direction in the North Aegean is towards the
southwest (Soukissian and Sotiriou, 2022) and seems constant through-
out the year (Vagenas et al., 2017). The average variability of wind
within a year is estimated at 60% (Soukissian and Sotiriou, 2022). For
the islands of Samosraki and Lemnos, which are close to areas with nat-
ural discharges, the average velocities are 8 m s-1 in winter (December
to February), 6 m s-! in spring (March to May), 5 m s-1 in summer
(June to August) and 8 m s-! in autumn (September to November)
(Vagenas et al., 2017). Thus, the periods for which we have noticed a
maximum of oil detection, corresponds to periods when the wind is the
weakest (Vagenas et al., 2017). At the same time, these wind values ap-
pear to be stable between the years (Soukissian and Sotiriou, 2022).
The presence of a weaker wind period correlated with a higher detec-
tion rate suggest a meteorological control and best suitable detection
conditions during the summer period.

4.1.2. Occurrence rate

The temporal distribution seems to be mainly influenced by wind
conditions and shows that the summer periods are the most favourable
for oil slick detection. The relative activity of seepage sites are usually
compared using the ration between the number of detected slicks and
number of available images (Oil slicks occurrence; Jatiault et al., 2017).
Oil slick occurrence rates were calculated using the summer period data
and analysis (Fig. 5) as it provides a more reliable estimation of the ac-
tual expulsion frequency.

Thus, the occurrence rate is higher than 5% for most active sites and
are evenly distributed above this value, up to the maximum detected
values of about 40%. The highest values are lower than the maximum
occurrence rates detected in other active sites in the world (more than
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Fig. 3. a. Mapping results of detected recurrent oil slicks using repetitive SAR images. b, Heat map showing the oil slicks density and clusters. c, d, e, f: Zoom above of

the four oil seeps clusters detected across the Aegean Sea.

75 % in the Gulf of Mexico and African margin; Garcia-Pineda et al.,
2010; Jatiault et al., 2017). In agreement with other provinces, the
Aegean oil seepage systems are therefore exclusively following a tran-
sient mechanism. The quiet periods are different from one seep to an-
other and seem to be decorrelated even among oil seeps clusters (Fig.
3).

4.1.3. Water column and sea surface deflection

The geographical variability of the impact points (Fig. 6; Oil Slicks
Origins-see left) compared to the mean centre (barycentre) enables an
estimation of the vertical deflection distance distribution through the

water column. The variability of the oil slicks location at the sea surface
was calculated from the oil seep cluster of the Limnos basin, where the
water depth of oil seeps at the seafloor ranges from 140 m up to 1200 m
(Table 1). Except for the shallowest ones, the detected sites show aver-
age deflection values lower than the water depth (see Table 2).

For a water depth of 1000 m, the maximum observed deflection is
1700 m, with an average value around 300 m (Fig. 6). Most of the de-
flection is concentrated around values between 200 and 700 m. From
the high variability in the orientation of the oil slicks, it appears that the
combination of surface winds and surface currents are highly variable.
There is no apparent main direction, the oil slicks are oriented homoge-



a F ail d o b Menthly distribution of oil seepage
Temposal distrdbuBion of oll seepape detecton during the chservation per .
- detection
gmaabmy
=
[E H b - e I
] o
- s W el i
) . " Femire=igans 1: e
1 i e i e =
" - bt b
) i §i ]
s i il " . 4z .
l : - ., ;
L L] u s . B " l
0 A ==L 2 o i
s rw | =D “I.1|_:'"
» I:'I i i ‘ | ‘ 1 F : e L
! W e
LEY l] | I | I l
o | | | ull : | |
1 R T B e T R T T R MR i e T T T T T W T T E T W e em T W <
II{ g F L] =T Fal g o) Fotal q o

Fig. 4. a. Temporal distribution of slicks detection between October 2014 to March 2022. B. Radar graph showing the monthly distribution of oil slicks detection independently of the detection year.

072 3oL Y

$SL90T (XXxX) XXX £30]09D WM2])0.02d PUD JULID



R. Jatiault et al.

Number of seep sites in the specific
range
B
[=]

[

18
16
14
12
8
6
4
0

Marine and Petroleum Geology xxx (xxxx) 106754

B Mean Occurrence rate
B Summer Occurrence Rate

<5 15-10] ]10-15] ]15-20] ]20-25] ]25-30] ]30-35] ] 35-40] ] 40-45]
Percentage of occurence (%)

Fig. 5. Occurrence rate distribution for the entire data set (blue) and restricted to the analysis of images acquired during the summer period (Orange).
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pact area of oil slicks at the sea surface for 12 recurrent oil seeps of the Limnos basin.

neously from the central emission point (Fig. 3). The comparison be-
tween the average deflection distribution and the water depth (Table 1)
suggest that most of the time, the deflection remains below the water
depth values. The results rather agree with other published studies
(Garcia-Pineda et al., 2010; Jatiault et al., 2018). The small location
variability of the OSO observed at the sea surface suggest the deflection
distance of oil droplet is low (Table 1) and therefore that the vertical
projection of the oil seep sites on the bathymetry provides a good esti-
mation of the seafloor vent location at the origin fluid expulsions.

4.2. The Limnos and saros basins

The Limnos basin corresponds to the most active oil seepage area
among the Aegean Sea, with several seep sites detected (19) at the junc-
tion between the pull apart basin and the North Anatolian Fault (Fig. 7).
The oil seepage detection is intermittent and occurred independently
between oil seep sites and oil seeps clusters. Claw-shaped oil slicks (Fig.

7e, f, g, h) are typical of natural oil seepages and corresponds to con-
comitant expulsions of neighbour seep sites whose parallel patterns are
induced by similar ocean conditions (winds and currents). These pat-
terns detail multiple oil seepage sites among a seep cluster, where each
identified claw corresponds to an individual seep site on the seafloor.

The Saros basin also show a concentration of 5 distinct oil seeps, at
the east of Samothraki Island. This oil seep cluster is located on the con-
tinental shelf, at the edge of the Saros trough, with water depth values
lower than 100 m (Fig. 3c).

In the Limnos trough, the presence of the Anatolian Fault seems to
be a major element controlling the location of the detected expulsion
sites (Fig. 8, Fig. 9). Indeed, all the detected sites are positioned along
the main fault zone. This concentration leads to an alignment of natural
expulsion sites. In the Limnos basin, oil seep sites are aligned along the
N40° - N220° direction that corresponds quite well with the orientation
of the NAF in the Limnos basin, as well as the reported location of the
NAF in the Aegean Sea (Armijo et al., 1999; Sengor et al., 2005;
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Table 1

Average deflection distribution calculated from several oil seep sites and com-
pared to the water depth value. The values were computed for the oil seeps
sites located among the Limnos basin. Ratio values above 1 suggest that the
deflection is greater than the water depth in general, a ratio below 1 suggest
that the deflection is most of the time lower than the water depth.

Oil seeps Average Water depth Average deflection compared to
name deflection (m) (m) the water depth
Efstr 4 188,63 139 1,35
NAF_1 376,68 565 0,66
NAF_2 304,13 562 0,54
NAF_3 291,63 580 0,50
NAF_6 279,90 410 0,68
NAF_7 172,75 580 0,29
NAF_8 6,19 462 0,01
NAF_9 385,52 525 0,73
SBC1 530,57 989 0,53
SB_C 2 84,07 1040 0,08
SB.C3 47,57 1186 0,04
SBE_1 429,45 310 1,38
SB_E_2 461,22 1010 0,45
SBE3 401,85 937 0,42
SB W_1 465,21 434 1,07
SB_W_2 302,90 441 0,68
SB W_3 271,01 574 0,47
Average 379,27 642 0,59
values
Table 2
Oil flow rate estimated for each oil seep site.
Seep Estimated Estimated Seep Estimated Estimated
site annual ouput  annual ouput site annual ouput  annual ouput
(I/h) (m3/year) (I/h) (m?/year)
Efstr. 7,5 65,3 SBC. 0,1 0,9
1 4
Efstr. 1,4 12,2 SBE1l 6,3 55,4
2
Efstr_ 0,2 2,1 SBE2 5,7 49,6
3
Efstr. 0,6 5,4 SBE3 0,2 2,1
4
Efstr_ 0,4 3,2 SBW_ 31 26,8
5 1
NAF_ 7,0 60,9 SBW_ 1,6 13,7
1 2
NAF_ 4,2 36,9 SBW_ 1,1 9,8
2 3
NAF. 23 20,0 Sk-E1 1,1 9,5
3
NAF. 0,3 2,9 Sk-E2 1,8 15,5
4
NAF_ 0,3 2,6 Sk-E3 0,9 8,3
5
NAF_. 0,2 1,5 Sk-E4 0,0 0,2
6
NAF_. 0,2 1,8 Sk-E5 1,2 10,7
7
NAF_ 0,2 1,3 Smtk_ 1,5 13,2
8 1
NAF_ 2,2 19,0 Smtk_ 0,4 3,5
9 2
SBC. 27 23,6 Smtk_ 0,3 2,5
1 3
SBC_ 0,2 2,1 Smtk_ 1,9 16,5
2 4
SBC. 0,1 0,6 Smtk_ 0,0 0,4
3 5
Total 57,1 500,0

Leptokaropoulos et al., 2012; Brun et al., 2016; Sakellariou et al.,
2016).

The extensional component of the NAF becomes greater towards the
West which results in the formation of multiple pull apart basins
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(Jolivet et al., 2008; Brun et al., 2016; Sakellariou et al., 2021). The
Limnos and Saros basins are listed among the series of pull apart basins
that developed in concomitance with the North Anatolian Fault (Fig. 3).
The formation of these basins occurred in close relation with the propa-
gation of the North Anatolian Fault toward the Aegean Sea, starting 3-5
Myr ago. A large translated sedimentary body is observed at the North
of the Limnos basin. In the upslope domain, this slide is characterized
by a series of arcuate concave escarpments interpreted as normal faults
offsetting layered Quaternary deposits and by a downslope and distal
convex toe associated with reverse faults ending in the Limnos pull-
apart basin. This large-scale system probably roots on a deep listric
fault, with greater depth than the penetration of the seismic profiles.
Within this translated body, zones where the sedimentary layered struc-
ture appears disturbed or is not imaged may be interpreted as gravity-
driven Mass Transport Deposits (MTD; Hampton et al., 1996;
Moscardelli and Wood, 2008, 2016; Kneller et al., 2016; Nwoko et al.,
2020), although some of the acoustic blanking may here also be a con-
sequence of the presence of gas in the sediment. These MTD units ap-
pears buried beneath more recent sedimentary layers and thus probably
represent past catastrophic events that affected parts of the moving
slide. In addition, the steep slopes on either side of the basin display evi-
dence of erosion by avalanches and/or currents as non-conformable
sedimentary reflectors are interrupted near the seafloor. This multiple
scale gravity-driven system in the northern part of the Limnos basin is
presumably a consequence of the opening of the pull-apart basin, caus-
ing extensional stress around the releasing bend as well as a local steep-
ening of the slopes. The scale of the slide is quite important (~20 km
wide and >300 m thick; Fig. 9a and b), which suggests a buried weak
layer locally present within the Tertiary series (Paleocene to Miocene)
on the northern side of the NAF that has been activated as a decolle-
ment as the basin deepened. The internal deformation within this slide
is moderate and it probably represents a continuous deformational sys-
tem, although some parts of it may have been affected by catastrophic
events. It is obviously still active considering that the seafloor fault
scarps are visible on bathymetric maps and offsetting recent deposits
(Fig. 8a).

The detected oil seeps sites are either located at the middle or at the
basinward edge of the landslide, which suggest that oils (and probably
other related fluid) were able to migrate through the MTDs probably
through crustal deep-seated faults associated with the NAF. The natural
expulsion zones (stars below) are located within a unique geological en-
vironment that combines strike-slip faulting (NAF) and gravity defor-
mation associated with the formation of the pull-apart basin.

Based on the morpho-structural analysis of bathymetric features, ac-
tive oil seeps clusters (boxes in the left) in the Limnos basin occur in
various tectonic regimes.

e Cluster 1 (Fig. 8b) is located out of the pull-apart basin hosting
the MTD, along a straight segment of the NAF, although quite
close to its reported “turning point” (Sakellariou et al., 2016).
Seeps are aligned on ridges parallel to the NAF 200-500 m south
of the main fault trace. The tectonic regime is supposed to be
prominently pure strike-slip.

Cluster 2 (Fig. 8c) is located at the upper front of a compressional
pop-up structure indicative of positive flower structure along the
basin edge. This indicates a locally transpressive regime along the
NAF. This pop-up structure is related to a restraining bend on the
main fault between the pull apart basin and the straight segment
where cluster 1 is located.

Cluster 3 (Fig. 8d) is located close to the centre of the Limnos
trough that corresponds to a pull-apart basin. Detected seepage
sites locates at the exact location of the NAF at the seafloor which
confirms that the NAF play a prominent role in the fluid migration
from deep series. This cluster is also located in the central part of
the former discussed MTD.
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Fig. 7. a, b. Sea surface evidence of oil seepage detected with the satellite SAR system along the Limnos basins and nearby NAF. The shape and direction of oil slicks
are induced by the sea surface currents and winds. Coloured stars show the centre of each recurrent seepage structure detected using the entire SAR data stack. The
stars correspond to the best estimation of the active oil seeps sites on the seafloor. c Oil seeps location and d. Compilation map of the entire oil slicks mapping for the
2015-2022 SAR dataset along the Limnos basin and nearby NAF (location in Fig. 3d). e, f, g, h. Closer look of SAR images showing typical claw-shaped slicks at the
eastern edge of the Limnos seep cluster (i.e., along the NAF). Each slick is associated with a distinct of seepage site.

The MTD show at least one offset zone induced by the NAF fault
(Fig. 9). The NAF-induced offset depictable within the MTD implies that
the sliding event occurred prior to the recent reactivation of the fault, at
least regarding its distal part. This is consistent with a significant con-
trol of the NAF over the positioning of fluid expulsion systems, as it cre-
ates migration pathways crossing through the MTD up to the seafloor.

Between the Limnos basin and the Saros Gulf, oil seeps are only de-
tected in two clusters East of Samothraki Island (Fig. 3c). The concen-
tration of oil seeps at the East and centre part of the Limnos Trough
(Figs. 7 and 8) therefore suggests an additional controlling factor of the
oil seep emplacement. The absence of oil detection further East of the
Limnos basin could be related to the absence of productive source rocks
in this area. Onshore, the source rocks reported with a high oil potential
correspond to the Late Eocene and Early Oligocene series of the Thrace
basin, namely Hamitabat marine shales, Mezardere pro-deltaic sedi-
ments and Danismen deltaic plain formations (Giirgey, 2009,2015;
Siyako and Huvaz, 2007). Thrace basin formations are also the source
of oil and thermogenic gas expelled at the Sea of Marmara seeps
(Bourry et al., 2009; Ruffine et al., 2017, 2018). Oil seeps in the Sea of
Marmara have been found on mud volcanoes located in the principal
shear zone of the NAF and along splays bringing the productive Thrace
basin formations to (or close to) the outcrop north of the deep basins
(Saritas et al., 2018; Grall et al., 2018). The most probable origin of the

expelled oil is thus associated with a southern extension of the Thrace
basin, even if its extension is not reported further south in the Aegean
Sea. The Limnos Basin seeps are clearly associated with conduits in the
NAF principal shear zone. The Samothraki seeps located on the shelf
may be related to outcropping or sub-outcropping productive forma-
tions.

4.3. The Skyros-edremit trough

In addition, satellite images show the presence of highly active ex-
pulsion zones further south, in the vicinity of the Skyros-Edremit trough
(Fig. 10). This area corresponds to a deformation zone between the NAF
and the prolongation further West in the Aegean Sea to the southern
branch of the North Anatolian Fault, namely the Skyros-Edremit fault.
Although the margin structure knowledge is limited in this area, oil
seeps appear surprisingly to be located at a distance of at least 10 km
from the main reported deformation zones of the Skyros-Edremit fault
corridor (Fig. 10; fault location depicted from seafloor morpho-
bathymetric feature and Sakellariou et al., 2016; Brun et al., 2016; Erbil
et al., 2021). Both oil seep clusters in the Skyros-Edremit region shows
an alignment of the oil seeps, along the N60° (roughly parallel to Sky-
ros-Edremit Fault) for the oil seeps located North of Skyros-Edremit and
N155° for the oil seeps located south of Efstratios. The correspondence
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Fig. 8. Zoom on the Limnos basin and the detected oil seeps in this area. A. Local vision of the seep distribution correlated with the bathymetry and inferred loca-
tions of the faults, including the NAF and gravity-driven normal and reverse faults. Zoom above seep site clusters are displayed in b, ¢ and d. Respectively along the
strike slip NAF (b), over a transpressive area at the edge of the basin (c) and in the extensional centre of the basin (d).

in direction between the position of the oil expulsion sites among seep
clusters and the direction of already identified faults is only valid for
the cluster located south of Efstratios, which probably corresponds to
the extensional fracturing system of the Skyros-Edremit trough (Horse
tail system). The N60° orientation also suggest an underlying structural
control for seepage location (Fig. 10d and e) but involves different frac-
turing direction in the area. The presence of intermediate, possibly
deep, connections between the NAF and the SEF were reported in the
area and with the same direction as the latter (Brun et al., 2016). Its end
points towards the active cluster detected North-West of Skyros-
Edremit and would have the same orientation as the alignment of the
active sites identified using space imagery. By the way, focal mecha-
nisms of earthquakes in this area as well as active faults on land in the
Eubea region indicate some amount of distributed deformation, with
dominant fault orientations NE-SW and NW-SE (Kassaras et al., 2020).

4.4. Reported seepage in the Aegean sea and along the North Anatolian
Fault

Multiple cold seeps locations have been found across the Aegean
Sea, notably along the Hellenic arc (Triantaphyllou et al., 2002;
Megalovasilis, 2020). While gas compositions were analyzed, no oil
fraction were previously reported. Moreover, these seeps are associated
with the volcanic arc, a different geological context that in the study
area, involving different seepage mechanisms. Alternatively, along the
North Anatolian fault, the Sea of Marmara is a transform system that
has been extensively explored for fluid seeps (Tryon et al., 2012; Dupre
et al., 2015; Geli et al., 2018; Grall et al., 2018; Ruffine et al., 2018).
Hydrocarbon seeps have been inventoried using geophysical data and
water column imaging that primarily detect gas bubbles while the radar
satellite-based detection method is only restricted to the liquid fraction.
0Oil seepages have been found in the Sea of Marmara by visual observa-
tions with manned submersibles and ROVs, but these findings are prob-

10

ably not exhaustive and may be complemented with radar satellite-
based detection. On the other hand, the presence of a more distributed
hydrocarbon seepage system involving gas is highly probable in the
Aegean Sea, but its recognition would need further in situ investigation
(Korber et al., 2014).

4.5. Possible origin of the expelled oil and fluid migration pathways

Hydrocarbon seepages are usually associated with fluid related ba-
thymetric features such as mud volcanoes, mounds, or pockmarks (King
and MacLean, 1970; Hovland, 1981; Hovland and Judd, 1988; Judd
and Hovland, 2009; Hovland et al., 2010; Andresen and Huuse, 2011;
Andresen, 2012). The size of pockmarks ranges from few meters
(Hovland et al., 2010) up to the kilometre scale. Some of them can be
isolated (Regab; Charlou et al., 2004; Ondreas et al., 2005; Gay et al.,
2006; Marcon et al., 2014) or clustered (Jatiault et al., 2019a). The
available bathymetry resolution (EMODNET binned 120 m) is probably
too low to detect such features which explains the lack of detection of
fluid-related seafloor features.

The availability of seismic sections in the Limnos basin (Fig. 9) al-
lows a rough understanding of underlying structures and the general as-
sociated geological context, but remain too sparse to detect vertical suc-
cessions of geophysical anomalies usually associated with the fluid as-
cent in the sediment series (vertical chimneys or pipes; Lgseth et al.,
2001, 2009, 2011; Cunningham and Lindholm, 2000; Heggland, 2002;
Loncke and Mascle, 2004; Cartwright et al., 2007; Hustoft et al., 2009;
Moss and Cartwright, 2010; Karstens and Berndt, 2015, Jatiault et al.,
2019a, b). In the Sea of Marmara, the distribution of seeps results from
concurrent updip migration along strata and upward migration along
faults zones and fractures (Grall et al., 2018). Moreover, seeps related
to main faults are found in a swath of about 1 km half-width along their
trace at the seafloor, corresponding to a zone of diffuse deformation as-
sociated with the fault (Henry et al., 2018). North-East of Ganos, fluids
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Fig. 9. a, b. Seismic profiles acquired across the Limnos basin located in the vicinity of active oil seep sites locations. Seismic sections are displayed using the enve-

lope seismic attribute. c. Seismic section compared with oil seeps site locations.

are expelled from series at the base of Ganos scarp, which suggests that
fluids migrate from below the basin and are focussed on the upper edge
of the sediment fan (Grall et al., 2018). In this context, the conduits
within the Thrace basin formation consist of extensional and transten-
sional structures. The distribution of oil seepages west of the Limnos
trough on topographic highs close to the NAF may thus result from the
same processes, fluids migrating upward in the fault zone at depth be-
ing collected on high points by the shallow sedimentary structure. The
presence of seeps in the northern flank of the Limnos trough (Fig. 9¢
and d) may be also related to interaction between fault-related conduits
at depth and shallow sedimentary structures. The most probable migra-
tion scenario considered for the Limnos Basin seeps would thus involve
two stages.

The presence of hydrocarbon expulsions in both the northern area
(North Anatolian Fault) and the southern domains (Skyros-Edremit
Fault) raises the question whether these originate from a common
source rock series. The only reported productive series in the area are
the Upper Eocene-Oligocene shales of the Thrace basin (Siyako and
Huvaz, 2007; Giirgey, 2009; 2015). The Thrace basin show a high oil
potential in the onshore domain, Paleogene/Eocene silici-clastic source
rocks (Elmas, 2012), however there is still no reported evidence of oil
among the deep marine domain of the Aegean Sea. That would involve
an extension of the Thrace productive series much further South of the
NAF. Several gas fields are reported in the Northern part of the Aegean
Sea, most of it being gathered among the continental shelves. More-
over, the oil seep sites of the Skyros-Edremit trough appear discon-
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nected from the main SEF, which indicates a different seepage mecha-
nism. A high hydrothermal activity is also reported across the Aegean
Sea; even if most of the Aegean seep studies were concentrated along
the Hellenic volcanic arc (Dando et al., 2000; Triantaphyllou et al.,
2002; Megalovasilis, 2020), local hotspots (ascension of high tempera-
ture magmatic fluids) may also be considered as a potential source of
heat that could trigger local thermal cracking of the organic matter.
The average bottom temperatures were measured in the Aegean os-
cillating between 10 and 18 °C (14 °C in average) in the Gulf of Ther-
maikos (Estournel et al., 2005; Sylaios, 2011), and were measured
around 14 °C in deep basins (pers. comm. A. Karageorgis). Considering
these temperatures, hydrate-bearing sediments are not expected for wa-
ter depth shallower than 1100 m (Sloan and Koh, 2007; Camerlenghi et
al., 2023) and slightly shallower for heavier hydrocarbon-bearing hy-
drates (structure II, H). Under these temperature and bathymetric con-
ditions and assuming a 30 °C geothermal gradient, methane hydrates
would only be stable of the deepest part of the Limnos basin and North
Aegean trough with a maximum GHSZ thickness in the sediments of
~50 m below seafloor (calculated from hydrate stability profiles; Sloan
and Koh, 2007). Even if hydrate may be found inside focused fluid path-
ways where thermogenic gasses are expelled (see mud volcanoes in the
Sea of Marmara; Bourry et al., 2009; and in the Mediterranean Sea; De
Lange and Brumsack, 1998; Merey and Longinos, 2018), the wide-
spread hydrates presence is highly limited in the Aegean (Camerlenghi
et al., 2023), which would explain the absence of a hydrate-related bot-
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Fig. 10. Oil seepage detection in the Skyros-Edremit region. a. Compilation oil slicks map. B. Focus on the oil seep cluster located west of the Skyros-Edremit trough.

C. Focus on the oil seep cluster located South of Efstratios.

tom simulating reflector (Shipley et al., 1979; MacKay et al., 1994;
Berndt et al., 2005; Haacke et al., 2007).

4.6. Oil output estimation

Following the centerline method developed by Meurer et al., 2023),
we dressed a first estimation of the expelled oil volume across the North
Aegean Sea (Table 2). It is assumed that sea surface slicks are deflected
by 3% of the sea surface wind and 100% of the sea surface currents
(Kim et al., 2014). While a precise quantification would require the in-
tegration of both current velocity and orientation for both dataset and
for each slick, a first idea of the expelled volumes can be computed as-
suming average surface velocity. The reported sea surface current at the
oil seep sites ranges from O to 5 cm. s-1 for Samothraki basin,
15-25 cm s-1 for Limnos basin and 5-15 cm s-1 for Skyros-Edremit
basin (Olson et al., 2007). The flow rate is calculated for each slick by
considering this information, as well as attribute values such as the area
and time of spreading (obtained with the centreline) and the thickness
of the slick (estimated at 0.145 pm; Garcia-Pineda et al., 2014). The
flow rate calculated for each oil slick was then used to calculate the av-
erage flow rate discharged by site over the entire observation period.
This value is then normalised by the rate of occurrence calculated dur-
ing the summer period (Figs. 7 and 10), considering the sites to be inter-
mittent (Leifer et al., 2004; Greinert et al., 2006; Garcia-Pineda et al.,
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2010; Jatiault et al., 2017), thus making it possible to obtain flow rate
values per site averaged over the observation period (Table 2). The flow
rate calculated per site varies from 0.4 to 65 m3 (0.4 and 7.5 1/h) per
year, with an average value of 14.7 m3/year (1.7 I/h).

The volumes released per site are lower than those observed in other
regions (Gulf of Mexico, in the Caspian Sea; or the Lower Congo basin;
Jatiault et al., 2017) but can be explained by lower expulsion frequen-
cies (38% maximum). The total volume expelled is estimated at 500 m3
per year, the northern Aegean Sea ranks among the relatively active
provinces, after the Gulf of Mexico (between 25 000 and 94 000 in the
Gulf of Mexico; MacDonald et al., 2015), the Caspian Sea (1700 ms3;
Zatyagalova et al., 2007) and the Lower Congo basin (4380 m3; Jatiault
etal., 2017). As similar studies, output estimations are substantially un-
derestimated with the SAR technique because the thickness considered
is the SAR lower detectability threshold.

5. Conclusion

The analysis of the Sentinel-1 dataset collection presented in this
study reveals for the first time the presence of an active oil seepage sys-
tem in the North Aegean Sea. Recurrent oil seepages were observed
from 33 distinct emission sites that gathers among 4 seeps clusters. Oil
seepages appear to be intermittent during the observation period and
the seepage detection seems to be more effective during the summer
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season. Considering the best detection conditions, the occurrence rate,
computed from the ratio between the number of detected seepage and
the useful dataset shows that occurrence rate values can reach 40 %.
Active oil seeps sites occur in different tectonic domains. A first family
of oil seeps are located along the North Anatolian fault along the Lim-
nos and Saros pull apart basins induced by the transtensional stress
regime along. A cluster has also been observed in the eastern edge of
the Limnos basin in a more transpressional setting. For those active oil
seeps, the NAF seems to have a prominent control regarding their loca-
tion and dynamics. Another family of oil seeps is located further south
in the Skyros-Edremit trough. The understanding of their emplacement
is still enigmatic and requires further investigations to fully understand
how the margin structure and deformation may control their location
and dynamics. The total oil flow rate is estimate at 500 m3 per year in
the Aegean Sea.
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