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Abstract

Pockmarks are ubiquitous seafloor depressions formed by the fluid/gas seepage through
marine sediments, with implications for geohazards, benthic ecosystems, and climate-
related processes. Despite extensive research, the mechanisms controlling the formation
and spatial distribution of pockmarks are not completely understood, owing to the
diverse and site-specific geo-environmental conditions. In this study, we provide a first
review of over 7500 pockmarks mapped across the Mediterranean and Black seas,
showing their relationship with depth range, slope gradient, seafloor lithology, proximity
to tectonic faults, and sediment thickness. Our analysis reveals that pockmarks are
predominantly located at intermediate water depths (100700 m), with two main clusters
around 100-200 and 500-700 m. They are commonly found on gently sloping seafloor
(<4°), often clustering around slope breaks. In detail, two slope-related peaks around 1.5°
and 3.5° suggest distinct geological settings for pockmark formation: sediment-rich and
low-energy environments versus more dynamic slope domains. Fault proximity plays a
critical role, with over 40% of pockmarks occurring within 1 km of mapped faults,
indicating that structural discontinuities act as preferential fluid pathways. Pockmarks
concentrate in areas with moderate Plio-Quaternary sediment thickness (300-600 m),
suggesting an optimal window for overpressure generation and fluid expulsion. A strong
lithological control is evident: 74% of pockmarks occur on muddy sand or sand-rich
substrates. In terms of ongoing to recent seepage/activity, ~27% of pockmarks show
evidence of ongoing fluid seepage (e.g., acoustic gas flares, seismic wipeouts), particularly
in regions such as the Black Sea, Aegean, and Central Tyrrhenian, where faulting, salt
tectonics, or hydrothermal systems enhance permeability. Conversely, pockmarks in the
Western Mediterranean appear to be generally inactive and buried. These findings
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underscore the influence of tectono-sedimentary architecture on seafloor fluid escape and
provide essential insight into methane seepage, slope stability, and benthic habitats. This
pedagogic review enhances our understanding of pockmark systems and establishes a
foundation for future geohazard assessment, climate studies, and marine resource
exploration.

Keywords: fluid flow; pockmarks; mediterranean region; high-resolution data;
multibeam; seismic reflection; geo hazard; bathymetry

1. Introduction

Fluids within marine sediments are generally less dense than the surrounding solid
particles and, as a result, tend to migrate upward toward the seafloor due to buoyant
forces [1]. This phenomenon, known as migration, involves the movement of fluids
through sedimentary layers and is referred to as fluid flow [2]. Fluid emissions at the
seafloor are typically categorized into two main types: cold seeps, characterized by low-
temperature discharges (generally below a few tens of degrees Celsius), and
hydrothermal vents, which may reach temperatures between 200 °C and 400 °C. This
review focuses primarily on pockmarks associated with cold seeps and freshwater
environments, where the emitted gases are mostly composed of methane (CHs), and
occasionally hydrogen sulfide (HzS), carbon dioxide (CO2), or nitrogen (N2), occurring
either as free gas or dissolved in pore waters [3]. Methane (CHs) is generally produced
either by microbial degradation of organic matter at low temperatures (microbial gas) [4],
or through thermogenic processes involving the breakdown of organic precursors at
elevated pressures and temperatures [5-7]. COz2 and N2 are commonly associated with
hydrocarbon systems in proximity to subduction zones or in the final phases of
thermogenic gas generation, and also occur in mixed sedimentary-volcanic basins [8-10].

Fluid flow processes are responsible for a variety of seafloor morphologies (Figure
1), including mud volcanoes [11-13], brine pools [14-16] and pockmarks [16-19], and they
trigger a range of geological, geochemical, and biological processes. These processes can
also include the precipitation of methane-derived authigenic carbonates through
anaerobic oxidation of methane (AOM), mediated by microbial consortia [1,20,21].

Q Gas Chimney

[Seawater Field of
Pockmarks

Volcano
Slope Failure Mud Volcano

Microbial gas  Giant Pockmark

| Gas Plumes jﬁ Salt diapir ? Fluid escape pathways \ Fault

Figure 1. Simplified cartoon summarizing the typical fluid flow processes, and relative seafloor
morphologies (e.g., pockmarks, mud volcanoes, brine pools), acoustic anomalies (both in the water
column and in the sub-seabed) and potential sources. Modified from Ma et al. (2021) [22] pockmark;

slope failure; gas flare; volcano; brine pool; giant pockmark; mud volcano; gas hydrate.
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Circular Pockmark

1.1. Definition and Morphological Characteristics of Pockmarks

Pockmarks are significant geomorphological features directly associated with fluid
flow phenomena. The term “pockmark” was for the first time used to mapped seafloor
depressions on the Nova Scotian shelf using echo-sounder records [23]. Pockmarks can
reach several km in diameter and up to 150 m in internal depth, with circular to elliptical
planforms, steep flanks, and flat or cone-shaped bottoms. They show U- or V-shaped
cross-sections (Figure 2), with average flank slopes of approximately 9°, ranging from 6°
to 18° [24]. Fresh pockmarks are often cone-shaped depressions that tend to become more
rounded or flat-bottomed over time due to slumping or progressive infill by hemipelagic
sedimentation [20].
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Figure 2. (a) 3D perspective view of a giant pockmark mapped on the western Sardinian margin.
(b) Bathymetric map showing the circular shape of the pockmark. (c) Bathymetric profiles crossing
the center of the pockmark. Bathymetric data source: EMODnet Bathymetry (pixel grid resolution
25 m). Note the map is projected in EPSG:32633 —WGS 84/UTM zone 33N.

Pockmarks can be classified according to their size. Hovland et al. (2002) [20] defined
Unit Pockmarks as small (1-10 m in diameter and up to 0.6 m deep), isolated or clustered
depressions that may occur in association with larger pockmarks [25,26] (Table 1). Normal
pockmarks range from 10 to 250 m in diameter and up to 45 m in internal depth [27,28].
These features often align in strings or chains extending for km along sedimentary weak-
ness zones, and they are frequently linked to near-vertical faults, fractures, or flexures
[20,29-31] and in some cases to seafloor channels [25,26,32]. Pockmarks larger than 250 m
in diameter are referred to as giant pockmarks [33]. First documented off the California
margin [34], these features have since been reported along several continental margins.
For instance, the Gulf of Cadiz hosts pockmarks ranging from 125 to 850 m in diameter
(commonly 300-500 m) and internal depths from 1 to 16 m (typically 3-12 m). Giant pock-
marks can appear randomly or in clusters and are typically associated with subsurface
geological structures such as fault systems such as the irregular pockmarks identified in
the Palaeogene strata of the Outer Moray Firth Basin, UK North Sea [35]. At the upper
extreme, mega-pockmarks have diameter bigger than 1000 m [24]. Recently mega pock-
marks have been documented and described by using high-resolution marine data in the
northern South China Sea [36] and from the Chatham Rise (New Zealand) [37], where they
can reach diameters of up to 3000 m.
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Table 1. Summary of the Morpho-dimensional classification of pockmarks.

Type Diameter Internal Depth  Typical Distribution

Isolated or grouped; often asso-

Unit Pockmarks 1-10 m Up to 0.6 m ciated with larger pockmarks
Often aligned in strings along

Pock-
Nor:ZZiksOCk 10-250 m Upto45m sedimentary weakness zones

(e.g., faults and fractures)

>250 m (com-
Giant Pockmarks monly 300-500
m)

1-16 m (commonly Continental margins; organized
3-12 m) as cluster or isolated

Continental margins; organized
Mega Pockmarks >1000 m Up to ~126 m as cluster or isolated (e.g.,
Northern South China Sea)

Pockmarks are further categorized based on their activity. Active pockmarks are
those with observable fluid or gas emissions often in the form of bubbles, whereas inactive
or dormant pockmarks lack current outgassing evidence [38—41]. Distinguishing between
active and dormant pockmarks remains a significant challenge, particularly in the absence
of direct visual or acoustic evidence of fluid release. The most reliable indicator of ongoing
activity is the presence of gas bubbles emanating into the water column (Figure 3).

Figure 3. Gas bubbles (20-30 cm) escaping from fissures in the seabed, partially covered by white

bacterial mats, in Katakolo bay (Greece) (from Oceanus-Lab archives, University of Patras, Greece).

Marine geophysical techniques such as high- and very high-resolution seismic reflec-
tion and hydroacoustic surveys have proven effective in detecting such emissions from
shallow to deep marine environments as acoustic anomalies [1,42—44]. Acoustic anomalies
in the water column (e.g., flares) are characterized by high-amplitude, vertically or
obliquely oriented scattered signals resulting from the acoustic impedance contrast
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between gas bubbles and surrounding seawater [1,45]. On seismic reflection profiles, these
features often appear as dark hyperbolic reflectors (Figure 4) or vertical columns extend-
ing from the seafloor sometimes reaching the sea surface [10]. However, similar acoustic
signatures may also be caused by fish shoals, suspended sediment clouds, or even anthro-
pogenic debris such as metal or plastic objects [46,47], highlighting the need for comple-
mentary ground-truthing and in situ observations.
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Figure 4. Sub bottom profile (Chirp system working at 1.5-13 kHz) collected at the Campi Flegrei
caldera in the central Tyrrhenian Sea (Naples, Italy), showing hydroacoustic amplitude anomalies
in the water column, and gas chimneys as acoustic turbidity zones in the subseafloor (from Earth

and Marine Sciences Department, University of Palermo, Italy).

1.2. Potential Factors Driving the Formation of Pockmarks
1.2.1. Geological

Despite many years of study and review of extensive worldwide data, the general
mechanisms for the formation of pockmarks and their growth are still not completely un-
derstood. However geophysical, morphological, sedimentological, and geochemical data
acquired in marine areas with pockmarks provide valuable insights into the factors that
control their genesis and development at the seafloor.

In recent decades, several conceptual models have been proposed to explain the for-
mation of pockmarks, which involve either continuous processes (seeps) or sudden and
episodic releases and blowout (vents) of fluids [48]. Many theories on the origin of pock-
marks have been put forward, ranging from biogenic gas generation and overpressure-
driven fluid escape to thermogenic seepage [49,50], groundwater discharge [2], and local-
ized sediment dewatering processes [51].

However, the integrated analysis of high-resolution marine geophysical records with
core and borehole samples taken from inside pockmarks, suggests that the pockmarks are
formed when fluid (gas or water) escaping through the seafloor lifts the fine sediment into
suspension [50,52]. Laboratory experiments, theoretical models, and field studies of both
active and fossil pockmarks support the hypothesis that these features form abruptly
when pockets of locally overpressured fluids or gas erupt through the seafloor sediments
[50,53,54].

Ma et al. (2021) [22] proposed that various combined geological factors can lead to
overpressure release and the formation of pockmarks. These include seafloor morphol-
ogy, sediment type and relative thickness [55], tectonics [56], salt diapirism [57],
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hydrocarbons and gas hydrates dissociation [58,59] and seismic activity [60]. A study con-
ducted in the South China Sea showed that the mechanisms of pockmark formation are
also influenced by exogeneous geological process (e.g., denudation, transportation, sedi-
mentation, bottom currents, and channels) [61,62], endogenous geological process (e.g.,
tectonics) [63] and occurrence of other fluid flow features (e.g., gas chimneys, mud diapirs,
mud volcanoes, and faults providing pathways for gas seepage) [64].

Many studies also suggested a role of the water depth range and the sea-level
changes as factors driving the formation of pockmarks [65-67]. Relative sea-level changes
modify hydrostatic pressure and when the sea level falls (e.g., during the Messinian Sa-
linity Crisis [68,69]), gas volume in fluid reservoir increases, resulting in overpressured
pore water and thereby favoring an upward migration of gas-rich fluids [49,70]. It is not
known how fast gas exsolution/dissolution and related fluid escape responds to de-
creases/increases in the hydrostatic pressure during sea-level fall/rise [71]. The Late Qua-
ternary sea-level changes with 100-kyr cyclicity are one of the main driving factors in
pockmark formation [49]. This control of 100-kyr cyclicity in pockmarks development is
deduced from the observation that pockmarks affect well-identified and discrete strati-
graphic units.

Faults and/or fractures have been often interpreted as preferential pathways for fluid
migration in a variety of settings [72,73]. On the other hand, faults (including blind faults)
are also known to be physical barriers to horizontal fluid flow movement. Examples are
known in the siliciclastic sedimentary aquifers as well as in the offshore hydrocarbon res-
ervoirs [74,75]. Fluid flow is a physical phenomenon that usually is related to fault activity
since it leads to poorly cemented fault breccias and an increase in fault zone permeability
[76,77]. Fault damage zones that in the seismic reflection data appear as acoustic turbidity
zones have a permeability depending on the faulted lithology, shear strain, dilatation, and
fracture development, and can change as a function of burial depth, fault offset, and min-
eralization [78,79]. Recently, a number of papers have described how pockmarks are
maintained due to authigenic carbonate occurrence [80], and bottom current action
[25,81,82].

Salt diapirs facilitate fluid migration along faults and fractures. In the Levant Basin
(offshore Israel), fluid escape features occur along ridge crests and flanks above deformed
overburden and Messinian evaporite withdrawal zones, indicating structurally and strat-
igraphically controlled fluid flow [83].

Many studies have reported a relationship between pockmark activity and earth-
quakes [60,84]. Large ground-shaking event, by earthquakes or sedimentary instabilities,
modifying the geotechnical characteristic of the sedimentary layers below the seafloor
could cause interstitial gas bubbles to be suddenly expelled into the water column [85]. In
the recent literature, earthquakes have been interpreted as trigger both for gas venting
and pockmark formation in the Northern California [86], and the Arabian Gulf [87,88].

1.2.2. Alternative Hypothesis

Recent high-resolution multibeam data from the German Bight (North Sea) revealed
tens of thousands of shallow seafloor depressions previously interpreted as pockmarks
[89]. However, no evidence of methane seepage or gas-related features was found. In-
stead, the study that these depressions were produced by harbor porpoises (Phocoena pho-
coena), small, toothed cetaceans that forage on benthic fish by bottom grubbing, called pits
and pit-scours. During feeding, porpoises orient their bodies vertically, direct their sonar
toward the sediment, and dig into the seabed with their snouts, excavating shallow pits
about 0.1-0.2 m deep [89]. These initial feeding pits act as nuclei for further modification
by tidal currents and storms, evolving into larger scour structures. Comparable biogenic
depressions have also been described elsewhere, such as those formed by gray whales
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(Eschrichtius robustus) in the Bering Sea during suction feeding on benthic prey [90]. These
observations demonstrate that cetaceans can act as active erosional agents on the seafloor,
creating morphologies that can mimic classic pockmarks but have a purely biological
origin.

1.3. Importance and Scientific Objectives of the Review

Despite decades of regional studies, no comprehensive synthesis has yet been com-
piled and quantitatively analyzed for all mapped pockmarks across the Mediterranean
and Black seas. Until now, published reviews have generally addressed fluid flow phe-
nomena in broad terms or focused on the use of high-resolution seismic data for detecting
and characterizing fluid-related features [91]; in contrast, the present review specifically
concentrates on pockmarks, the most widespread seafloor morphology associated with
fluid flow [92]. This review addresses the current lack of a comprehensive and standard-
ized synthesis of Mediterranean present-day pockmarks (at the seafloor) by systematically
compiling and harmonizing published data to identify basin-scale spatial patterns, mor-
phometric trends, and suggesting geological controls, thereby highlighting methodologi-
cal inconsistencies and under-explored areas for future research.

The geological, ecological and societal relevance of seabed pockmarks makes a fo-
cused review of these features for the Mediterranean Sea both timely and necessary. Sev-
eral lines of argument support why such a review is particularly important in the Medi-
terranean region, densely studied basin. Pockmarks are relevant for submarine infrastruc-
ture planning (e.g., pipelines, cables, offshore wind farms) [27,92], for benthic ecology
(with unique communities) [93], and for resource and hazard assessments involving gas
systems [6] or fluid-related slope instabilities [94,95].

This study is conceived as a pedagogical review, intended to be a baseline study for
researchers or students approaching the study of these features, as well as for those seek-
ing a deeper understanding of the mechanisms governing their formation and evolution
as well as their hazard implication. This pedagogical style reinforces the broader accessi-
bility and long-term utility of the work. Furthermore, such a synthesis would bridge the
academic and applied domains. By consolidating the available literature, a Mediterranean
pockmark review would not only be a scientific reference for specialists in marine geo-
morphology, but also as an educational and methodological resource for students, early-
career researchers, and stakeholders engaged in the Blue Economy [96].

In view of what was discussed above, this review is based on a dataset comprising
more than 7500 examples of pockmarks located in various sectors of the Mediterranean
Sea and surrounding basins (Table S1 in Supplementary Material). The dataset includes
information on geographic distribution, bathymetry, proximity to geological faults, and
sedimentary characteristics. The objectives of this study are:

(i) Toinvestigate the spatial distribution of pockmarks in relation to key controlling fac-
tors, including:

e  Physical environmental parameters (e.g., water depth range, slope gradients,

and sediment lithology),

¢  Geological features and processes (e.g., faulting, sediment thickness, and salt di-

apirism).
(ii) To highlight the implications of pockmarks in terms of geohazards, influence on ben-
thic ecosystems and their relevance to past and present climate processes.

2. Geological Framework

The geology of the Mediterranean region is a result of the evolution of the Tethys
Ocean, which formed in the late Palaeozoic, reached its maximum opening in the
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Mesozoic, and finally closed in the Cenozoic [97]. The convergence of the Eurasian and
African plates played a crucial role in shaping the circum-Mediterranean thrust belts and
forming back-arc basins [97]. These tectonic interactions resulted in significant geological
complexities, extensive volcanism, and a relatively high level of seismic activity in the
area. Remnants of the Tethys Ocean remain in the Ionian Sea and the Eastern Mediterra-
nean [98,99]. Consequently, the diverse seas within the Mediterranean region are charac-
terized by a range of lithospheric structures, including: (I) remnants of Tethyan oceanic
domains (Ionian and Libyan Seas), (II) Neogene oceanic crust (Algero-Provencal Basin
and Tyrrhenian Sea), (III) thinned continental lithosphere (Strait of Sicily, Alboran Sea,
Valencia Trough, Aegean Sea), and (IV) thick continental lithosphere (Adriatic Sea) [100].
In this paper, we briefly review the geology of the Mediterranean Sea by dividing it into
three main basins: Western, Central, and Eastern (Figure 5).

36'0"E 18*21'30"E 33°37'0"E

Bathymetry (m)

0
_— o

France

Fault Type

Asgean Sea

1 —— Normal Fault

Reverse Fault

Strike slip fault

Figure 5. Bathymetric map showing the main faults used in this paper (data from EMODnet Geol-
ogy (https://www.emodnet-geology.eu/ (accessed on 26 November 2025)). Note that the map lacks
data for the Inner Ionian Sea. Due to the presence of numerous major and active faults, it was diffi-
cult to represent this area clearly in the figure. Background bathymetry from EMODnet website
(http://www.emodnet-bathymetry.eu (accessed on 26 November 2025)).

Messinian Salinity Crisis was an extraordinary, short-term, and extreme geological
event that occurred between 5.97 and 5.33 Ma [101]. During this time, the Mediterranean
Sea became disconnected from the Atlantic Ocean due to uplift of the Gibraltar Strait re-
gion and underwent partial desiccation due to an excess of evaporation of marine and
freshwater inflow [102]. As a result, more than a million cubic km of salts (carbonates,
gypsum, halite and K-salts), representing about 6% of the total dissolved oceanic salt, was
deposited, locally exceeding 2-3 km in thickness [101].

The Western Mediterranean Sea was formed by the extensional collapse of an orogen
after the collision of a lithospheric fragment with the Eurasian margins in the Eocene.
Since the Oligocene, this collapse produced the rupture of this orogen into various frag-
ments and their radial dispersion to the east and south [103-105]. The main features cor-
respond to the rotation of the Corsica-Sardinian block and the migration of the Kabilas
towards Africa with respect to Eurasia, which led to the formation of the Ligurian Sea and
the Algero-Balearic Ocean floored basin [106,107]. For the purpose of this summary, the
Western Mediterranean has been divided into four geographic sectors: (i) the Gulf of Lion
and Northeast Iberian margins characterized by a relevant Plio-Quaternary sedimenta-
tion, which contributed to the formation in the Gulf of Lion of the widest continental shelf
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in the western Mediterranean [108]; (ii) the Southeast Iberia margins corresponding to the
prolongation of the Betic structures on the continental margin and later affected by
transtensional or extensional structures [109]; (iii) the Balearic Promontory, a structural
high whose present-day configuration is due to the clockwise rotation of the Mallorca and
Eivissa blocks resulting from the westward migration of the Alboran microplate; and (iv)
the Alboran Sea, a semi-enclosed and tectonically active basin in the westernmost part of
the Mediterranean Sea and, characterized by a first extensional stage followed by a com-
pression since the Late Tortonian.

The Central Mediterranean Sea is a complex region shaped by a combination of tectonic,
sedimentary, and erosional processes over millions of years. This region encompasses a
variety of geological features, including basins, ridges, and volcanic structures [110]. The
Central Mediterranean is dominated by the Italian Peninsula, whose present-day mor-
phology is dominated by the Alpine and Apennine orogens, and the surrounding seas
[111,112]. For the purpose of this summary, the Central Mediterranean Sea has been di-
vided into four main sectors: (i) the back-arc Tyrrhenian Sea, whose opening occurred
from NW to SE in the last 7 millions of years [113]; (ii) the Adriatic basin acting as foreland
and foredeep of the Apennines and Dinarides mountain belts [114], (iii) the western part
of the deep Ionian Sea, representing the remnants of the Meso-Cenozoic Tethys Ocean
and (iv) the Strait of Sicily considered to represent an example of intraplate rift, with the
superimposition of extensional and contractional phases [115,116].

The Eastern Mediterranean Sea stands as a geological relic of the Neotethys Ocean,
shaped by a complex interplay of tectonic processes over millions of years. During the late
Permian to early Middle Jurassic epochs, the Neotethys Ocean began its formation
through extensive rifting of the Tauride-Anatolian plate and the Eratosthenes continental
fragment from Gondwana’s northern margin [117,118]. This rifting activity ceased by the
Bajocian, giving way to post-rift thermal subsidence in the Eastern Mediterranean basin
and the subsequent development of passive continental margins in the Levant and Egypt
[119].

As a result, much of our geological knowledge focuses on post-Miocene events, in-
cluding the Messinian salinity crisis [120], the Dead Sea Transform Fault System, the evo-
lution of the Nile delta, and the Cyprus Arc [101]. Recent scientific exploration efforts have
unveiled the Eastern Mediterranean Sea significant hydrocarbon potential [38,83]. With a
sedimentary cover exceeding 10 km in thickness [121], the basin hosts abundant hydro-
carbon resources [122]. The discovery of numerous gas fields in the Nile delta of Egypt
and offshore areas of Israel and Sinai underscores the basin’s importance as a hydrocarbon
province [123]. For this summary, based on the available pockmark information, the east-
ern Mediterranean Sea is divided into three sectors: (i) the Nile Delta deep-sea fan, repre-
senting a thick sedimentary wedge that accumulated riverine sediments since the late Mi-
ocene [124], (ii) the Aegean Sea, one of the Mediterranean Cenozoic back arc basins and
characterized by active tectonic [125], and (iii) the Black Sea, a semi-enclosed basin formed
as the result of back-arc extension, with the development of two basins that coalesced in
a single depocenter during their post-rift phase in the Pliocene [126].
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3. Data and Methods
3.1. Dataset

The background bathymetry (e.g., multibeam data with a cell size of ~100 m), and
geology data (e.g., faults and seafloor sediments) utilized in this study were obtained from
the EMODnet data infrastructure. The infrastructure encompasses seven sub-portals, cov-
ering bathymetry, geology, physics, chemistry, biology, seafloor habitats, and human ac-
tivities. The EMODnet Central Portal serves as a unified access point for these services, all
of which are freely accessible and open for use (https://emodnet.ec.europa.eu/geo-
viewer/#!/ (accessed on 26 November 2025)) [127]. Where available, these data were com-
plemented with high-resolution bathymetric data (e.g., multibeam data with a cell size of
~20 m), collected during various oceanographic cruises conducted between 2007 and 2013
as part of the Magic Project (Marine Geohazards along the Italian Coasts). The access to
this additional data is provided by the Italian National Civil protection at the following
link: http://dati.protezionecivile.it/geoportalDPC/catalog/main/home.page (accessed on
26 November 2025). The final Digital Elevation Model (DEM) was exported as ASCII ESRI
files to ArcMap (http://www.esri.com/arcgis/ (accessed on 26 November 2025)). Subse-
quently, the ASCII ESRI files were converted into raster files, forming the basis for gener-
ating the primary map and figures presented in this review.

Starting from the public repository of pockmarks published by Spatola et al. (2025)
[92] with 7516 valid pockmark records (Figure 6). Each pockmark entry includes up to 31
attributes, although not all fields are fully populated. The most complete and statistically
relevant fields include: (i) Geographic location (Latitude, Longitude), (ii) Bathymetry (wa-
ter depth in m), (iii) Slope of the seafloor (degrees), (iv) Distance from major faults, (v)
Sediment thickness (Messinian, Plio-Quaternary, Pre-Messinian), (vi) Pockmark morphol-
ogy (Mean axis, Internal depth, Shape), (vii) State of activity and fluid type (where avail-
able). This above-mentioned information was derived either from the reference articles or
extracted from publicly available datasets (as raster, e.g., Sampietro et al. 2023 [128]) using
the Extract Values to Points tool in ArcMap 10.8. General geomorphometric parameters
(e.g., slope) were extracted from the bathymetric data by using ArcMap 10.8. The distance
from two features (e.g., distance from pockmarks and faults) was calculated by using the
tool Euclidian distance in ArcMap 10.8 (https://desktop.arcgis.com/en/arcmap/lat-
est/tools/spatial-analyst-toolbox/Euclidean-distance.htm (accessed on 26 November
2025)). A summary table is reported below (Table 2). It is important to note that the sedi-
ment thickness data were derived from low-resolution raster datasets [128]. The authors
locally calibrated the dataset using available seismic profiles, thereby improving its relia-
bility in selected areas. This data is currently the only available dataset that provides full
coverage of the Mediterranean region. Although the limited spatial resolution represents
a constraint, it is generally acceptable for regional-scale analyses.
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Table 2. Summary table of the main information of the pockmarks mapped in the Mediterranean and Black seas.

Adriatic
Sea

29 22 39 1 1 2 17,387 15,763 17,931 1197 1178 1400 600 600 600 0 0 0

Black
Sea
Central
Adriatic 200 163 242 0 0 1 45644 21,748 66,678 1663 1489 1933 1435 1200 1556 683 438 782
Sea

Central

Tyrrhe- 313 48 647 4 0 18 7572 2332 13,927 3346 2733 3667 1214 1022 1356 420 212 548
nian Sea
Eastern
Mediter-
ranean
Sea
Inner lo-
nian Sea
Italian
Seas
North-
ern
Adriatic
Sea

459 103 1133 5 1 17 102,352 74 237,369 8070 5222 8600 1133 622 1600 621 136 1205

1165 4 3134 4 0 26 131,564 2395 294,308 9731 1800 16,533 3173 1000 6556 2083 176 4528

500 8 1050 1 0 2 400 0 1000 - - - - - - 50 1500

488 12 813 5 0 22 42,900 32 236,461 3588 1178 4511 1721 600 3244 807 0 1913

17 16 18 0 0 0 1097 954 1240 1256 1178 1333 911 800 1022 202 133 272
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Descriptive statistics such as mean, median, standard deviation, and variance were
computed to summarize morphometric attributes of the pockmarks. Further analytical
procedures included the construction of correlation matrices to assess relationships be-
tween variables, and visual representations including histograms, scatter plots and box-
plots. In particular, the statistical assessment focused on identifying spatial trends and
relationships between pockmark occurrence and state of activity with geophysical varia-
bles such as bathymetry, slope gradient, seafloor sediment lithology, and proximity to
fault systems.

1°33'0"E 31°48'30"E

France

Liguriaff Sea
@StlfofLyon

" Black Sea

Figure 6. Bathymetric map showing the distribution of pockmarks (green dot) on the seafloor across
the Mediterranean and Black seas. Bathymetric data source: EMODnet Bathymetry. Note. The map
is certainly incomplete and may depict areas containing pockmarks as zones without them; this
limitation arises from the fact that only studies reporting the precise location of each individual

pockmark were used to compile the dataset. The stars indicate the location of Figures 3, 4, 7 and 8.

Limitations

We recall that some limitations should be considered regarding the resolution of the
bathymetric data and the size of the identified pockmarks. These two parameters are not
necessarily dependent on each other. The grid size represents the mapping unit used to
partition the bathymetric surface, and each cell was assigned a label indicating the pres-
ence or absence of pockmarks. Therefore, a 100 m grid resolution does not introduce a
bias toward larger pockmarks, since even the smallest mapped features would still mark
their intersected cell as “present.” In fact, this limitation is partly mitigated by the fact that
the database was compiled, whenever possible by using morphological information ex-
tracted from literature sources where pockmarks had been mapped at much higher reso-
lutions. This ensures that the dataset integrates the most accurate positional data currently
available. Overall, the adopted 100 m resolution represents a reasonable compromise be-
tween spatial detail and computational efficiency. In this sense, the present review aims
to provide a synthesis of all published pockmark cases for which the precise geographic
location is known. Nevertheless, future mapping efforts could benefit from the application
of downscaling techniques in a pre-processing phase to enhance DEM resolution and pro-
duce more detailed maps.

For the fault and seafloor lithology layers, we used data from EMODnet Geology
(https://emodnet.ec.europa.eu/geoviewer/ (accessed on 26 November 2025)) as baseline
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information. Although these public databases provide valuable regional coverage, their
relatively low spatial resolution remains a significant limitation. To mitigate this, we inte-
grated additional datasets from scientific sources such as the Modello Strutturale d'Italia
[129].

All pockmark information was manually tabulated and independently verified by
the authors through consultation of the original literature sources listed in the database
(Table 51 in Supplementary Material). Rigorous validation procedures were implemented
to ensure data consistency, including the detailed examination of published metadata in
public repositories (e.g., EMODnet Bathymetry). Potential outliers or duplicates were
identified and removed by analyzing the spatial distribution and morphological charac-
teristics of each feature through georeferencing. Any future updates of the database [17]
will undergo the same validation process to ensure reliability and reproducibility.

4. Current State of Knowledge and Case Studies

Pockmarks are probably the most common fluid flow morphology in the Mediterra-
nean region. They are located from its western edge in the back-arc setting of the western
Alboran Sea [130] to its eastern edge in the Levantine Basin [38]. They are located from
shallow to deep sea areas at both passive and active continental margins such as: (i) active
continental margin, e.g., north Sicily [131]; (ii) passive continental margin, e.g., Strait of
Sicily [71,131]; (iii) thick sedimentary basin areas, e.g., Nile deep-sea fan [132], (iv) in-
traslope ridge, e.g., Paola and Palmarola ridges in the Tyrrhenian Sea [33,133]; (v) land-
locked inland sea, e.g., Black Sea [44].

4.1. Western Mediterranean Sea
4.1.1. The Gulf of Lion and Northeast Iberian Margins

Fluid emissions in this region span from the shallow prodeltaic environments of ma-
jor rivers Rhone, Fluvia-Muga, Ter, Besos, Llobregat, Tordera, and Ebro to the deep con-
tinental slope. Gas seepage is notably evidenced in continental shelf settings by acoustic
wipeouts and acoustically turbid zones that obscure stratified prodelta deposits, suggest-
ing microbial gas derived from organic-rich fluvial sediments [134-136]. In the Gulf of
Lion prodelta, gas bubbling into the water column has been observed in echosounder data
as acoustic plumes, typically located just above sediments showing wipeout and turbidity
effects [130]. On the continental slope, more than 180 pockmarks have been identified at
water depths between 200 and 500 m, particularly in the interfluve zone between the Bou-
cart and Hérault canyons [108]. These pockmarks are circular in plan-view and V-shaped
in cross-section, with diameters ranging from >10 to <200 m and reliefs of a few m. They
overlie an anticline structure and show acoustic signatures such as blanking and bright
spots indicative of free gas [137]. Seismic profiles further reveal vertically stacked, buried
pockmarks beneath the seafloor, suggesting multiple episodes of gas migration associated
with Quaternary sea-level fluctuations [49].

Other evidence of fluid escape was recognized at the Cap de Creus canyon head,
where gas seepage is indicated by acoustic blanking in near-surface sediments and water
column backscatter anomalies manifesting as hyperbolic echoes, possibly due to bubble
rise [138]. Further south, on the slope near the Columbretes Islands (Balearic Sea), seismic
data shows bright spots, wipeouts, and a mega pockmark with a maximum diameter of
~500 m linked to present-day magmatic activity [139]. On the Ebro continental slope, 3D
seismic profiles identify circular and elliptical pockmarks with U-shaped cross-sections,
varying from 0.1 to 1 km in diameter and tens of m in internal depth. These features were
interpreted to originate from organic-rich Ebro River sediments, with vertical gas migra-
tion facilitated by palaeo-canyon incisions that create stratigraphic discontinuities [140].
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4.1.2. The Southeast Iberia Margin

The Southeast Iberia Margin is characterized by numerous pockmarks, notably in the
Mar Menor continental shelf where circular V-shaped depressions are aligned in NNW-
SSE clusters and spatially associated with active faults and volcanic structures [109]. Near
the Torrevieja graben, pockmarks on the continental slope at ~500 m water depth range
from 400 to 1200 m in diameter and 4-35 m in internal depth. Potential mud volcanoes
were also identified, though no mud breccias have been confirmed [141]. The Palomares
margin shows many pockmarks both on the shelf and slope domains. On the shelf, distal
areas of the Almanzora prodelta host circular and elongated pockmarks (~50 m in diame-
ter, few m in internal depth), some coalescing into linear trains along gully floors and slide
scarps. On the slope, the Aguilas High area (770-860 m water depth) features randomly
distributed pockmarks up to 90 m wide affecting mass flow deposits.

4.1.3. The Balearic Promontory

Gas-related features are concentrated in the Ibiza Channel and between Ibiza and
Mallorca. In the Ibiza Channel, pockmarks with circular plan-view geometries range from
80 to 700 m in diameter and 2-55 m in internal depth [142]. Near the Xabia seamount, two
distinct clusters were recognized: one of large (>500 m) depressions and another of small
(~10 m) pockmarks [143]. Southward, consistent 100 m diameter and 15 m relief features
appear at ~500 m water depth. Between Ibiza and Mallorca, pockmarks (100-500 m diam-
eter, 10-35 m deep) show diverse morphologies from isolated depressions to linear trails
and incipient gullies aligned NW-SE or NE-SW. While the fluid origin remains uncertain,
thermogenic sources linked to volcanic bodies and tectonic structures are considered,
along with biogenic alternatives [142,143]. In this region, the spatial distribution (align-
ment) of pockmarks suggests a neotectonics control on fluid migration [142,143].

4.1.4. The Alboran Sea

The Alboran Sea shows widespread pockmarks and mud volcanoes. Over 200 pock-
marks have been mapped in the Ceuta Drift (350-900 m water depth), ranging from cir-
cular (~100-615 m wide) in the southeast to elliptical (240-1430 m wide) in the northwest
near the Strait of Gibraltar [144,145]. These pockmarks display both V- and U-shaped mor-
phologies with internal depths of <1 to 20 m and slopes up to 22°. U-shaped features may
reflect sediment infill from slope failures [144]. Additional circular and elongated (affected
by the bottom current) pockmarks organized in clusters in the westernmost Alboran Sea
(Figure 7). Around Avempace Seamount, circular coalescing pockmarks (~600 m in diam-
eter) are documented [70]. South of the Xauén Bank, ~100 pockmarks (<400 m in diameter)
with circular and elongated shapes occur in plastered drifts along the Moroccan slope [70].
These features are thought to result from shallow gas trapped in coarse contourite sedi-
ments, potentially mobilized by internal wave-induced hydraulic pumping [145,146].
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Figure 7. (a) Sub bottom profile crossing a pockmark, location in Figure 7b. (b) Shaded relief map
of the Westernmost of Alboran showing the presence of circular and elongated pockmarks orga-

nized in cluster. (Data from Instituto de Ciencias del Mar, ICM-CSIC, GMC, Barcelona, Spain). Lo-
cation in Figure 6.
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4.2. Central Mediterranean Sea
4.2.1. Tyrrhenian Sea

In the Northern Tyrrhenian Sea, significant pockmark activity has been documented
in association with mass-transport deposits (MTDs), particularly around the pressure
ridges and sidewalls of the Pianosa Slump and within contourite drifts along the Corsica
Trough [61,82]. Here, pockmarks are often rooted on buried MTDs and turbiditic lobes or
elongated along dominant bottom current pathways. Oblique chimneys visible in seismic
profiles underscore the influence of hydrodynamic processes on fluid escape features
[61,147]. A noteworthy site is located near a shallow mud volcano on the Pianosa-Elba
Ridge, approximately 5 km northeast of Scoglio d’ Affrica, where a large field of unit pock-
marks has been mapped [148,149]. Gas analyses revealed 95 vol% CH4, minor CO2, N2,
and traces of He, indicating a predominantly secondary microbial origin. Isotopic compo-
sitions of CHa (013C and d2H) and CO: also support this, alongside a clear signature of
crustal-derived radiogenic helium [150].

In the central Tyrrhenian Sea (200-400 m water depth), pockmarks vary widely in
size 85-830 m wide, 90-1000 m long, and 9-147 m deep. These features appear as isolated
or aligned depressions, often circular or elliptical, and have been identified across aban-
doned slope channels and blind faults in the western Sardinian margin (Figure 8), which
is tectonically passive and characterized by low sedimentation rates [33,94]. Off Cilento’s
coast in the southeastern Tyrrhenian Sea, a cluster of 11 circular pockmarks lies within 12—
45 m water depth. They are organized into two groups, larger ones measuring 100-200 m
across and 20-25 m deep, and smaller ones of 2040 m diameter and 3-5 m depth. Their
formation is linked to turbulent plumes from submarine freshwater springs [151].

String of Pockmarks

|solated Pockmark

String of Pockmarks

String of Pockmarks 4

String of Pockmarks

Bathymetry (m)

Figure 8. Three-dimensional perspective view (vertical exaggeration 5x) of a large field of pock-
marks in the western Sardinian margin. Bathymetric data source: EMODnet Bathymetry (Pixel grid
resolution: 25 m). Location in Figure 6.

On the Paola Ridge (500-1000 m water depth), high-resolution acoustic and seismic
data have revealed various seafloor fluid structures: (1) active venting sites with sporadic
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pockmarks associated with gas flares; (2) low-venting flanks showing mud flows; and (3)
inactive seepage features like mud diapirs and extensive pockmark fields [133]. Fluid flow
morphologies here were interpreted as hydrothermal vent complexes associated with ig-
neous intrusions, where methane-derived siderite precipitates show ©13C and 0180 en-
richment from methanogenesis and deep-sourced CO: venting [10]. Mud diapirs host
“cold seep” pockmarks (20-50 m wide, 0.5-1 m deep) with the presence of authigenic me-
thane-derived carbonates and chemosymbiotic fauna like Lucina sp. and Acharax sp. [152].

On the northwestern Sicilian margin (260-375 m water depth), nearly 30 sub-circular
to elliptical pockmarks are grouped into preferential arrays. These pockmarks (~400 m
wide, ~20 m deep, 2—4° wall slope) appear isolated, in clusters, or aligned as elongated
gullies. Seismic profiles depict concave-upward reflectors beneath these pockmarks, fre-
quently accompanied by acoustic anomalies suggestive of gas presence.

4.2.2. Adriatic Sea

Fluid seepage in the northern Adriatic was first observed offshore Rovinj, Croatia, as
persistent sea-surface bubbling [153]. Later studies in the Venice and Trieste Gulfs re-
vealed pervasive gas seepage at ~10 m water depth, indicated by acoustic plumes and
methane-derived carbonate concretions [154], with microbial methane sources confirmed
via geochemical evidence [154]. However, the detection of pockmarks remains limited
due to a lack of high-resolution bathymetry. Southward, from the Po Delta to Pescara,
high-resolution sub-bottom data revealed shallow methane anomalies in both High-Stand
and Transgressive System Tracts, suggesting fluid genesis independent of flooding or flu-
vial input [155]. At Bonaccia, offshore Ancona (~80-90 m depth), circular pockmarks (~200
m diameter, 2 m deep) were mapped using multibeam and seismic data. These features
are linked with CHas-derived carbonates, chemosymbiotic fauna, and acoustic plumes ris-
ing 70 m above the seafloor into the water column. Seismic data shows gas traps in channel
beds sealed by fine-grained levee deposits ideal vertical migration pathways [156,157].
The Meso-Adriatic Depression (MAD), a residual basin bounded by the Gallignani-Pela-
gosa Ridge, shows pockmarks potentially linked to focused fluid flow along tectonic
structures. These pockmarks show alignment patterns and may date back to the Upper
Pleistocene. Southeast of MAD, near Jabuka Islet, salt diapirism has uplifted Triassic ig-
neous bodies, creating pockmarks, gas chimneys, and mud volcanoes. These features are
associated with NW-SE faults developed by halokinetic and compressive tectonics since
the Paleogene [158].

4.2.3. Strait of Sicily

The Strait of Sicily features extensive fluid seepage associated both with shallow and
deep reservoirs [71,159,160]. Along the northeastern Malta Plateau (140-170 m water
depth), over 100 small mud volcanoes and ridges occur and more than 500 pockmarks
(~13 m? area, ~0.6 m depth, max diameter 22 m) have been mapped using side scan sonar.
They are clustered mainly at 140-150 m water depth and aligned NW-SE, matching local
fault patterns [71]. South of Malta, >1000 circular and elliptical pockmarks (up to 100 m
wide, 3 m deep) organized in dense clusters along NW-SE or WSW-ENE trends were iden-
tified using high-resolution multibeam and sub-bottom profile data (Figure 9). They are
locally characterized by the presence of acoustic anomalies in the subseafloor and in the
water column (Figure 9). Water and sediment analyses show high CHs and CO: concen-
trations, authigenic minerals (barite, pyrite), and carbonates, often linked with hydroa-
coustic anomalies and seismic chimneys beneath the seafloor [56,131]. In the NW Strait of
Sicily, the Graham Bank hosts giant pockmarks (25-580 m diameter, 1.3-15 m deep)
aligned NW-SE or appearing isolated [161]. These features, V-shaped in section, show up-
ward concave reflectors and vertical hydroacoustic anomalies from gas flares [162].
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Multichannel seismic profiles reveal vertical acoustic blanking interpreted as gas chim-
neys (VIDEPI Project, 2012). Around Linosa Island, a vast pockmark field was recently
mapped, further confirming the role of Plio-Pleistocene extensional faults as key fluid mi-
gration pathways in the Strait of Sicily [163,164].
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Figure 9. Sub-bottom profiles acquired offshore Malta showing small, aligned pockmarks in the
upper panel, and a larger pockmark with a well-defined gas chimney in the lower panel. (Data from

University of Malta, Malta). Location in the inset.

4.3. Eastern Mediterranean Sea
4.3.1. Inner Ionian Sea and Interconnected Gulfs

In the Inner Ionian Sea (Western Greece), salt diapirs mobilized by tectonic thicken-
ing act as fluid conduits [165,166]. Cold seeps are observed in deltas, gulfs, and deep ba-
sins [166]. Amvrakikos Gulf features buried pockmarks and plumes at the Pleistocene-
Holocene boundary [165,166]. Amphilochia Bay hosts fault-aligned pockmarks with mi-
crobial-thermogenic CHa4 [167]. In the southern margin of Patras Gulf, an important pock-
mark field is situated in the coastal zone of the city of Patras, between the 17-45 m iso-
baths, consisting of 115 pockmarks (~7.3 m deep) (Figure 10). This field is fault-controlled
and has been activated at least twice by earthquakes [84,168]. More recently, a distributed
temperature sensor (DTS) system was deployed inside a shallow pockmark for monitor-
ing seabed water temperature recording four thermal events that seem to have a causative
link with the local seismicity [169].
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Figure 10. Three-dimensional bathymetric view of the Patras pockmark field, Greece (Data from
Oceanus-Lab archives, University of Patras, Greece and Christodoulou et al., 2023 [168]). Location

in inset.

In Helike Delta and Elaionas Bay, pockmarks (10-60 m wide, 10-15 m deep) show
gas-charged sediments and freshwater plumes. Biological surveys reveal dense benthic
life inside pockmarks, though diversity decreases outward [168]. A deep cluster of nine
pockmarks (40-132 m diameter; 2-8 m deep) lies in Kyparissiakos Gulf (~1050 m depth),
with seismic chimneys indicating thermogenic gas [165].

4.3.2. NW Mediterranean Ridge to Eratosthenes Seamount

The northwestern part of the Mediterranean Ridge, including the Cobblestone area,
lies at water depths between 3000 and 4000 m and hosts different mud volcanoes and
pockmarks. Deep-tow side scan sonar surveys have revealed two primary pockmark
groupings. The first comprises 4-5 closely spaced pockmarks approximately 75-85 m in
diameter, while the second is a composite of a dozen overlapping pockmarks ranging
from <20 m to ~50 m in diameter, increasing westwards [170]. In the Olimpi mud volcano
field, different pockmarks genesis has been hypothesized as follows. A brine-filled pock-
mark (~2-3 m in diameter) is situated on the Napoli mud volcano. On the Milano mud
volcano’s NW flank, larger superposed pockmarks (>300 m) contain smaller ones (~100
m), some filled with brine. Isolates brine-filled depressions, such as the 250-300 m wide,
8-10 m deep Nadir Brine Lake, occur throughout the Olimpi area [170]. In the United
Nation Rise, over 60 pockmarks (>2200 m water depth) are associated with mud volcanoes
and/or faults. These include: (i) 15-18 linear pockmarks (90-170 m diameter, >10 m deep);
(ii) five nearby pockmarks of similar dimensions; (iii) four overlapping, flat-floored pock-
marks (~100-150 m); (iv) 8-9 V-shaped pockmarks aligned with a slump scarp; (v) 15-18
varied-size pockmarks (55-130 m diameter); and (vi) a cluster around a large 350 m-wide
depression [171]. At the Eratosthenes Seamount, 42 pockmarks were mapped, ranging
from 40 to 200 m in diameter. These pockmarks were subdivided into three size categories:
small (<80 m, average 50 m), medium (120-170 m, average 140 m), and large (~200 m).
Sub-bottom profiles show these depressions extend from few m to >15 m below the sea-
bed. Furthermore, deep-water pockmarks in this region fall into four types [170]: (i) those
associated with active mud volcanoes, (ii) those linked to extinct mud volcanoes and
faults, (iii) those near active faults or scarps, and (iv) those occasionally related to subma-
rine slumps [132].
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4.3.3. Aegean Sea

Despite its potential, the North Aegean Sea remains underexplored. Gas-charged
sediments and wipeouts have been detected on the Thermaikos Gulf shelf-edge and Spor-
ades shelf by using high resolution seismic reflection data [166]. Small pits, likely pock-
marks, were found near active fault footwalls [166]. In the Prinos-Nestos basin (6-25 m
depth), pockmarks (<25 m wide and <3 m deep) form from submarine freshwater dis-
charge, although thermogenic gas from Greece’s only productive oil field might contrib-
ute in the genesis of such morphologies [172]. The South Aegean Sea is characterized by
the back-arc volcanism of the Hellenic volcanic arc, which is responsible for many active
hydrothermal manifestations both onshore and offshore. COz-rich hydrothermal vents
dominate fluid chemistry. Marine surveys along the South Aegean Sea Volcanic Arc have
focused on Santorini and mainly on the Kolumbo Volcanic Chain, without, in any case,
showing the presence of pockmarks [166].

4.3.4. Nile Delta Deep-Sea Fan Region

In the southeastern Mediterranean, pockmarks are widespread along the Levant
margin and the eastern Nile fan, particularly at the toe of the salt-rooted Palmahim Dis-
turbance [38]. The Nile Delta deep-sea fan, a passive margin, is characterized by wide-
spread fluid seepage [39]. Pockmarks, recognized by sonar as high backscatter patches,
have been identified in the western, central, and eastern provinces [38,39,132]. In the cen-
tral province (1800-2500 m water depths), a large field of pockmark is associated with
sediment destabilization [173]. Gas chimneys beneath some pockmarks suggest thermo-
genic origins, though others, linked to slope failure, might have mixed microbial and ther-
mogenic sources. In the Rosetta Channel, >1500 unit pockmarks (V-shaped in cross-sec-
tion) were identified (5-41 m diameter, average 17 m; 0.4-0.8 m deep) at 400-800 m depth
[174].

Along the offshore of Israel, 3D seismic data-derived bathymetry data shown the oc-
currence of sub-circular depressions [83]. These depressions are circular to oval, 200-500
m wide and less than 50 m deep and are interpreted as pockmarks formed by fluid escape
at the seabed [83]. Seismic data reveal high-amplitude reflections and fluid pathways
linked to faults and folded strata, indicating both vertical and lateral gas migration [38].
ROV observations confirm active methane seepage, with microbial mats and methane-
derived carbonates hosting chemosynthetic fauna. These features mark long-lived fluid
flow systems and important biodiversity hotspots on the deep Levant margin [175].

4.4. Black Sea

The first recorded sampling of natural gas hydrates in the Black Sea occurred in 1974
[176]. Over the following decades, extensive geophysical and oceanographic surveys iden-
tified gas-charged sediments, bottom-simulating reflectors (BSRs), gas hydrate stability
zones (GHSZ), and numerous seepage sites, including mud volcanoes and pockmarks
[177-179]. The northwestern passive margin hosts two major organic-rich sedimentary
fans, the Danube and Dniepr [180]. Periodic seafloor anoxia has created conditions favor-
able for gas accumulation. Over 10,100 vent sites have been mapped in the Romanian and
Bulgarian sectors, linked to canyon and levee structures and often associated with gas
chimneys, pockmarks, and mud volcanoes [178,181,182]. More than 340 pockmarks,
mostly 40-50 m in diameter, have been documented in this margin. Some have coalesced
into elongated depressions. Active gas escape is common, with sediment and water sam-
ples indicating biogenic or deep-sourced microbial gas, and minor thermogenic compo-
nents [183]. Offshore Bulgaria, over 300 pockmarks were identified near the southern shelf
break (160-350 m water depth), with another 160 near Cape Kaliakra (220-400 m water
depth). Many pockmarks display acoustic flares. On the southeastern Turkish shelf, a
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large field of circular (50-120 m water depth) and elongated (200-250 m, 10-25 m deep)
pockmarks occurs near the Yesilirmak Delta [177]. Buried pockmarks suggest episodic gas
migration linked to seismicity. In the Tuapse area (NE Black Sea), pockmarks > 100 m
diameter occur at >1500 m water depths, linked to shallow gas and faults. At the eastern
basin (~2100 m water depth), fault-controlled pockmarks are observed [184]. In central
sectors (~2000 m water depth), numerous 80-500 m wide, up to 8 m deep pockmarks form
near mud volcano rims and may be deformed by mudflows [185].

5. Results and Discussion

This section presents a detailed statistical analysis of the 7516 pockmarks distributed
across the Mediterranean Sea and Black Sea. However, it should be noted that the analysis
inherently carries a number of uncertainties that cannot be fully assessed, since the infor-
mation derives from heterogeneous datasets acquired with different instruments and
originally mapped by different operators. The dataset reveals in the Mediterranean re-
gion, a wide range of pockmark sizes and depths. Diameters vary from 10 m to over 1000
m, with an average of ~230 m; internal depth values are up to tens of meters. We also
tabulated all the pockmark parameters in Table S1 in Supplementary Material.

5.1. Statistical Analysis of Mediterranean Pockmark Dataset

Bathymetry: In the Mediterranean and Black seas, the bathymetric distribution of
pockmarks reveals a bimodal trend with two primary clusters: shallow pockmarks (100
200 m) and intermediate depth pockmarks (500-700 m). However, we need to consider
that this particular water depth distribution of pockmarks may also be indicative of a tech-
nological bias associated with the exponential decline in resolution of vessel-mounted
multibeam bathymetry as water depth increases (Figure 11a). Alternatively, this distribu-
tion may be influenced by the scarcity of high-resolution bathymetric data available for
both the deep sea and the continental shelves [92,186].
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Figure 11. Histograms showing the distribution of pockmarks vs. (a) Bathymetry, (b) Slope, (c) dis-
tance from faults and (d) Seafloor lithology in the Mediterranean and Black Seas.
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Slope Gradient: Pockmarks show a strong tendency to occur in low-gradient environ-
ments (Figures 11 and 12). Around 72% of the pockmarks are found on slopes gentler than
4°, suggesting a pronounced preference for relatively flat or gently inclined seabed set-
tings. A closer examination of the slope histogram indicates a bimodal distribution, with
two prominent peaks centered around 1.5° and 3.5° (Figure 11b). This pattern could reflect
two principal geological contexts in which pockmarks form. The first peak is associated
with gentle slope depositional zones, where fine-grained sediments and slow rates of fluid
diffusion provide stable conditions for pockmark development and preservation. The sec-
ond peak could correspond to slightly steeper settings along the continental slope, where
more dynamic processes such as fluid migration through fractures and/or faults enhance
the potential for pockmark formation. Conversely, areas with slopes greater than 8° show
a marked decline in pockmark occurrence. These environments are typically characterized
by higher sediment instability and active downslope transport [187], which can inhibit the
formation or long-term preservation of pockmark structures.

0°p'0" 10°0'0"E 20°0'0"E 30°0'0"E

Figure 12. Slope map of the Mediterranean Sea region with pockmarks (green dot) used in this pa-
per.

Distance from the nearest fault: In this study, we also examined the relationship be-
tween pockmarks and fault distribution. This choice was motivated by the findings of
Spatola et al. (2025) [92], where a machine-learning-based susceptibility model identified
fault proximity as a key factor influencing pockmark occurrence.

The histogram of fault distances shows a left-skewed distribution, indicating that
pockmarks are more concentrated near faults; indeed, approximately 40% of all pock-
marks occur within 2 km away from the fault. This proximity could be the sign that even
minor fractures and faults act as preferential pathway for fluids to migrate upward,
breaching the seafloor and forming out the pockmarks.

Seafloor sediment lithology: The spatial distribution of pockmarks on the Mediterra-
nean seafloor suggests a strong influence by the seafloor sediment lithology (Figures 11d
and 13). The analysis indicates that pockmarks are most commonly associated with sub-
strates characterized by muddy sand, sand and mud. Specifically, muddy sand accounts
for approximately 46% of the total mapped pockmarks, followed by sand at around 28%
(Figure 11d). Please note that, to address this aspect of the study, we used the low-resolu-
tion seafloor sediment lithology dataset from EMODnet Geology, as it was the only pub-
licly available source accessible to us. However, where possible, this information was
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cross-checked and refined using sedimentological data from the original publications. In
fact, the dataset also includes a layer derived from literature-based seafloor lithology.
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Figure 13. Seafloor sediment lithology distribution map of the Mediterranean Sea region with pock-
marks (green dot) used in this paper.

Plio-Quaternary Sediment Thickness: Pockmarks appear to cluster in areas where Plio-
Quaternary sediment thickness is moderate, with a unimodal distribution peaking be-
tween 300 and 600 m (Figure 14). We recall that the thickness data were derived from low-
resolution raster datasets [128]. This suggests that the critical thickness of Plio-Quaternary
sediments is necessary to maintain the overpressure conditions required for fluid escape,
without being so thick as to fully suppress or diffuse the flux. These sediments often con-
sist of alternating fine-grained and coarse-grained layers, which can facilitate fluid accu-
mulation and vertical migration through permeable horizons. This trend may suggest that
thinner sediment layers are insufficient to generate the necessary overpressure, while
thicker sequences might inhibit surface venting due to compaction, lithification, or in-
creased lithostatic load [12,71].

ﬂ
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Figure 14. Histograms showing the distribution of pockmarks vs. (a) thickness of the Plio-Quater-

nary sediments and (b) the base of the Messinian evaporites.

Messinian Sediment Thickness: Regarding the link with the base of the Messinian sedi-
ment, we decided to investigate the spatial correlation between pockmark distribution
and the depth of the Messinian unconformity because recent findings have highlighted a
weak but observable correlation between pockmarks and the Messinian sequence in the
context of the Italian seas (Figure 14b). However, it is important to stress that such a cor-
relation is unlikely to be consistent across the entire Mediterranean basin. This behavior
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is probably likely due to a bias in our dataset, as the majority of the mapped pockmarks
are located in areas where the Messinian unit is both present and relatively shallow and
thin. Pockmarks are frequently associated with areas where the base of the Messinian is
at a depth between 200 and 1000 m (below the seafloor). These regions are characterized
by tectonically induced deformation, such as diapirism, faulting, and differential compac-
tion, which creates vertical conduits or enhances pre-existing fracture systems, thereby
promoting focused fluid migration [68]. In some areas, the presence of a mechanically
weak Messinian unit may also act as a detachment surface, further influencing the spatial
distribution of overlying pockmarks [68,188]. For example, offshore Israel, thinning
(welding) of the Messinian evaporites has facilitated cross-stratal fluid migration, leading
to the formation of pockmarks at the seafloor [38,83]. Our interpretation is in line with a
GIS-based synthesis of geological data across the Mediterranean revealing significant re-
lationships between the distribution of mud volcanoes, the presence and thickness of Mes-
sinian evaporites, and active tectonic structures [189]. The study shows that in the eastern
Mediterranean, most mud volcanoes provinces, including those on the Calabrian Arc, the
Mediterranean Ridge, and the upper Egyptian margin are found in areas where Messinian
evaporites are either thin, absent, or not detectable in seismic data [11,190]. This supports
the interpretation that thick evaporite layers act as impermeable seals preventing their
escape to the seafloor a mechanism that is well documented in salt-bearing petroleum-
rich basins. An exception occurs in the northwestern Nile deep-sea fan, where mud vol-
canoes [11] and active fluid seeps are present despite a thick Messinian evaporite cover
[11,190].

5.2. Analysis of Pockmark Activity States VS to Geomorphological and Stratigraphic Variables

In the literature used to create the Pockmarks database [17], nearly 27% of pockmark
records are described as recently or presently active features since they show evidence of
gas flares, acoustic wipeout zones, or seismic chimneys indicating either ongoing or recent
fluid flow (Figure 3,). In this section, we try to understand how the potential pockmark
activity appears to vary as a function of the geological factors previously described (i.e.,
bathymetry, slope, fault distance, and Plio-Quaternary sediment thickness). According to
the dataset used, active pockmarks or pockmarks with recent activity apparently are more
frequently found at moderate water depths (~100-200 m), whereas inactive ones tend to
dominate shallower (below~100 m) and deeper zones deeper than 300 m (Figure 15). We
recall that this hypothesis, being derived from a limited dataset, suffers from significant
bias. However, this suggests that intermediate-depth settings may provide optimal pres-
sure-temperature conditions or sediment types favorable to active seepage. However, this
contrasts with the continental shelf, where the reduced hydrostatic load due to shallow
water depth corresponds to a very low number of pockmarks. So far, the only few docu-
mented cases in these shallow areas (on the continental shelf) are associated with fresh-
water seepage in the southern Tyrrhenian Sea [151] as well as in Inner Ionian Sea where
pockmarks have been documented in water depths shallower than 40 m [84].
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Figure 15. Scatter Plot of the state of activity of pockmarks vs. bathymetry and slope.

As noted previously, most pockmarks occur on gentle slopes, typically < 4°. How-
ever, active pockmarks or pockmarks with recent activity show a slight tendency to oc-
cupy slightly steeper terrain (Figure 15), possibly reflecting a link between fluid migration
and structural pathways such as normal faults affecting the seafloor forming breaks of
slope (e.g., fault scarps) like in the offshore of the Maltese archipelago [56]. Active pock-
marks are generally located closer to known tectonic faults than inactive ones (Figure 16),
supporting the hypothesis that fault-related permeability enhances focused fluid escape
[191], thereby sustaining pockmark activity [63,192].
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Figure 16. Boxplot of the state of activity of pockmarks vs. distance from faults. Note that all infor-

mation about the activity of pockmarks comes from the scientific papers considered in this review.

These data are reported in Table S1 in Supplementary Material.
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5.3. Comparative Analysis of Pockmark Morphology, Activity, and Fluid Source Across
the Mediterranean

Pockmarks across the Mediterranean and Black seas vary widely in their morphol-
ogy, fluid sources, geological controls, and state of activity (Figure 16). These differences
are closely tied to the tectonic and sedimentary evolution of the basin and reflect a clear
spatial gradient from the Western to the Eastern sub-basins. Integration of quantitative
data such as bathymetry, slope, and distance from faults alongside qualitative interpreta-
tions of tectonic regime and fluid chemistry reveals coherent regional patterns (Table S1
in Supplementary Material). A further dimension, the state of activity, adds temporal con-
text to these features, distinguishing ephemeral seepage from long-lived or persistent
fluid expulsion systems. In the Western Mediterranean, pockmarks are generally shallow
(typically << 200 m water depth), formed in association with high fluvial sedimentation
and stratigraphic controls [70]. These features, found predominantly in the Gulf of Lion
and Ebro Margin, are rooted in microbial methane production from organic-rich deltaic
and prodelta sediments [135]. While these pockmarks may appear active in shallow acous-
tic profiles, their true state is mostly episodic or inactive, consistent with subsurface evi-
dence of buried, stacked pockmarks linked to sea-level fluctuations [49].

The Central Mediterranean presents a more geologically diverse setting, leading to
greater variability in pockmark expression. In the Central Tyrrhenian Sea, pockmarks oc-
cur at greater water depths (average ~313 m), on steeper slopes (~4.2°), and in closer prox-
imity to faults (~7.5 km; Figure 11c). In the same region shallower pockmarks are fre-
quently associated with mass-transport deposits [193], hydrothermal systems [10], and
active mud volcanoes that emit microbial methane and crustal COz [193-195]. The state of
activity in this region is mixed: while some pockmarks are inactive and buried, others
especially near volcanic ridges and mud mounds remain actively venting and have evi-
dence of acoustic gas flares [196]. In the Central Adriatic Sea and on the eastern part of the
Strait of Sicily, pockmarks are shallower (average ~200 m water depth) and occur on gen-
tly dipping slopes (~0.4°) and apparently located farther from faults (Figure 17). Despite
the lower tectonic intensity, active or recently active pockmarks with recent activity are
still observed. This supports the idea that fluid migration in passive or foredeep settings
may persist under favorable sedimentological conditions especially where stratigraphic
seals concentrate gas over long periods.
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Figure 17. Boxplots showing the distribution of (a) bathymetry and (b) slope values for each sea
represented in the dataset. Each box illustrates the interquartile range (IQR), with the horizontal line
indicating the median.

In the Eastern Mediterranean Sea, pockmarks are typically found at deeper water
depths compared to those in the Central and Western sectors (Figure 17). The Black Sea,
for example, has pockmarks with an average water depth of ~459 m, located on steep
slopes (~5.2°) (Figure 17). These features are almost uniformly marked as active, consistent
with ongoing seepage from overpressured, gas-charged sediments in fan systems such as
the Dniepr and Danube. Acoustic plumes, methane seeps, and wipeout zones are com-
mon, and some fields contain thousands of active vent sites [178,182,197].

The South Aegean Sea is characterized by the back-arc volcanism of the Hellenic vol-
canic arc, which is responsible for many active hydrothermal manifestations both onshore
and offshore. CO2-rich hydrothermal vents dominate fluid chemistry [198,199].

In the Inner Ionian Sea (Western Greece), diapirs were mobilized by the overlying
tectonic thickening, potentially acting as preferential pathways for upwards fluid migra-
tion [132]. In this context, the Ionian Sea and the interconnected water bodies can be con-
sidered as an ideal environment for studying gas seepages and related seabed morpho-
logical features. Fluid flow sites have been observed in a variety of geological settings such
as deltas, fjord-like embayments, gulfs, open shelves, lagoons but also in deep-sea envi-
ronments [39,84,165,200]. In semi-enclosed gulfs (Patras, Amvrakikos), pockmarks are ac-
tive and occur at shallow waters, on almost flat seabed (0-2°), and in very close proximity



Geosciences 2025, 15, 448

29 of 42

(<1 km) to active faults and in some cases above them (Figure 17). The state of activity, as
reflected in our dataset, emphasizes this eastward intensification (Figure 16). In the Black
Sea, nearly all pockmarks are listed as active, corresponding with intense subsurface gas
migration and minimal structural sealing [178]. Conversely, Western Mediterranean
pockmarks are mostly relict and inactive, though they remain morphologically well pre-
served [17].

5.4. General Implications for Pockmarks

Pockmarks are significant geomorphological features on the seafloor and have broad
implications for geohazards, earthquake forecasting, marine biodiversity, climate dynam-
ics, and resource exploitation.

5.4.1. Sedimentary Instabilities

Pockmarks influence the geotechnical properties of marine sediments and are fre-
quently associated with submarine slope failures. Their presence is often linked to gas-
charged sediments, which reduce sediment cohesion and promote instability [5,20]. Nu-
merous studies have identified pockmarks in proximity to large sedimentary failures,
such as in the Nile Delta deep-sea fan, where they coincide with gas chimneys and major
slope instabilities [95,132,173]. Similarly, on the northwestern Sicilian continental margin,
a cluster of pockmarks encircles an amphitheater-shaped landslide scar, suggesting a ge-
netic relationship between gas escape features and mass movements. In the Central Black
Sea, oval-shaped pockmarks appear modified by mudflows, reinforcing the interplay be-
tween fluid escape and sediment deformation [185]. These associations highlight the po-
tential geohazard role of pockmarks, especially concerning the construction of offshore
infrastructure. For instance, in Patras (Greece), part of the newly constructed city harbor
was built over an active pockmark field. Twenty-three of the 115 identified pockmarks
were filled with inert materials and buried beneath the harbor breakwater, which subse-
quently experienced approximately 1 m of subsidence [165,200].

5.4.2. Pockmarks as Earthquake Precursors?

The Patras Gulf pockmark field was reported as a precursor to the 1993 earthquake
in western Greece [84], and further activation of the same site occurred during earth-
quakes in 1993 and 2008 [168]. Pockmarks can function as physical markers of gas out-
bursts, reflecting periodic activation of deep-seated fluid pathways [201]. Seismic and hy-
droacoustic studies suggest that these features could serve as natural laboratories for un-
derstanding earthquake precursors. Prior to seismic events, increases in seafloor temper-
ature and gas venting activity have been observed in the western Gulf of Corinth [202].
High-resolution tools such as multibeam sonars and sub-bottom profilers effectively de-
tect active pockmarks and associated water column anomalies like gas flares and chim-
neys [203]. Given the complexity of the Mediterranean tectonic environment, monitoring
known pockmark fields for anomalies in temperature and gas flux could enhance earth-
quake risk assessments.

5.4.3. Biota

Pockmarks play a vital role in supporting unique benthic ecosystems (Figure 18) due
to the release of gases primarily methane from the subsurface [93,204-208]. These fluid
flows influences multiple environmental spheres, from hydrospheric chemistry and ocean
alkalinity to atmospheric greenhouse gas concentrations [209,210].
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Figure 18. Benthic megafaunal assemblages inside the Elaionas bay pockmarks (Gulf of Corinth,

Greece (modified from Oceanus-Lab archives, University of Patras, Greece).

In the Mediterranean sea, a known biodiversity hotspot [211], pockmarks enhance
seafloor heterogeneity, fostering chemosynthetic communities and increasing species
richness. Reference [93] found that up to 25% of benthic species in studied areas were
uniquely associated with pockmark sites. While some taxa are underrepresented in these
environments, nematodes and microbial consortia flourish, forming the basis of highly
specialized food webs [212]. Multitudes of sharks and shark eggs have also been discov-
ered within pockmarks and/or cold seep ecosystems in the Levant Basin [213]. These eco-
systems may also offer refuge from human impacts such as bottom trawling [206]. In ad-
dition, they are ecologically and economically significant as potential spawning grounds
for commercial fish species [161].

5.4.4. Climate Change

Pockmarks are natural pathways for the emission of methane (CHs) and carbon di-
oxide (COz), contributing to global carbon cycling and potentially influencing past and
future climate dynamics [6,210]. It is estimated that seafloor fluid flow features release up
to 0.05 gigatons of carbon annually, accounting for up to 5% of global methane emissions
[6,210,214]. Recent geochemical studies suggest that CO2 may play a more substantial role
than CH4 in some settings, particularly in promoting ocean acidification [215,216]. Under-
standing the temporal evolution of pockmark activity is therefore essential for recon-
structing the paleoatmosphere and predicting future climate trends.

5.4.5. Economic Implications

Pockmarks often indicate the presence of subsurface hydrocarbons, making them
critical features for the petroleum industry [217]. They are commonly found in hydrocar-
bon-rich settings and estuarine environments [64,218]. In addition, pockmarks located in
regions of high groundwater discharge are potential indicators of freshwater aquifers
[2,63], which are increasingly valuable in densely populated Mediterranean coastal areas
where freshwater scarcity is an emerging challenge.

5.4.6. Future Research

Building upon the first susceptibility map of pockmarks along the Italian margins
[92], future research should aim to extend this approach to the entire Mediterranean and
Black seas. As highlighted in this review, these basins encompass a wide range of tectonic,
sedimentary, and oceanographic settings that exert a strong control on the formation and
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spatial distribution of pockmarks. A basin-scale susceptibility analysis would provide un-
precedented insights into the regional drivers of submarine fluid escape and their geolog-
ical, ecological, and societal implications. This goal is now achievable thanks to the recent
publication of the first open-access geodatabase of pockmarks in the Mediterranean and
Black seas, which offers a robust morphometric foundation for model training, calibration,
and validation. Model accuracy could be substantially enhanced if research institutions
shared detailed morphometric data for individual pockmarks, rather than only average
values at the cluster level as the above-mentioned public dataset.

In addition, replacing EMODnet with higher-resolution bathymetric datasets would
significantly improve predictive performance, if data resolution is consistent across all
mapped areas. Future work should also aim to quantify how many pockmarks are actively
venting and estimate the amount of fluid escaping through them, combining regional seep
mapping, data sharing, and modeling approaches despite inherent uncertainties. By inte-
grating the geodatabase with high-resolution bathymetric, geological, and geophysical
data, future susceptibility models could more accurately resolve pockmark distribution
patterns and support improved risk assessments for offshore infrastructure, including
wind farms, pipelines, and telecommunication cables. Furthermore, a broader suscepti-
bility framework could help identify areas of active or incipient fluid seepage, thereby
contributing to research on greenhouse gas emissions, the marine carbon cycle, and ben-
thic ecosystem dynamics. Ultimately, the development of a Mediterranean-wide pock-
mark susceptibility map would represent a critical tool for marine spatial planning, envi-
ronmental management, and the sustainable use of seafloor resources such as offshore
freshened groundwater.

6. Conclusions

Pockmarks are the most widespread and morphologically diverse expressions of
fluid flow on the seafloor of Mediterranean and Black seas, with the identification of more
than 7500 features on high-resolution morpho-bathymetric and seismic data to date. Our
results underscore the multi-factorial nature of pockmark formation, governed by the in-
terplay of tectonic structures, margin architecture, and pressure regimes.

The statistical analysis reveals spatial patterns linked to both geomorphological and
sedimentological controls. Pockmarks predominantly occur in low-gradient environ-
ments (typically below 4°) and show a bimodal water depth distribution, with peaks in
shallow (100-200 m) and intermediate (500-700 m) settings. A key finding is the preferen-
tial clustering of active to recently active pockmarks with recent activity near tectonic
structures, particularly in proximity of mapped faults, reinforcing the role of fault-con-
trolled permeability in governing focused fluid migration. In fact, pockmarks tend to clus-
ter along fault-controlled pathways in intermediate-depth settings, where sediment thick-
ness and permeability can favor fluid accumulation and focused seepage.

The spatial distribution of pockmarks across the Mediterranean Basin reflects its
complex tectono-sedimentary evolution from the extensional back-arc settings of the Tyr-
rhenian Sea to the salt-influenced basins of the Eastern Mediterranean and the organic-
rich fans of the Black Sea. This variability offers a unique opportunity to investigate fluid
flow dynamics in contrasting geodynamic contexts. Despite significant advances, key
challenges remain. The distinction between active and relict (inactive and/or dormant)
pockmarks is often hindered by the lack of long-term monitoring and in situ data. More-
over, the role of pockmarks as potential precursors to geohazards, their impact on benthic
ecosystems, and their contribution to carbon cycling warrant further interdisciplinary re-
search. Future research should prioritize high-resolution bathymetric surveys, integration
of acoustic and geochemical proxies, and the application of advanced machine learning
techniques to detect, classify, and model fluid flow phenomena at regional and local scale.
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Given the Mediterranean region’s relevance as both a geohazard prone area and a hotspot
of marine biodiversity, the study of pockmarks holds critical implications not only for
Earth Sciences, but also for environmental management, energy resource assessment, and
climate monitoring.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/geosciences15120448/s1, Figure S1: Schematic classification
of pockmarks based on the activity and size; Table S1: Summary of main morphometric parameters

of pockmarks.
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