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Abstract: The Patras Gulf Pockmark field is located in shallow waters offshore Patras City (Greece)
and is considered one of the most spectacular and best-documented fluid seepage activities in the
Ionian Sea. The field has been under investigation since 1996, though surveying was partially sparse
and fragmentary. This paper provides a complete mapping of the field and generates new knowledge
regarding the fluid escape structures, the fluid pathways, their origin and the link with seismic
activity. For this, data sets were acquired utilising high-resolution marine remote sensing techniques,
including multibeam echosounders, side-scan sonars, sub-bottom profilers and remotely operated
vehicles, and laboratory techniques focusing on the chemical composition of the escaping fluids. The
examined morphometric parameters and spatial distribution patterns of the pockmarks are directly
linked to tectonic structures. Acoustic anomalies related to the presence of gas in sediments and in
the water column document the activity of the field at present and in the past. Methane is the main
component of the fluids and is of microbial origin. Regional and local tectonism, together with the
Holocene sedimentary deposits, appear to be the main contributors to the growth of the field. The
field preserves evidence that earthquake activity prompts the activation of the field.

Keywords: pockmarks; gas in marine sediments; gas seepage; earthquake; faults; microbial gas;
Patras Gulf

1. Introduction

Pockmarks are depressions in the seabed that form due to the focused expulsion of
fluids from subsurface sedimentary layers through the seafloor [1]. Fluids can be aqueous
liquids, like porewater [2–5] and/or seeping hydrocarbons, especially methane, which can
be of microbial origin [6], thermogenic origin [7–9] or a mixture of them [10–13]. Pockmarks
associated with the venting of gas fluids have become widely observed since their first
discovery offshore Nova Scotia [1,14]. Pockmarks are usually formed as a consequence of
gas and/or porewater eruption, most often followed by a period of unknown duration of
recurring fluid escape. They often occur along continental margins commonly linked to
subsurface structural and/or depositional features, including faults and salt diapirism in
several settings [15–17], which reinforce fluid escape. Pockmarks have also been identified
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in shallow waters, including semi-enclosed shallow embayments and even in lakes [18,19]
and lagoons, as well as in deep water environments [20,21].

The distribution of pockmarks has commonly been linked to faults that constitute
very important active conduits for fluids to migrate to the surface [22–26]. In many regions,
single pockmarks, composite pockmarks and pockmark strings have been observed above
faults and weakness zones in soft sediments, providing vertical pathways for migrating
fluids. In the Black Sea, gas venting is abundant along canyon walls and is strikingly
linked to the fault outcrops [25]. The pockmark field in the Gulf of Cork, Ireland, is formed
by enhanced gas flux from an underlying fault system [4]. In Arctic fjords, faults and
igneous sills play an important role in channelling fluid flow and forming pockmarks
with high density [9]. In the Barents Sea, most of the pockmarks can be associated with
leakage pathways through a shallow fault system or along inclined bedding planes [27].
Pockmark size is also related to sediment thickness. In the Belfast Bay field, small and
shallow pockmarks occur in thin sedimentary sequences, while large ones occur in thicker
sequences [28]. The Holocene sediment thickness is positively correlated with the pockmark
sizes of Passamaquoddy Bay [29].

The normal activity of the pockmarks may be interrupted by occasional gas-escape
events [30]. Many studies have reported a relationship between pockmark activity and
earthquakes [30]. Any large ground-shaking event, such as an earthquake or large landslide,
could cause interstitial gas bubbles to be suddenly expelled into the water column [31].
Seabed fluid flow may occur in advance of earthquakes or be triggered by earthquakes.
Earthquakes trigger gas venting from the seafloor in areas with high seismicity, such as in
Northern California [32], Sea of Marmara, Turkey [33–35] and the Arabian Gulf [36]. In
areas with low seismicity (Vancouver Island), long-term seepage monitoring showed no
correlation between fluid escapes and seismic events [37]. The non-systematic correlation
between seepages and seismicity may be attributed to either small magnitude earthquakes
being unable to cause fluid mobilisation [38] or dispersed seismic energy in the area [37].
The pockmark field of Patras Gulf is an example, where pockmark activity has been
reported as a precursory earthquake phenomenon from the Patras earthquake in 1993 [39].
The same field exhibited strong evidence of activation at least twice—during two major
earthquakes of magnitude 5.4 and 6.4 R on July 14th, 1993 and June 8th, 2008 [39,40]. For
this reason, Judd and Hovland, in their book “Seafloor Fluid Flow”, mentioned that: “The
pockmarks off Patras, northern Peloponnesus, Greece, represent some of the most spectacular and
best-documented events in active pockmarks” [30] (pages 230–231).

The Patras Gulf pockmark field (PGFP) is located in the southeastern part of the Patras
Gulf in the vicinity of the city of Patras (Figure 1a). The site has been under investigation
since 1996 [39–42]. Although the pockmark field has a long history of marine geophysical
investigations, the data acquired from specific parts of the field are sparse and fragmentary
and do not allow a complete, detailed and in-depth knowledge of the field. The major
findings of the past marine geophysical surveys were that the field consists of numerous
craters (72 in number) of variable shapes and extents, limited to an area of about 2.5 km2.
Fifteen sediment cores collected within the PGPF showed that the surficial sediments
consist of fine materials, mud and silt with low sand content [43].
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Figure 1. (a) Simplified geological map of Patras Gulf showing the major faults in the area and the 
location of the pockmark field; index map of Greece showing study area. (b) Tectonic map of West-
ern Greece, (Geological data from [44]; Fault data from [45]) (AT.F: Agia Triada Fault; RPTF: Rio-
Patras Transfer Fault; P.G.: Patras Gulf; A.G.: Amvrakikos Gulf; T.L.: Trichonida Lake; A.R.: Alfios 
River). (c) Seismicity map of Patras Gulf (Earthquake location data were retrieved from NOA-IG 
[46]. The color scale depicts depth distribution of the epicentre of the events). 
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investigation, the PGPF has been altered. From 1997 to 2015, within the area of the pock-
mark field, the new Patras harbour was built, and a significant part of the field was heavily 
modified. A number of pockmarks have been totally or partially covered by filling mate-
rials for the construction of the breakwater and the docks of the new harbour. 

In this paper, we present the new findings of the PGPF as revealed through detailed 
and systematic surveying, utilising modern marine sensing techniques, including 
multibeam, chirp sub-bottom profiles and dual frequency side-scan sonar, operated fol-
lowing a dense grid of tracklines. The data cover gaps in information from previous sur-
veys. Synthesising and comparing newly acquired data and similar data from previous 
surveying, we aim to present the spatial distribution of the pockmarks, define the seis-
mostratigraphy of the field and the migration of the gas through the sediments strata, 
ascribe possible modifications in the configuration of the PGPF through time and investi-
gate the link between the PGPF and the tectonic activity of the area. Furthermore, the 
origin of the seeping gas was assessed using isotopic analyses. 

1.1. Regional Setting 
Patras Gulf is a semi-closed gulf which is open to the Ionian Sea on its western side 

and is linked through the Rio-Antirio strait to the Gulf of Corinth on its eastern side. Patras 
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Figure 1. (a) Simplified geological map of Patras Gulf showing the major faults in the area and the
location of the pockmark field; index map of Greece showing study area. (b) Tectonic map of Western
Greece, (Geological data from [44]; Fault data from [45]) (AT.F: Agia Triada Fault; RPTF: Rio-Patras
Transfer Fault; P.G.: Patras Gulf; A.G.: Amvrakikos Gulf; T.L.: Trichonida Lake; A.R.: Alfios River).
(c) Seismicity map of Patras Gulf (Earthquake location data were retrieved from NOA-IG [46]. The
color scale depicts depth distribution of the epicentre of the events).

Through years of repeated surveying of the area, in conjunction with the application of
more precise and sophisticated marine remote sensing techniques, new aspects regarding
the configuration of the area are constantly revealed. Within the long history of the
investigation, the PGPF has been altered. From 1997 to 2015, within the area of the pockmark
field, the new Patras harbour was built, and a significant part of the field was heavily
modified. A number of pockmarks have been totally or partially covered by filling materials
for the construction of the breakwater and the docks of the new harbour.

In this paper, we present the new findings of the PGPF as revealed through detailed
and systematic surveying, utilising modern marine sensing techniques, including multi-
beam, chirp sub-bottom profiles and dual frequency side-scan sonar, operated following a
dense grid of tracklines. The data cover gaps in information from previous surveys. Syn-
thesising and comparing newly acquired data and similar data from previous surveying,
we aim to present the spatial distribution of the pockmarks, define the seismostratigraphy
of the field and the migration of the gas through the sediments strata, ascribe possible mod-
ifications in the configuration of the PGPF through time and investigate the link between
the PGPF and the tectonic activity of the area. Furthermore, the origin of the seeping gas
was assessed using isotopic analyses.

1.1. Regional Setting

Patras Gulf is a semi-closed gulf which is open to the Ionian Sea on its western side and
is linked through the Rio-Antirio strait to the Gulf of Corinth on its eastern side. Patras Gulf
is the western part of the Patras-Corinth rift zone. The bathymetry of the gulf is controlled
by linear structures (extensive active faults) trending WNW–ESE, which are the result of the
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geological setting that characterises the gulf area (Figure 1a) [47–50]. The southern flank of it
is controlled by the major faults and the northern by antithetic and synthetic faults, forming
an asymmetric graben with the north-dipping major listric fault [50]. The WNW-trending
faults are presently active, as revealed by the recent seismicity in the area, and exert a strong
geomorphologic control on the landscape, including river courses (e.g., Alfios River), lakes
(e.g., Trihonis Lake) and the shallow gulfs of Patras and Amvrakikos (Figure 1b) [45].

The graben seems to terminate against the ENE–WSW normal faults controlling the
Plio-Pleistocene sequences outcropping onshore in the SE part of the Gulf. A NE–SW trend-
ing fault system called the Rion—Patras fault zone also controls the Patras rift zone [48]. The
pockmark field is located at the intersection of WNW–ESE, ENE–WSW and the NE–SW fault
zone. The evolution of the Gulf of Patras during the Late Quaternary is the consequence
of the interaction between active tectonic subsidence (3–10 mm/yr), high sedimentation
rate (2–3 mm/yr) and global sea level rise [50,51]. High-resolution profiles showed the
existence of two layered sequences through the Gulf of Patras. The upper, attributed to
the Holocene [50,51], is almost transparent and overlies the lower sequence that contains
strong parallel to sub-parallel reflectors. The highly reflective surface on the top of the
lower sequence is attributed to the basal unconformity of the Gulf, which is associated with
the Last Glacial Maximum (~21 ka) and the early part of the following transgression (Late
Pleistocene) [50,51] when the low sea level (~120 m below present level) most probably
disconnected the gulf from the Ionian sea and the gulf became subaerial exposed. Surficial
sediments mainly consist of silt and clay with low amounts of sand—except in the areas
near the Rio-Antirio straits and the deltas at the northern part of the Gulf [51].

Western Greece is one of the most seismically active areas in the Mediterranean [52].
The Patras Gulf generally represents lower seismicity compared with the high seismicity
of the Rio-Antirio strait, while the central and western parts of the gulf show a seismic-
ity gap [49]. The spatial distribution of the earthquake epicentres for the time interval
2011–2022 shows medium seismicity in the eastern part of Patras Gulf, low in the central
and western part and high in the Rio-Antirio strait (Figure 1c).

1.2. Previous Studies—Pockmark Field Activity

The pockmark field is at the southern end of the coastal zone of the city of Patras, in
the wider area of the new Patras harbour. The activity of the field has been recorded in
at least four phases since 1993. The results of these recordings are provided briefly in the
following text.

1.2.1. Activation Due to the 5.4 R Earthquake of 14 July 1993

The first recording of the PGPF and its relation to earthquake activity was in 1993 [39].
An increase in seawater temperature of about 6.2 ◦C (from 16.8 ◦C to 23.0 ◦C) was recorded
10 m above the seabed prior to an earthquake of 5.4 R, which occurred on 14 July 1993, with
the epicentre located 6 km ESE from the pockmark field [53,54]. The increase in temperature,
observed in three time snaps, was associated with gas emissions from the field. Additionally,
it was observed that at least nine pockmarks were still venting gas bubbles three to four
days following the earthquake. All these pockmarks were in the northern sector of the
field where the Agia Triada Fault (AT.F) dominates the area (Figure 1a). In a survey that
took place 40 days after the earthquake event, no evidence of gas flares was recorded,
suggesting that the activation of the field had ceased. The increase in seawater temperature
was considered an earthquake precursor [39].

1.2.2. In-Situ CH4 Measurements

Between 2002 and 2003, monitoring of the PGPF activity was attempted by operating
a methane sensor (METS®,Franatech GMBH, Germany) above 14 pockmarks. Emphasis
was given to the activity of one crater complex, called “P4”, which showed high methane
concentrations in the water near the seafloor during monitoring. Dissolved CH4 amounts
ranging from 3 to 707 nmol/L were recorded on a yearly basis, without showing any
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seasonal patterns but displaying rather a spasmodic supply rate of CH4 to the water
column [41]. However, after a strong earthquake (4.7 R, 30 July 2003, 60 km east of the
field), significantly higher dissolved methane concentration levels (420 to 1476 nmol/L)
were measured near the seabed of pockmark ‘P4′.

1.2.3. Gas Monitoring Module (GMM)

The emissions of pockmark P4 were investigated further in 2003–2004. Then, a cabled
observatory, the Gas Monitoring Module (GMM), measured the gas and CH4 seepage
above the crater for 201 days, providing—for the first time—a data set of such extent
from a gas-bearing pockmark [42,55]. Within the period of GMM deployment, more than
60 pulses of CH4 increase were recorded. Increases in the dissolved methane concentration
create a series of events that usually begin and end with changes in the physical properties
of seawater. The most intense escapes are characterised by a sharp drop in seawater
temperature (T) and pressure (P). These CH4 peaks are also associated with H2S peaks.
This seepage fluctuation, which is associated with T-P drops, can be attributed to an active
process driven by gas pressure built up in the pockmark sediments and/or as a passive
effect driven by oceanographic (e.g., upwelling) and morphological factors (e.g., T-P drops
caused by turbulence and Bernoulli-type effects induced by sharp depressions) [42]. During
the periods of operation of the GMM, in the wider area, a number of small seismic events
occurred (M < 4, except for one event). A comparison of the observatory data with the
seismological data was performed for earthquakes > 3 R that occurred within a radius of
30 km from the point location. Five events out of fifteen were slightly correlated with gas
seepages, as indicated by the slight increase in dissolved methane concentration [41].

1.2.4. Activation by the 6.4 R Earthquake of 8 June 2008

So far, the last recording of the PGPF activity was obtained in June 2008, when an
earthquake of 6.4 R occurred at Movri, 32 km SW from the field [56].

Repeated side-scan sonar surveys conducted 2, 3, 4 and 15 days after the major
earthquake revealed pockmarks that had been activated, as indicated by gas flares on the
sonographs [40,41]. The spatial distribution of those flares did not show any geographical
pattern within the field. The number and intensity of the gas flares showed a gradual
decrease over time.

2. Materials and Methods
2.1. Marine Geophysical Survey

Bathymetric mapping of the study area was performed with a 180 kHz multibeam
echosounder (MBES) (Elac Seabeam 1185). This system operates with 126 beams, and it
was motion-compensated by an SMC IMU-108 motion sensor. An RTK GNSS was used to
achieve < 10 cm lateral positioning accuracy. Sound–velocity profiles were acquired using a
Valeport Midas CTD, and the sound velocity at the transducers was continuously measured
using a Mini-SVS. Data acquisition was made through Hydrostar v.3 software and Hypack
2014 Suite. Processing was managed with Hysweep 2014 software. All grids shown in this
paper have a cell size of 1 m, except when specifically mentioned otherwise. In the areas
where the breakwater was constructed, data from a very dense trackline network using a
single beam echosounder were used (Elac Nautic Hydrostar 4300, Kiel, Germany), which
were acquired before the establishment of the harbour breakwater.

High-resolution sub-bottom profiles were acquired using a Kongsberg Geoacoustics
Geopulse Plus sub-bottom profiler system with a Universal transceiver, an acquisition
display, and an over-the-side Transducer Mounting (array of four transducers) with a
hydrophone. The operating frequencies ranged between 1.5 and 11.5 kHz, which achieved
greater penetration with a maximum vertical resolution of 10 cm. Chesapeake Sonarwiz
v.6 software was used for processing sub-bottom profiles and extracting acoustic types,
reflectors and thicknesses.
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An Edgetech dual Frequency (100 and 400 kHz) digital towfish 4200SP with an Ed-
getech 4200-P topside Processor Side-Scan Sonar system was used for emitting and acquir-
ing the two frequencies simultaneously. Moga Software SeaView v.5.1.49 was used for
processing and producing side-scan sonar mosaics.

A dense network of 14 tracklines was acquired, running parallel to the shoreline with
a line spacing of 100 m. Furthermore, 46 lines were acquired, running perpendicular to the
above (Figure 2). The total length of the grid tracklines was about 90 km.
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A ground-truthing survey was carried out in selected pockmarks using a Subsea
Tech Guardian mini-ROV equipped with an underwater position system (USBL, Blueprint
Subsea SeaTrac). In total, 3 ROV dives were conducted inside selected pockmarks and on
the seafloor outside the pockmarks and photographs and videos were collected.

The analogue geophysical data (3.5 kHz sub-bottom profiler and Side-Scan Sonar)
acquired in the previous surveys [39,42,57] was converted to digital and was reprocessed
to be comparable with present data. Furthermore, we compared the profiling data with the
core sediments retrieved from five drillings from the study area [58].

2.2. Gas Analysis

Groundwater and gas samples were collected from a well on the shore next to the
pockmark field (Figure 2). The area was selected after performing a microseepage flux
survey by the closed chamber method in the coastal zone of Patras near the pockmark
field (unpublished data). The water and gas samples were stored in 200 mL and evacuated
100 mL glass bottles, respectively, and sealed with silicone septa and aluminium caps. All
samples were analysed at Isotech Labs Inc. (Champaign, IL, USA) for C1-C6 hydrocarbons,
He, H2, Ar, O2, CO2, N2, using a Carle AGC 100–400 TCD-FID GC with accuracy and
precision 2% (1σ)) and stable C and H isotopic composition of CH4 (δ13C-CH4, δ2H-CH4,
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using a Finnigan Delta Plus XL mass spectrometer with precision±0.3‰ (1σ) for 13C,±4‰
(1σ) for 2H).

3. Results
3.1. Pockmark Field
3.1.1. Pockmark Distribution, Size and Shape

Multibeam bathymetric data revealed the presence of numerous seabed depressions,
which make up an impressive pockmark field (Figure 3). The field covers a well-delimited
area of 2.4 km2 between the 17 and 45 m isobaths. The use of the MBES led to the accurate
and complete mapping of the pockmarks in comparison to the previous surveys, where the
mapping was based on the use of the single beam echosounder and sparse datasets of sub-
bottom profiler and side-scan sonar [39–42,57]. The number of pockmarks obtained in the
present study was ninety-two (92), which occupy an area of 0.41 km2, approximately 20%
of the entire extent of the field, which is much higher than the seventy-two (72) pockmarks
obtained previously [42,57]. Twenty-three (23) out of the seventy-two (72) previously
recorded pockmarks are now completely buried under the breakwater and the docks of the
new harbour (Figure 3). Moreover, the comparison of the datasets showed that three (3)
pockmarks identified and mapped in the present study were wider and have been partially
covered. This finding increases the number of the field’s pockmarks to 115—92 well-formed
and 23 completely covered by the harbour installations.

The pockmarks, according to their morphological characteristics, can be distinguished
into three main morphological classes (Table 1):

• Unit pockmarks: they have a diameter of 8 to 20 m, and their relative depth, compared
to the surrounding seabed, varies from 1 to 5 m. They are small in size, and they could
be considered early stages of development (Figure 3a,c).

• Normal pockmarks: they are circular or ellipsoidal in plan view, the diameter ranges
from 20 to 130 m, and their relative depth reaches 14 m. These pockmarks can be
characterised as being in a mature stage of development (Figure 3a,d).

• Composite or complex pockmarks: they have an irregular shape in plan view, their
size is large and reaches a perimeter of 805 m, and their relative depth reaches up
to 20 m. They are pockmarks that resulted from the amalgamation of neighbouring
normal and unit pockmarks (Figure 3a,e).

The geographical distribution of the pockmarks, both well-formed and covered by
the harbour construction, shows that the field can be divided into two main sectors of
about the same seafloor extent (~1 km2) (Figure 3a). Though the average spatial density
of the total field is 50 pockmarks/km2, the northern sector includes 55 pockmarks, while
the southern sector includes 31 pockmarks, suggesting a higher density of pockmarks in
the northern sector of the PGPF in relation to the southern one. Furthermore, the number
of pockmark occurrences is higher south of AT.F and at the shallow part of the southern
sector (Figure 3a; HD1 and HD2, respectively). The northern limit of the pockmark field
is very well-delimited and corresponds to the offshore continuation of the active fault
of Agia Triada (see also Section 3.1.5). Surprisingly, six small pockmarks were recorded
further to the north of the AT.F lineament, which has never been reported in the previous
surveys. The assumption that these pockmarks developed in the last 15 years seems rather
weak, and their recording should be attributed to the best resolution systems in the present
survey. Within the field, the pockmarks appear to form “clusters” (Figure 3d), which are
usually collinear “chains” (Figure 3f). Collinear pockmarks may occur for several hundred
meters. A large pockmark, or the joining of two, may occur at the end of such “chains” of
pockmarks (Figure 3).
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Figure 3. (a) Bathymetric map of the PGPF. The map also shows the location of Agia Triada Fault
(AT.F) and the location of the largest pockmark ‘P4′. Dotted red lines separate the two sectors (North
and South) of the pockmark field and delimit areas of high pockmark density (HD1 and HD2);
red arrows indicate the location of the pockmarks north of AT.F discovered in the present study.
(b) The bathymetry of the PGPF before the construction of the harbour was derived from single beam
data (cell size 2.5 m). The dashed polygons delineate the areas of PGPF covered by the harbour
installations. (c–f) Detailed bathymetry showing (c) unit pockmarks; (d) a cluster of normal and small
composite pockmarks deliminated by black line; (e) the largest composite pockmark of the field; (f) a
pockmark ‘’chain” of linearly arranged pockmarks deliminated by black line.

Table 1. Descriptive measurements of the PGPF pockmarks.

Total North Sector South Sector

Total Number 92 (+23 buried) 55 (+23 buried) 31
No of Unit Pockmarks 9 4 3

No of Normal Pockmarks 54 35 15
No of Composite Pockmarks 29 16 13

Diameter (m) min–max
(mean) 8–260 (72) 8–200 (65) 12–260 (90)

Perimeter (m) min–max
(mean) 25–806 (218) 25–637 (207) 38–806 (260)

Volume (m3) min–max (mean) 165–360,682 (22,247) 165–97,094 (15,102) 181–360,682 (38,654)
Relative Depth (m) min–max

(mean) 1–19.3 (7.3) 2.5–15.3 (7) 1–19.3 (8.7)

Slope (degree) min–max
(mean) 5–46 (26) 5–46 (26) 6–41 (29)

Relative Depth—Diameter
ratio min–max (mean) 0.03–0.47 (0.13) 0.03–0.47 (0.14) 0.04–0.26 (0.11)

Circular 37 23 8
Elliptical 55 32 23
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Descriptive measurements for the 92 pockmarks are summarised in Table 1. All over
the PGPF, the pockmarks are 7.3 m on average, deeper than the surrounding seafloor, while
there are pockmarks up to 20 m deep. Most of the pockmarks have been formed between
20 and 43 m water depth, and their occurrence shows an almost moderate correlation
(R = 0.4) with the seafloor depth. However, the larger pockmarks exhibit a tendency
toward greater depths of water (Figure 4a).
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Figure 4. Diagrams of (a) water depth vs. pockmark depth; (b) diameter vs. pockmark depth;
(c) slope vs. pockmark depth; (d) sediment thickness vs. pockmark depth; (e) Rose diagram
displaying the orientation of the pockmarks’ long axes ((i): all pockmarks; (ii): normal pockmarks
and (iii): composite pockmarks). The orientation of the axes has been grouped by 30 degrees.

Most of the pockmarks extend for less than 8000 m2; the deepest and most extended
pockmarks are usually found in the southern sector of the field. Over 60% of the pockmarks
have a perimeter between 100 and 300 m, and the mean field diameter is 72 m. The relation
between pockmark depth and rim diameter is strong (R = 0.67), suggesting that most are
not scale-dependent features (Figure 4b). A similar correlation has been observed in the
Belfast Bay pockmark field [28].

The seafloor slope of the PGPF ranges from 5◦ to 46◦, with the low values (1.5◦)
corresponding to the background seafloor and the maximum values (up to 46◦) to the
pockmark sidewalls (Figure 4c). The mean sidewall slope is 26◦ and is much higher than
other pockmark fields (e.g., Belfast Bay [28]).

There is a significant positive relationship between the sidewall slope and the relative
depth, with the wider pockmarks showing steeper slopes (Figure 4c). In PGPF, pockmark
side walls are usually steeper than the proposed angle of repose for submarine sedimentary
deposits, which ranges between 20◦ [59] and 12.5–17.5◦ [60].

The mean volume of the pockmarks is 22,247 m3, with the smallest pockmark approxi-
mately 165 m3 and the largest 360,682 m3. Based on the difference between present-day
bathymetry and a hypothetical bathymetric model without the pockmarks, the total vol-
ume of the PGPF is estimated to be about 2.1 × 106 m3, suggesting that a large volume of
sediments has been displaced by the pockmark activity.

An analysis of the directions of the major axes of the ellipsoidal pockmarks showed
that these are not randomly oriented (Figure 4e). The orientations of both normal and
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composite pockmarks show an almost bimodal distribution, with the long axis having a
prevailing WNW to ESE and WSW–ENE direction (Figure 4e).

Side-scan sonar revealed that the seafloor in the area is characterised by low reflectivity,
which indicates the presence of fine-grained sediments. Optical data acquired from the
present work, as well as from previous studies, together with the results from sedimento-
logical analyses from previous studies (i.e., [43]), further supports this observation. Patches
of very high reflectivity, suggesting coarse-grained sediments, are also recorded and were
attributed to dumping material. The pockmarks recorded clearly on the sonographs have
a characteristic acoustic pattern consisting of an acoustic shadow followed by a strong
reflection, similar to other relative sonographs worldwide [30] (Figure 5a).
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Figure 5. (a) The 100 kHz side-scan sonar mosaic of the PGPF area. Sonographs showing
(b) pockmarks near Agia Triada Fault (AT.F); (c) a string of circular and composite pockmarks;
(d) the largest composite pockmark of the field.

The backscatter intensity within the pockmarks appears slightly lower compared to
the surrounding seafloor of the area, suggesting that the floor and the wall of the pockmarks
area are covered by even finer sediments (Figure 5). The high backscatter values recorded
on the rims of the pockmarks are attributed to the angle of incidence of the acoustic waves
rather than to the coarser texture of the sediments (Figure 5).

ROV data showed that the floor of the pockmarks is composed of fluid mud. Toward
the centre, small holes, 10–20 cm in diameter, were observed (Figure 6).
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(Holocene, SS I) consists of clays with local interlayers of sandy muds, while the base of 

Figure 6. R.O.V. photos recovered inside selected pockmarks, showing the presence of small holes
(diameter about 10–20 cm) in the muddy cover of the pockmarked floor.

3.1.2. Seismostratigraphy

The study of the seismic profiles generally showed the existence of two seismic se-
quences (SS). The upper one, SS I, is an almost acoustically transparent sequence consisting
of low amplitude, almost parallel internal reflections. SS I overlies SS II, which is recorded
as a single or a series of subparallel high-amplitude reflectors. Beneath SS II, no further
penetration of the acoustic waves was achieved (Figure 7). The top reflector of SS II is
attributed to the Pleistocene/Holocene boundary [16,39,50,51,57].
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Figure 7. High-resolution seismic profile showing a typical stratigraphic pattern of the area consisting
of two seismic sequences (upper SS I and lower SS II). The sedimentological interpretation of the
well drilling [58] is superposed on the seismic profile (ER: Enhanced Reflector; ATZ: Acoustic Turbid
Zone; HOL/PL: Holocene Pleistocene boundary; TWTT two-way travel time).

This highly reflective surface may be due to the large change in the geotechnical
properties of the sediments, including the possibility of variations in the fluid content.
Indeed, sedimentological analyses performed on the sediments from SS I and SS II showed
lithological and geotechnical differences between the seismic sequences. The marine
sediment samples were retrieved from five drillings conducted within the study area
for the construction of the new harbour of Patras [58]. Based on the analysis, the upper
sequence (Holocene, SS I) consists of clays with local interlayers of sandy muds, while the
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base of the sequence (top of Pleistocene, SS II) consists of compacted clay with interlayers
of gravels, sandy muds and biogenic clusters. In the later sediment facies, abrupt changes
in the geotechnical properties of the sediments (hydraulic index from >100% to 85%, SPT
from 2 to 5) were measured. On the other hand, the frequent presence of acoustic patterns
related to gas accumulation in the sediments (i.e., Seismically Turbid Zones, Enhanced
Reflectors) (see Section 3.1.3) at the top of SS II and locally in the lower part of SS I, together
with the large number of pockmarks recorded in the SS I, strongly suggest the presence
of fluids at the Pleistocene/Holocene interface, which locally migrated to the SS I. Based
on the above, the abrupt change in geotechnical properties, together with the presence of
gas-charged sediments on the profiles, suggest that the Pleistocene/Holocene boundary is
a gas accumulation horizon.

The thickness of the SS I (Holocene) varies from 2 to 34 m (Figure 8). An abrupt increase
in Holocene sediment thickness is observed south of the lineament of AT.F (Figure 8). The
majority of the pockmarks have been observed in areas where the thickness of the SS I
ranges from 12 to 20 m. Only a few pockmarks are obtained in areas where the thickness of
SS I is more than 22 m (Figure 8). However, there is a strong relation (R = 0.67) between
the pockmark depth and the thickness of the Holocene sequence (SS I), suggesting that the
largest pockmarks have been formed in thick sediments (Figure 4d).
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Figure 8. Holocene sediment thickness map of the PGPF. The thickness was derived under the
assumption that the bottom is smooth without the presence of pockmarks.

Based on the thickness of the upper sequence, the acoustic characteristics of the seabed
and the type of the deeper strong reflector, five distinct acoustic types [61] were defined.
The spatial distribution of the acoustic types is shown in Figure 9.

Acoustic Type 1 (AT1) consists of an SS I with few, low amplitude and parallel internal
reflections, which locally appear acoustically transparent overlying a sequence of parallel
high-amplitude reflectors (SS II). Acoustic characteristics indicative of gas are absent in the
SS I, suggesting that the gas has probably been accumulated in the Holocene/Pleistocene
boundary and has not migrated upwards (within SS I). AT1 is mainly observed in the
northern sector of the field, and its spatial distribution correlates well with increases in the
Holocene sediment thickness (Figures 8 and 9).
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Figure 9. (a) Map of PGPF showing the spatial distribution of the acoustic types. (b) Representative
seismic profiles of each Acoustic Type (AT) recognised by a high-resolution sub-bottom profiler
(TWTT two-way travel time).

Acoustic Type 2 (AT2) is similar to AT1, but in AT2, the SS II is usually not visible
due to the presence of high-amplitude reflectors and/or ATZs in the lower part of the SS I.
Moreover, Enhanced Reflectors (ER) and Intrasedimentary Gas Plumes (IGP) have been
recorded within the upper sequence. Locally, where the acoustic signal penetrates the upper
sequence, the Pleistocene/Holocene boundary is characterised by a single high-amplitude
reflector. AT2 is observed in the shallow part of both sectors and deeper off the pockmark
field and also coincides well with the increased Holocene sediment thickness.

Acoustic Type 3 (AT3) is a specific acoustic type and represents pockmarks. It is charac-
terised by a columnar disturbance, which is obtained below the bottom of the pockmarks and
abruptly interrupts the parallel seismic reflections of the upper sequence (I) around the pockmark.
Its geographical distribution is delimited to the pockmark location.

Acoustic Type 4 (AT4) consists of an almost transparent SS I with very few low-
amplitude reflections overlying SS II, which is recorded by high amplitude and prolonged
reflectors. In AT4, the thickness of the SS I is always lower than that of AT1 and AT2. AT4
is delimited to the northern part of the area and further north of the AT.F, which constitutes
the southern limit of the acoustic type.

Acoustic Type 5 (AT5) is characterised by a very prolonged surface reflector with no
sub-surface reflections or locally weak ones. AT5 is bounded peripherally by the harbour’s
breakwater and docks and represents disturbed deposits of coarse sediments related to
its construction.

3.1.3. Gas in Marine Sediments

The study of the seismic profiles showed the existence in the area of various ‘abnormal’
acoustic characters, which are direct and indirect evidence for the presence of fluids in the
sediments. The most frequently occurring acoustic characters are the Acoustic Turbid Zone
(ATZ) (Figure 10a,b) [16,30,62–65] and Enhanced Reflectors (ER) (Figure 10a,b) [30,64–66].
Rarely, Intrasedimentary Gas Plumes (IGP) (Figure 10b) [62,63] and Seabed Doming (D)
(Figure 10b) [64,67] were observed.
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Figure 10. Representative high-resolution seismic profiles (a,b) showing the presence of Enhanced
Reflectors, Acoustic Turbid zones, Intrasedimentary Plumes and Seabed Doming due to gas migra-
tion to the upper seismic sequence (I). (ER: Enhanced Reflector; ATZ: Acoustic Turbid Zone; IGP:
Intrasedimentary Gas Plumes; D: Seabed Doming; F: Fault; HOL/PL: Holocene Pleistocene boundary;
TWTT two-way travel time; SSI: upper seismic sequence; SSII: lower seismic sequence).

The most extended gas-related acoustic character observed in the seismic profiles is
that of ATZ. These zones result from the attenuation of acoustic energy by the presence
of gas bubbles within the interstices of the sediments. The gas front, which is the top of
ATZ, shows up as a single strong reflection or as a combination of Enhanced Reflectors,
indicating the upward migration of the gas (Figure 10).

Enhanced reflectors (ER) appear as coherent high-amplitude reflections with abrupt
terminations. They have been observed in various stratigraphic levels in the SS I, suggesting
the upward migration of gas (Figure 10). In many cases, Enhanced Reflectors are above the
top of the ATZ or inside the ATZ (Figure 10).

ATZs are a widely spread acoustic character in the pockmark field and are mostly
found below pockmarks in both sectors of the field (Figure 11a). Exceptions are the two
limited areas (A and B) with a total lack of ATZ and ER; area A is located at the southern end
of the northern sector, and area B is at the central part of the southern sector (Figure 11b).
The Pleistocene/Holocene boundary has been clearly identified in both areas.

Appl. Sci. 2023, 13, x FOR PEER REVIEW 15 of 32 
 

  
(a) (b) 

Figure 11. (a) Map showing the spatial distribution of Acoustic Turbid Zones (ATZ) and Enhanced 
Reflectors (ER) and their relationship with the presence of pockmarks. (b) Map showing the depth 
below the seabed where the top of ATZ and ER has been recorded. A and B delimitate areas without 
ATZ and ER. 

In general, it seems that the pockmarks are formed in the shallowest parts of the area 
where ATZ and ER have both been observed (Figure 11a). The pockmarks at the northern 
sector, at the proximity of AT.F, are solely linked with ATZ since a lack of ER is observed 
(Figure 11a). 

3.1.4. Pockmarks Venting 
In the seismic profiles, the pockmarks show acoustic characters indicative of their 

formation mechanism and activity. Profiles have shown that the common pockmarks are 
U- or V-shaped and abruptly interrupt the low amplitude internal reflections of the SS I 
(Figures 12, 13 and 14a). Some of them have a flat bottom and resemble a truncated cone. 
In many cases, the pockmarks were recorded with lateral reflections overlapping each 
other, creating synclinal or bow-tie structures, suggesting very steep slopes and narrow 
floors at the pockmark sites (Figure 13). Steep slopes seem to be affected by gravitative 
mass movements, as indicated by small, detached blocks that partially infill the pock-
marked floor (Figures 12 and 13b). The floors of the pockmarks are always in the upper 
seismic sequence (SS I), as all pockmarks terminate above the base of the Holocene unit. 

Figure 11. (a) Map showing the spatial distribution of Acoustic Turbid Zones (ATZ) and Enhanced
Reflectors (ER) and their relationship with the presence of pockmarks. (b) Map showing the depth
below the seabed where the top of ATZ and ER has been recorded. A and B delimitate areas without
ATZ and ER.



Appl. Sci. 2023, 13, 10449 15 of 30

In general, it seems that the pockmarks are formed in the shallowest parts of the area
where ATZ and ER have both been observed (Figure 11a). The pockmarks at the northern
sector, at the proximity of AT.F, are solely linked with ATZ since a lack of ER is observed
(Figure 11a).

3.1.4. Pockmarks Venting

In the seismic profiles, the pockmarks show acoustic characters indicative of their
formation mechanism and activity. Profiles have shown that the common pockmarks are
U- or V-shaped and abruptly interrupt the low amplitude internal reflections of the SS I
(Figures 12, 13 and 14a). Some of them have a flat bottom and resemble a truncated cone. In
many cases, the pockmarks were recorded with lateral reflections overlapping each other,
creating synclinal or bow-tie structures, suggesting very steep slopes and narrow floors
at the pockmark sites (Figure 13). Steep slopes seem to be affected by gravitative mass
movements, as indicated by small, detached blocks that partially infill the pockmarked
floor (Figures 12 and 13b). The floors of the pockmarks are always in the upper seismic
sequence (SS I), as all pockmarks terminate above the base of the Holocene unit.

Appl. Sci. 2023, 13, x FOR PEER REVIEW 16 of 32 
 

 
Figure 12. High-resolution seismic profile showing numerous normal and composite pockmarks, as 
well as the biggest pockmark in the field (right), located near the southeastern part of the study area. 
ATZs are found immediately beneath the majority of medium- to large-sized pockmarks. Above one 
of the pockmarks, a gas flare is recorded. The HOL/PL boundary is partially visible when the gas-
related reflections in the upper seismic sequence disappear (PM: pockmark; ER: Enhanced Reflector; 
ATZ: Acoustic Turbid Zone; IGP: Intrasedimentary Gas Plumes; GFl: Gas Flare; DB: Detached Block; 
HOL/PL: Holocene Pleistocene boundary; TWTT two-way travel time). 

 
Figure 13. High-resolution seismic profiles showing (a) pockmarks with narrow floor on the north 
sector of the field near AT.F; (b) two pockmarks, a composite (right) in which the Acoustic Turbid 
Zone is close to the seabed and a Detached Block is recorded at the sidewall and a normal one (left) 
where ER and ATZ are interrupted below it; (c) a large pockmark (left) where a transparent acoustic 
character (indicated by red arrows) is observed under its floor and; an Intrasedimentary Gas Plume 
(right) located between two minor synthetic normal faults and a small pockmark (centre). (PM: 
pockmark; ER: Enhanced Reflector; DB: Detached Block; ATZ: Acoustic Turbid Zone; AT.F: Agia 
Triada Fault; HOL/PL: Holocene Pleistocene boundary; TWTT two-way travel time). 

Figure 12. High-resolution seismic profile showing numerous normal and composite pockmarks, as
well as the biggest pockmark in the field (right), located near the southeastern part of the study area.
ATZs are found immediately beneath the majority of medium- to large-sized pockmarks. Above one
of the pockmarks, a gas flare is recorded. The HOL/PL boundary is partially visible when the gas-
related reflections in the upper seismic sequence disappear (PM: pockmark; ER: Enhanced Reflector;
ATZ: Acoustic Turbid Zone; IGP: Intrasedimentary Gas Plumes; GFl: Gas Flare; DB: Detached Block;
HOL/PL: Holocene Pleistocene boundary; TWTT two-way travel time).

On the profiles of the pockmarks, the ATZs are often present below their floor, sug-
gesting that the sediments below the pockmarked floor contain gas and thus the potential
for a continuous supply of gas from the Pleistocene/Holocene interface upwards to the
pockmarked floor (Figures 12, 13 and 14a).

In some unit pockmarks, the continuation of the ER is abruptly interrupted just below
the pockmarks floor (Figure 13b,c). This interruption of ER proposes gas escape through a
weakness zone and, thus, the formation of small pockmarks. In some cases, a zone with a
transparent acoustic character is observed below the pockmark floors and at their sidewalls
(Figure 13c). The recording of this acoustically transparent zone probably indicates that:
(i) the escape of fluids was not limited only by the bottom of the pockmark but also from
the entire surface of the pockmark walls and (ii) the gas seepage was vigorous and disturbed
the structure of the sediments. Similar processes have been reported by [39] in a pockmark
of the field.
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Figure 13. High-resolution seismic profiles showing (a) pockmarks with narrow floor on the north
sector of the field near AT.F; (b) two pockmarks, a composite (right) in which the Acoustic Turbid
Zone is close to the seabed and a Detached Block is recorded at the sidewall and a normal one (left)
where ER and ATZ are interrupted below it; (c) a large pockmark (left) where a transparent acoustic
character (indicated by red arrows) is observed under its floor and; an Intrasedimentary Gas Plume
(right) located between two minor synthetic normal faults and a small pockmark (centre). (PM:
pockmark; ER: Enhanced Reflector; DB: Detached Block; ATZ: Acoustic Turbid Zone; AT.F: Agia
Triada Fault; HOL/PL: Holocene Pleistocene boundary; TWTT two-way travel time).
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of the pockmarks to the sea surface, while the seismic profiles present a more diffuse 
acoustic character. Although side-scan sonar is typically used for mapping seafloor mor-
phological features, the system has also been successfully used to track ascending bubbles 
from the seafloor to the surface [34,68–71]. Acoustic anomalies—due to the presence of 
gas bubbles in the water column—are usually referred to as ‘gas flares’, as suggested by 
Greinert et al. [68], to distinguish them from the ‘plumes’ that are defined as water column 
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Figure 14. (a) High-resolution seismic profile showing a gas flare over a pockmark (ER: Enhanced
Reflector; ATZ: Acoustic Turbid Zone; GFl: Gas Flare; HOL/PL: Holocene Pleistocene boundary;
TWTT two-way travel time); (b,c) slant range uncorrected 400 kHz side-scan sonar sonographs
showing gas flares (white arrows indicate their position) in the water column rise from the centre of
the pockmarks (horizontal lines every 20m).
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Few acoustic anomalies consisting of straight and inclined reflections were observed
in the water column (Figures 12 and 14). These disturbances are located directly above
pockmarks and have been recorded both on side-scan sonar sonographs and seismic profiles
(Figure 14).

In the sonographs, there is a sharp, intense, and continuous pattern from the centre of
the pockmarks to the sea surface, while the seismic profiles present a more diffuse acoustic
character. Although side-scan sonar is typically used for mapping seafloor morphological
features, the system has also been successfully used to track ascending bubbles from
the seafloor to the surface [34,68–71]. Acoustic anomalies—due to the presence of gas
bubbles in the water column—are usually referred to as ‘gas flares’, as suggested by
Greinert et al. [68], to distinguish them from the ‘plumes’ that are defined as water column
volumes with high concentrations of dissolved gas [72]. In high-resolution seismic profiles
(e.g., CHIRP, 1.5–10.5 kHz), gas flares are also detectable, showing an almost vertical and
dark smearing acoustic character [73].

The acoustic anomalies observed above Patras field’s pockmarks were interpreted as
gas flares due to active seepage of gas from the pockmarks. The 100/400 kHz side-scan
sonar used in the survey is capable of detecting bubbles greater than 0.006 cm in diameter
in 20 m and deeper waters [74]. During repeated surveys in periods with no earthquake
activity, gas flares were observed in only a few pockmarks located at the northern sector of
the field. The acoustically imaged gas flares extend in the water column from the seafloor
to the sea surface, suggesting a continuous flow rather than a pulsing nature [75].

3.1.5. Active Faulting in the Pockmark Field

Active faults were identified from lateral displacements on reflectors in the high-
resolution seismic profiles and from linear seafloor displacements in multibeam data.
Integration of bathymetry and seismic profiles allowed measurement of fault orientation,
dip, vertical displacement (fault throw) and fault activity.

Faults were picked line-by-line on seismic profiles and clustered into two groups:
(1) “major” faults that appear in many seismic profiles, showing a sufficient displacement
of the Holocene/Pleistocene boundary and can be correlated to bathymetric features and
(2) “minor” faults that appear locally in few seismic profiles without bathymetric expres-
sion (Figures 15 and 16). In total, six normal faults were recorded in the area.
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Figure 15. High-resolution seismic profile showing six normal faults that affect the structure of the
layers. Enhanced Reflectors and Acoustic Turbid Zones are present in the upper sequence. (F: Fault;
AT.F: Agia Triada Fault; ER: Enhanced Reflector; ATZ: Acoustic Turbid Zone; HOL/PL: Holocene
Pleistocene boundary).



Appl. Sci. 2023, 13, 10449 18 of 30Appl. Sci. 2023, 13, x FOR PEER REVIEW 19 of 32 
 

 
Figure 16. (a) Tectonic map of the pockmark field area. (b) Three seismic profiles parallel to the 
shoreline from shallow (i); medium (ii) to deep water (iii) showing the highest displacement, with 
a characteristic reverse drag on the hanging-wall block in the medium-depth seismic profile (AT.F: 
Agia Triada Fault; F: fault). 

In the northern sector of the field, a group of linearly arranged pockmarks is located 
along the upper part of a slope with a bathymetric difference of 4 to 10 m. This “chain” of 
pockmarks has a WSW–ENE orientation and a length of about 1 km. Seismic profiles per-
pendicular to this slope revealed the trace of a WSW–ENE trending, south-dipping normal 
fault that causes a bathymetric difference of up to 5 m. The vertical throw of this normal 
fault, as measured by the offset of the Holocene/Pleistocene reflector surface, is about 15 
m, with a small variation along strike. The thickening of the lithoseismic stratigraphy in 
the hanging-wall block of this fault, combined with the progressive decrease of the vertical 
displacement toward the surface, indicates its syn-sedimentary activity during the Holo-
cene (Figure 15). This WSW–ENE striking normal fault is the offshore continuation of the 
AT.F that runs through the southern areas of the city of Patras [76–78]. 

At a distance of 750 m, south of the AT.F, an almost parallel topographic lineament 
occurred. Seismic profiles running perpendicular to this structure showed that it is located 
along the trace of a normal fault (F1 fault in Figure 15) that causes deepening of the seabed 
bathymetry to the north. The dip of this normal fault decreases from west to east and does 
not affect the sediments near the coast. The vertical throw, as measured from the displace-
ment of the Holocene/Pleistocene seismic surface west of the field, is about 12 m. This fault 
is antithetic to the AT.F, while it does not seem to continue toward the east near the coast-
line. Both faults, AT.F and F1, fracture outcrop at the seabed and exhibit offsets that are 
clearly visible on a multibeam bathymetric map (Figure 3). A characteristic of this area is 
the arching of the Holocene sediments on the footwall block of this fault, possibly due to 
gas accumulations above the ATZ below. 

A parallel, less extensive topographic lineament exists 250 m north of AT.F. Seismic 
profiles revealed another normal fault (F5 in Figure 15) that dips to the north, forming a 
conjugate, divergent overlapping transfer zone with the AT.F. The throw measured from 
the offset of the Holocene/Pleistocene seismic surface west of the field is about 5 m. This 

Figure 16. (a) Tectonic map of the pockmark field area. (b) Three seismic profiles parallel to the
shoreline from shallow (i); medium (ii) to deep water (iii) showing the highest displacement, with
a characteristic reverse drag on the hanging-wall block in the medium-depth seismic profile (AT.F:
Agia Triada Fault; F: fault).

In the northern sector of the field, a group of linearly arranged pockmarks is located
along the upper part of a slope with a bathymetric difference of 4 to 10 m. This “chain”
of pockmarks has a WSW–ENE orientation and a length of about 1 km. Seismic profiles
perpendicular to this slope revealed the trace of a WSW–ENE trending, south-dipping
normal fault that causes a bathymetric difference of up to 5 m. The vertical throw of
this normal fault, as measured by the offset of the Holocene/Pleistocene reflector surface,
is about 15 m, with a small variation along strike. The thickening of the lithoseismic
stratigraphy in the hanging-wall block of this fault, combined with the progressive decrease
of the vertical displacement toward the surface, indicates its syn-sedimentary activity
during the Holocene (Figure 15). This WSW–ENE striking normal fault is the offshore
continuation of the AT.F that runs through the southern areas of the city of Patras [76–78].

At a distance of 750 m, south of the AT.F, an almost parallel topographic lineament
occurred. Seismic profiles running perpendicular to this structure showed that it is located
along the trace of a normal fault (F1 fault in Figure 15) that causes deepening of the seabed
bathymetry to the north. The dip of this normal fault decreases from west to east and
does not affect the sediments near the coast. The vertical throw, as measured from the
displacement of the Holocene/Pleistocene seismic surface west of the field, is about 12 m.
This fault is antithetic to the AT.F, while it does not seem to continue toward the east near
the coastline. Both faults, AT.F and F1, fracture outcrop at the seabed and exhibit offsets
that are clearly visible on a multibeam bathymetric map (Figure 3). A characteristic of this
area is the arching of the Holocene sediments on the footwall block of this fault, possibly
due to gas accumulations above the ATZ below.

A parallel, less extensive topographic lineament exists 250 m north of AT.F. Seismic
profiles revealed another normal fault (F5 in Figure 15) that dips to the north, forming a
conjugate, divergent overlapping transfer zone with the AT.F. The throw measured from



Appl. Sci. 2023, 13, 10449 19 of 30

the offset of the Holocene/Pleistocene seismic surface west of the field is about 5 m. This
fault is also antithetic to the AT.F and F4 fault, forming an uplifted horst-anticlinal structure
(Figure 15).

In general, the study area is affected by an array of en-echelon normal faults with
various degrees of overlapping, forming conjugate, convergent and divergent overlapping
relay zones, depending on whether the faults dip toward the same or opposite directions,
respectively [79]. Moreover, the area is affected by smaller faults, synthetic and antithetic
to the above ones, that produce smaller topographic changes and smaller throws.

3.2. Methane Origin

The composition of the gas phase released from the water well located along the
coast is reported in Table 2, and the CH4 isotopic composition is shown in Table 3. The
molecular composition of the gas shows that methane is the dominant component with a
concentration exceeding 90 vol.% in the gas phase (and >80 vol.% in the gas extracted from
the water by the head-space equilibration method). Heavier hydrocarbons (besides trace
amounts of ethane) were not detected. The stable C and H isotopic composition of CH4
(δ13C and δ2H) is about −73‰ (VPDB) and −201‰ to −210‰ (VSMOW), respectively.
This isotopic composition is typical of microbial origin (carbonate reduction) from the
marine environment (Figure 17).

Table 2. Chemical analysis of gases (in vol %) in the samples of the coastal zone of Patras. In the
water sample, the concentration refers to the gas extracted by head-space method using helium. The
data are corrected for air contamination.

Sample H2S He H2 Ar CO2 N2 CH4 C2H6 C3H8 iC4 nC4 iC5 nC5 C6+

Water bdl - bdl 0.23 6.22 9.55 83.99 0.0053 bdl bdl bdl bdl bdl bdl
Air bdl bdl bdl 0.08 1.9 5.54 92.48 0.0037 bdl bdl bdl bdl bdl 0.004

bdl = below detection limit.

Table 3. Isotopic analysis of CH4 from the coastal zone of Patras.

Sample δ13CCH4 (‰, VPDB) δ2HCH4 (‰, VSMOW)

Water −72.12 −201.3
Air −73.93 −210.9
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Figure 17. (a) Genetic diagram of δ13CCH4 versus molecular composition of hydrocarbon
gases (C1/ (C2 + C3)) (VPDB = Vienna Peedee Belemnite Standard) after [80]. (b) Genetic diagram of
δ13CCH4 versus δ2HCH4 (CR: CO2 reduction, F: fermentation, EMT: early mature thermogenic gas;
LMT: late mature thermogenic gas) after [80].



Appl. Sci. 2023, 13, 10449 20 of 30

4. Discussion
4.1. Pockmarks Spatial Distribution and Morphometry

A multidisciplinary survey consisting of high-resolution geophysical means and
geochemical analyses provides new insights into the Patras Gulf Pockmarks Field (PGPF).
In comparison to the 72 pockmarks recorded by the previous surveys [42,57], in the present
study, 115 pockmarks were recorded, of which 23 were covered by the harbour installations.
Although the formation of new pockmarks after the construction of the new harbour (in
2015) cannot be excluded, the difference in the number of pockmarks is likely attributed
to the limitations of the previous studies (instrumentation and sparse tracklines). The
application of morphometric measurements showed that the PGPF consists of pockmarks
variable in size, ranging from small and well-defined (8 m in diameter and 1 m deep)
to large (260 m diameter and 20 m deep) ones. Their mean diameter is 72 m, and they
are, on average, 7.3 m deeper than the surrounding seabed. These measurements are
comparable to relative datasets from pockmarks obtained in the Eastern Mediterranean
and worldwide [15,27,81,82], though pockmarks can vary greatly in shape and size. The
pockmark size dataset published by Picher et al. [81] shows a compilation of data reported
in 57 published papers. The compiled dataset shows that the pockmarks are characterized
by a wide range of sizes, covering more than four orders of magnitude, where most of the
pockmarks are 10–250 m in diameter and 1–25 m deep. Their mean diameter is 128 m, and
their mean depth is 9.6 m. Based on that, the pockmarks of PGPF fall well within the range
of the above-mentioned mean sizes [81].

The pockmarks of the PGPF also present a variety of shapes. In total, three main
classes (unit, normal and composite) and two dominant geometric shapes (circular and
ellipsoidal) are attributed to the pockmarks, though the field is limited in extent. Similar
observations previously made in other examined areas show that the pockmark shape
variety should be attributed to different styles of formation—due to their activity history
and underlying structural framework—rather than different sedimentary/ hydrographic
characteristics, which can be considered constant within the pockmark field area [83,84].

The average density of the pockmarks in the PGPF is 50/km2. Compared to the find-
ings on other pockmark fields [84], the PGPF pockmark density (>5–10/km2) is classified
as ‘hydraulically active’. This density is higher compared with 18 pockmark fields in the
central North Sea, which ranges between 4 and 29/km2 [85]. It is also higher compared to
the East Breaks pockmark field in the Gulf of Mexico (<15/km2) [15] and is similar to the
Gulf of Maine (160/km2) [30] but lower than Snøhvit hydrocarbon field in the SW Barents
Sea (600–700 km2) [27]. Moreover, the spatial density is not homogenous but appears higher
in the northern section (55/km2) (78/km2, including the buried pockmarks) compared to
the southern section (31/km2). Hovland et al. [1] suggested that the development of the
pockmarks depends on the established migration path, which has further dependencies on
features like sediment thickness, strength, permeability and faulting. The density patterns
in the PGPF agree well with that observation. The highest densities (up to 100 pockmarks
per km2) occurred at the proximity and southward of the AT.F, suggesting that the fault
constitutes an important pathway for the upward gas migration in this field. Faults have
been associated with fluid migration and seepages in the Barents Sea [27], Black Sea [25],
Ireland [4], Marmara Sea [33–35] and Bohai Sea [26]. Furthermore, high pockmark densities
(75/km2) are also present in the shallow part of the southern sector. There, as well as in the
previously mentioned high-density area, the Holocene sedimentary deposit thickness is
low, and the depth occurrence of the ATZs is shallow, suggesting that despite the faulting,
the number of pockmarks is also controlled by the sediment thickness (Figures 8 and 11).
The density of the pockmarks in Belfast, Blue Hill and Passamaquoddy Bays is related to
the thickness of the Holocene sediments, with the highest densities occurring in areas with
thinner sediments [29].

The direction of the maximum axis of the ellipsoidal pockmarks and the collinear
cluster of pockmarks (“chains” or strings) is of particular interest, as it may indicate the
directionality of the hydrodynamic and endogenic processes controlling the formation
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of the pockmarks [1,83,85,86]. The measurements in the ellipticity modes of the Patras
pockmarks showed that the orientation of the major axes, in common and composite
pockmarks, is not random but follows two main directions: WNW–ESE and WSW–ENE
(Figure 4e). The WSW–ENE direction coincides well with the directions of the main local
faults, suggesting that the fluids escaping along those faults play an important role in
the field formation. This is further supported by the fact that the pockmark collinear
clusters are found lined up in the same direction (Figure 3). The linear arrangement and
the eccentricity of the pockmarks have commonly been linked to the underlying geological
structure, whereby faults provide active conduits for fluids to migrate to the surface [87–89].
The other prevailing direction (WNW to ESE) shows an offset of about 20◦ to the faulting
direction. This is probably due to gas escapes through other localised failures or along
permeable horizons at the proximity of the faults since the Holocene clays are characterised
by low permeability. A similar explanation has been given by other authors to explain the
displacement of the pockmark appearance compared to underlying geological structures.
Söderberg and Flodén [90] reported that pockmarks may not necessarily be located directly
above a fault but can be formed in the peripheral parts of tectonic lineaments due to gas
migrating sideways within the uppermost parts of the sedimentary strata. Webb et al. [91]
attributed the displaced appearance of the pockmarks in the Oslofjord (Norway) relative to
the underlying structural elements to the same mechanism. The arrangement of the PGPF
seems to not be significantly affected by hydrodynamic processes. Although the occurrence
of elliptical pockmarks in several fields has been attributed to the transport of sediments by
seafloor currents during pockmark formation [85,92], the SW–NE direction of ellipticity,
which is expected to be related to the direction of the prevailing currents, is extremely weak
in all classes of pockmarks. This is in accordance with the weak SW–NE-trending bottom
currents in the area [93].

The sidewalls of the PGPF pockmarks have slopes ranging from 2◦ to 48◦, the steeper
of which are observed mainly in the large pockmarks of the southern sector. The mean
value of the slope (26◦) is significantly higher than those in the Belfast Bay (8–12◦) [28] and
Oslofjord (13◦) pockmark fields [91]. The steep sidewalls are unstable and thus often result
in slumping [59,91]. Such gravitational movements have been found by acoustic imaging
and direct observation in pockmarks with steep sides in the Gulf of Maine [94].

The PGPF pockmarks slope more than the proposed 20◦ angle of repose for fine-
grained sediments [59]. This, together with the fact that the sediments of SS I are soft (clays
with interlayers of sandy mud), suggest that the PGPF pockmarks with steep sidewalls
are likely to be affected by sidewall slumping. At least two pockmarks from the southern
sector exhibit evidence of wall slumping and partial infilling of the pockmarked floor
(Figures 12 and 13b). On the other hand, steep sidewalls probably indicate that pockmarks
are in some way active or are being kept clear of sediment. Kelley et al. [95] suggested
that slopes exceeding the angle of repose were indications of pockmark activity. Audsley
et al. [83] proposed pockmark depth more closely relates to activity status, with deeper
pockmarks likely to have been active for longer periods of time or to have experienced a
more intense venting of gas. Similarly, Webb et al. [91] interpreted the relatively deeper
and steeper-sided pockmarks within the Oslofjord field to be recently active and wider
shallower ones as older or inactive for a long time. Based on the depth–width ratio of PGPF,
the large, deep and steep-sided pockmarks of the southern sector could be considered the
most active area in the entire PGPF.

Side-scan sonar showed very low backscattering inside the pockmarks, suggesting
that the pockmarks were infilled with muddy deposits. The low backscatter of the floor,
walls and rims suggest that the Patras pockmarks generally lack carbonate clasts and
chemosynthetic communities, which are usually associated with pockmarks. Carbonate
clasts are recorded by high to very high backscatter amplitudes because of the strong differ-
ences in densities and acoustic velocities between the carbonate clasts and the surrounding
mud and their small relief [96–98]. Moreover, methanotrophic communities (e.g., shells of
chemosynthetic bivalve beds) contribute to enhancing the amplitude of the signal [99,100].
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ROV images recovered from a deep, steep-sided pockmark of the southern sector of the
PGPF confirmed the presence of fluid mud inside the pockmark and the absence of benthic
ecosystems related to fluid seepage. The absence of such benthic ecosystems may be related
to the fine-grained character of the sediments. Dando et al. [101] observed scarce fauna in
the stiff clay at the base of a pockmark in the Fladen Ground area of the North Sea, while
abundant megafaunal communities were observed inside several pockmarks of the North
Sea with coarse-grained sediments on their floors [102]. A lack of benthic ecosystems related
to pockmarks has also been reported [103] in a shallow water pockmark field (15–40 m) in
the Bay of Concarneau (French Atlantic coast). Furthermore, in Inner Oslofjord, Norway,
the analysis of macrofaunal assemblages inside and outside numerous pockmarks showed
no influence on the composition of the fauna at any taxonomic level [104]. In the PGPF, the
ROV inspection also showed the existence of small holes (10–20 cm in diameter) scattered
on the muddy floor of the examined pockmark. Most probably, these holes result from
bioturbation (e.g., benthivorous fishes), though the possibility that they are related to gas
leakage should not be excluded.

4.2. Relation to Faults and Subsurface Characteristics

The northern sector of PGPF is affected by an array of en echelon normal faults. The
faults exhibit various degrees of overlapping, forming conjugate, convergent and divergent
overlapping relay zones, depending on whether the faults dip toward the same or opposite
directions, respectively [79]. Moreover, the area is affected by smaller faults, synthetic
and antithetic to the above ones, that produce smaller topographic changes and smaller
throws. The Agia Triada fault (AT.F) delimits the field to the north, although few small
pockmarks have been observed further north. This dense fault system and the associated
weakness zones reinforced the formation and development of many pockmarks, recording
the highest spatial density of pockmarks (80/km2) in the northern sector and particularly
at the proximity of the AT.F (100/km2). Collinear clusters of pockmarks have also been
observed, trending in the WSW–ENE direction, which coincides well with the direction
of the faults. The good coherence in orientation between collinear pockmarks and faults
further supports the close relationship between the regional structural setting and the
local fluid escaped patterns, which, in turn, control pockmark configuration and spatial
distribution. At similar sites where the structural setting dominates, a pockmark field
configuration has been reported, such as in the Barents Sea [27], Ireland [29] and the Nasha
Region of the South China Sea [105].

The PGPF also shows an affection for the Holocene sedimentary deposits (SS I), of
which the thickness varies from 2 to 34 m (Figure 8). The strong correlation between the
pockmark depth and the thickness of the Holocene sequence (SS I) suggests that the largest
pockmarks have been formed in thick sediments (Figure 4d), like pockmarks in the Belfast
and Passamaquoddy Bays [28,29].

Throughout the study area, many examples of upward gas migration have been
detected in the marine sediments. Gas-related acoustic patterns mainly include Acoustic
Turbid Zones (ATZs), Enhanced Reflectors (ER) and, to a lesser extent, Intrasedimentary
Gas Plumes (IGP). All of them were recorded solely within the Holocene sequence (SS I) and
constitute evidence for an upward gas migration from the Pleistocene/Holocene boundary,
which can be considered a gas accumulation horizon. ATZs are a widely spread acoustic
character along the PGPF except for two limited areas (A and B) at the southern end of the
northern sector and at the central part of the southern one (Figure 11b). These areas exhibit
an interesting difference in pockmarks appearance; area A is characterised by a cluster of
pockmarks, and area B is characterised by an almost lack of pockmarks—apart from a very
small one. This difference is probably attributed to a different upward-migrating gas status:
(i) in area A, continuous upward migration of gas toward the floor of the pockmarks and
total escape of gas and (ii) in area B, near absence of upward migration of gas except the
formation of the small pockmark.
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4.3. Pockmark Field Gas Origin

The gas analysis of the two samples from the coastal zone showed that the gas was
mainly methane of microbial origin, produced by carbonate reduction (Figure 17a) in
anaerobic marine sediments during organic matter mineralisation [106,107]. Methane of
microbial origin is quite common in shallow, coastal waters, including deltaic environ-
ments [108], estuaries or coastal zones with mangroves [109], where there is enhanced
organic matter supply.

The gas in the Patras Gulf could be the product of buried terrestrial organic-rich layers
formed during sea-level lowstands. Patras Gulf is connected to the Ionian Sea through
straits with depths less than 50 m, suggesting that during glacial periods, the sea level
drops (up to 120 m below the present level) may have ceased the marine connection of
the gulf with the open sea and—together with deltaic progradation of the major rivers
flowing in the area [51,110]—may have led to accumulation of organic-rich sediments in
the gulf. Chronis et al. [51] argued that the gas of Patras Gulf is the result of the buried
organic-rich deposits during the last glacial/interglacial cycle. A similar pattern of gas
production resulting from buried organic-rich sediments related to the last glacial sea-level
lowstand and subsequent overlapping during the Holocene transition has been previously
established for the pockmark field in the Bay of Fundy, eastern Canada [31]. In addition,
the production of methane from buried organic-rich deposits formed during lowstands has
been proposed to explain the microbial methane found in the Belfast pockmark field [94].

4.4. Pockmark Field Activation

The Patras pockmark field displayed strong evidence for activation at least twice
during two major earthquakes of magnitude 5.4 and 6.4 R on 14 July 1993 and 8 June 2008,
respectively [39,40]. Several pockmarks were found to be active for a few days after the
1993 earthquake, of which the epicentre was located near the pockmark field. Similarly,
the field was activated by the 2008 major earthquake, which occurred 32 km SW of the
field at the Northwestern Peloponnese. In both activations, the number and intensity of
the gas flares showed a gradual decrease over time, in a period of 15 to 30 days. Post-
earthquake pockmark venting has been reported in several places worldwide [30,32–36].
The long-term Gas Monitoring Module (GMM), which was deployed inside a composite
pockmark of the southern sector, showed the normal behaviour of a pockmark during a
period with no major earthquakes [55]. Gas seeps exhibit significant temporal variations
in venting behaviour, and few studies have been conducted using visual census [111] or
acoustic methods [112]. The GMM recorded 60 “pulses” of CH4 increase, associated with
T-P drops, in a period of almost six months, using an METS methane sensor [42,55]. Based
on direct evidence and long-term monitoring data, the PGPF is characterised by a normal
activity consisting of micro-emissions (1 event/3–4 days), which is interrupted by episodic
and vigorous venting triggered by major earthquakes. The earthquake-induced vigorous
venting seems to last for 15 to 30 days after the mainshock.

In the present study, acoustic flares (gas seepage) in the water column, immediately
above a few pockmarks, have been detected for the first time during a period of calm
seismic activity in the area. In addition to the seepage pulsation that has been recorded by
GMM, the water column data indicate gas seepage above the pockmarks, implying ongoing
pockmark activity. The acoustically imaged gas flares extend in the water column from the
centre of the pockmarks to the sea surface, suggesting a continuously flowing—rather than
a pulsing—nature [75].

Similar pockmark field behaviour has been reported by Baltzer et al. [103] in the
Concarneau Bay pockmark field. Ongoing gas venting activity in the field could be due
to the repetitive action of the short-term pressure-controlled process superimposed on
longer-term temperature-controlled processes and episodically on earthquake occurrence.

The acoustic data collected from the water column above the pockmarks of PGPF after
the mainshock of two major earthquakes (1993 and 2008) were reprocessed and plotted
onto the new bathymetric map (Figure 18). The spatial distributions of gas flares triggered
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by two earthquakes showed different patterns. The 1993 earthquake flares are concentrated
in the northern sector of the field and at the proximity of AT.F. On the contrary, the 2008
earthquake flares are widespread over the entire field.
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Although the earthquake mechanism in both events is similar (strike slip), the locations
and distances of the epicentres of the main and post-earthquake events (Figure 18b) could
explain the different spatial distribution patterns of gas flares in the PGPF obtained in these
two seismic events. The 1993 Patras earthquake was located in the eastern city outskirts,
roughly 6 km east of the pockmark field, at the city’s harbour. The earthquake had a
shallow depth (~10 km) and caused a complicated aftershock sequence that is described in
detail by Tselentis et al. [115]. The aftershocks extended in a NNW direction to the north
of Patras. The focal mechanism of the mainshock suggests a strike-slip fault, with one
nodal plane in the NNW direction, i.e., similar to the aftershock sequence. Although of
medium size, the event caused significant damage to buildings near the AT.F fault and
activated the pockmarks localised near the AT.F’s offshore extension. The Movri earthquake
in 2008 (6.4 Mw) ruptured an NNE right lateral fault; its epicentre was ~30 km south of
Patras [56,114]. The hypocenter of the event was rather deep at ~20 km, i.e., in the lower
crust. The earthquake caused damage and triggered secondary phenomena in the epicentral
area (e.g., rock falls, landslides) but did not significantly affect Patras’s buildings. Thus, it
seems that the earthquake was strong enough to induce cyclic loading in the uppermost
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sediments of the PGPF area and consequently trigger upward gas migration and emissions
from the entire field.

5. Conclusions

A multidisciplinary survey consisting of high-resolution geophysical means and
geochemical analyses provides new insights into the Patras Gulf pockmarks field. This
survey has not only revealed the existence of new pockmarks, but it has brought new
knowledge regarding their spatial distribution and the level of activity, their link with the
structural framework of the area, the fluid escape structures, the fluid pathways used, and
finally the origin of the fluids.

High-resolution marine remote sensing techniques, including MBES, sub-bottom
profilers, side-scan sonars and ROV, together with laboratory techniques, enabled us to
record in detail the active pockmark field, which developed in Patras Gulf. In the past, the
field showed co-seismic activation, while over the last 26 years, the field has been partially
covered by the Patras city harbour.

The acquired data sets showed that:

• The main mechanisms for the development of the field are the local tectonism and the
internal characteristics of the sedimentary layers.

• The local faulting appears to be the main contributor to the arrangement of the field,
as it was shown to regulate the density, spatial distribution and geometry of the
pockmark shapes in the field. All these morphometric characteristics are in line with
the direction of the main active faults and the associated tectonic failures recorded in
the region.

• The lithological parameters and the thickness of the upper sedimentary deposits
in the examined area also contributed to the formation of the field. Thick, muddy
deposits enhance the development of pockmarks in terms of quantity (high number of
pockmarks) and sizes (large sizes) of pockmarks.

• Pockmarks recorded have steep sidewalls (up to 40◦), suggesting recent activation.
Steep slopes (at least >20◦) seem to promote slumping events in the pockmarks.
No acoustical or optical evidence of benthic ecosystems linked with gas seepages
was recorded.

• The combined acoustic data sets detected, in detail, the migrated gas in marine sed-
iments and the water column. The sediments provide evidence for the presence of
gas by the recordings of Acoustic Turbidity Zones (ATZs), Enhanced Reflectors (ER)
and, to a lesser extent, Intrasedimentary Gas Plumes (IGP). Evidence for the gas in the
water column was revealed by the gas flare recordings.

• Geochemical analysis showed that CH4 is the dominant component of the released
fluid, and its isotopic analysis showed a microbial origin, which is common in shallow
marine environments.

• Although the source of the gas flare pockmarks changes through time, the fact that
gas flares are always recorded above the field denotes an ongoing pockmark activity.

• Through time, local and regional, active tectonic processes and possibly recent an-
thropogenic activities (construction of the harbour) alter the migration paths of the
escaping gas and cause modifications in the growth of the field. The field serves as a
living underwater landscape, which has the potential to respond directly to seismic
activity, even as a precursory response to earthquakes.

• This study showed that multidisciplinary surveying, incorporating marine geophysical
and laboratory investigations, can illuminate aspects of a pockmark field in relation to
configuration, structure, activity and triggering mechanisms.
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