MGPB

Submarine teCtoniC geomorphOIOgy ?ll"]}?: ;\j[]i(r?i-r%;-oéfolig;:ge?irjl]?eil;?ligngineering Bulletin)
Of the Pliny and HelleniC TI'eIlCheS ggﬁl?l(;jgyrgn.zozl.4.4
reflecting the geological evolution Original scientific paper

of southern Greece

Polina Lemenkova'
! Schmidt Institute of Physics of the Earth, Russian Academy of Sciences. Department of Natural Disasters,

Anthropogenic Hazards and Seismicity of the Earth. Laboratory of Regional Geophysics and Natural Disasters (Nr. 303).
Bolshaya Gruzinskaya St, 10, Bld. 1, Moscow, 123995, Russian Federation.

Abstract

Mapping seafloor geomorphology is a complex task requiring the integration of advanced cartographic technologies and
high-resolution spatial data. This paper provides a comparative geomorphological analysis of the Hellenic Trench (HT)
and the Pliny Trench (PT) located in the Eastern Mediterranean Sea, southern Greece. These trenches were formed as a
result of the tectonic plate subduction in the Eastern Mediterranean Sea: the northward motion of the African and Ara-
bian plates, complicated by the regional geological settings, such as active faults and earthquakes, which resulted in their
different geomorphological forms and bathymetric shapes. Technically, this paper presents an example of the advanced
scripting mapping by scripting the cartographic toolset of Generic Mapping Tools (GMT), which performs mapping
through shell scripts. The maps are based on the high-quality topographic, geological and geophysical data: GEBCO,
EGMog6, geoid, and marine free-air gravity fields. The GMT builds upon the modules used for data processing. The region
was subsetted by ‘grdcut, analysed by the Geospatial Data Abstraction Library (GDAL) (gdalinfo utility), and visualized
by ‘grdimage’. Two segments of the trenches formed in a condition of varying geological and geophysical settings, have
been modelled, visualized and compared, as representative cross-sections. As a result of the automated digitizing, spatial
interpolation and sequential aggregating of GMT codes, the segments of the cross-sections were represented. The HT
(Ionian segment) has an asymmetric one-sided shape; a steepness of 56.8° on the NE side and 7° on the SW flank. The
PT has a more symmetric view; a steepness of 42.14° on its NW flank and 26.66° on its SE flank. The PT has a clear peak
of the depths at -2600 to -2800 m and the most representative data range at -5000 to -6000 m. The HT has a bimodal data
distribution with two peaks. The most frequent data for HT is -3200 m to -3400 m. Compared to PT, the HT is deeper.
The histogram shows the peak of data for HT in the interval between -3200 to -3400 m (135 samples) while the PT shows
the peak of data in the interval at -2600 to -2800 m (310 samples). Besides, 105 samples of the HT have depths exceeding
4000 m, while only 20 samples were recorded for PT in the same interval. This paper contributes to the geomorphologi-
cal studies of the general Eastern Mediterranean Sea region, particularly relating to regional seafloor mapping of the
Hellenic and Pliny trenches.
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1. Introduction crust thickness and geological implications (Ramberg,
. 1981), geologic measurements of rock samples (Kuhn
The geomorphology of the seafloor, interpreted from et al., 2006) or studying natural hazards such as land-

bathymetric models, gives information about the geo-  slides in the geological context (Krkaé et al., 2021;
logical processes on the Earth’s surface. That is why the  Lemenkova et al., 2012).

precise bathymetric mapping contributes to the geologi-
cal studies and research. Methods of studying the sea-

floor and its geomorphology are diverse. These include example, geostatistical analysis, spatial metrics and sta-
using direct observations by specific software such as {igtica] modelling in civil engineering (Klaugo et al.,
Atlas Hydrosweep DS-2, Global Positioning System 30135 2013b; Lemenkov and Lemenkova, 2021a,
(GPS) navigation and the Trimble system (Gauger et 5031, Dobrilovié et al. 2021), mining and technologi-
al,, 2007), or indirect modelling through the magnetic ., inqustrial works (BriSevac et al., 2021), petrograph-
and gravimetric measurements with regards to the Earth’s ic and geochemical analyses, studies of sedimentary

rocks and seafloor characteristics (Bili¢ et al., 2021; Nu-
Corresponding author: Polina Lemenkova groho and Putra, 2020), and gravity modelling
pauline.lemenkova@gmail.com (Truffert et al., 1993). One of the largest problems for

Various methodological approaches are used in the
GIS visualization and data analysis. These include, for
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Figure 1: Topographic map of the Hellenic Trench region. Two yellow rectangles show the extent of the
Hellenic and Pliny trenches.

cartographic data visualization is the processing of the
multi-source data taken from various sources. This is a
cartographically intensive process taking a considerable
amount of workflow to process various data formats, to
analyze their metadata, accuracy and suitability, often
involving re-projecting and reformatting of the data. In
many cases, cartographic data processing starts with
generating databases that include maps of different
scales, topics and statistical analysis (Suetova et al.,
2005), involve advanced data analysis and planning
(Klauco et al., 2014, 2017), quantitative mapping (Ra-
baute and Chamot-Rooke, 2007), along with vectoriz-
ing and digitizing (Schenke and Lemenkova, 2008).
Some research papers are based on the multidisciplinary
analysis for studying the links between tectonic subduc-
tion and submarine geomorphology (Vassilakis et al.,
2011) or using LiDAR remote sensing data applied for
geology (Jagodnik et al., 2020). The advantage of the
Generic Mapping Tools (GMT) as a tool for cartograph-
ic visualization and mapping is discussed previously
(Lemenkova, 2020c; 2020d; 2019a).

The goal of this paper is to explore how high-resolu-
tion data can be sensibly represented as a series of the
thematic maps by means of GMT, and to demonstrate
the technical functionalities of GMT as useful and feasi-

ble analysis and visualisation methods in geological and
geomorphological studies. The paper discusses the dif-
ference in the topographic patterns of the two trenches of
the Eastern Mediterranean Sea, the Hellenic Trench, and
the Pliny Trench. Study of the deep-sea trenches is lim-
ited to direct observations due to their inaccessible loca-
tion, and replaced by remote sensing approaches, data
modelling, visualization and statistical analysis by ma-
chine learning methods (Lemenkova, 2019d, 2019a).
The Hellenic Trench is placed in the eastern part of the
Mediterranean Sea, the Aegean Sea (see Figure 1).

The Hellenic Trench is formed along the Mediterranean
seafloor, subducted toward the northeast, below the Aege-
an Sea. The area surrounding the Hellenic Trench includes
Southern Greece, Western Anatolia in Turkey and the ba-
sin of the Aegean Sea (McKenzie, 1970; Maravelis et al.,
2016; Le Pichon and Angelier, 1979). The seafloor of the
Aegean Sea has a very complex block structure. It is com-
posed by a system of elevated blocks with steep submarine
slopes. Numerous islands are located on top of these block
between the depressions and elongated sub-latitudinal
troughs, formed along the geologic fault system. Minor
local troughs and a Hellenic Volcanic Arc are formed in
the northern and southern parts of the Aegean Sea, with
depths over 1200 and less than 1500 m, respectively.
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Topographic map of the Eastern Mediterranean Sea with tectonic and geological setting
Topographic grid: GEBCO 15 arc sec resolution global terrain model
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Figure 2: Topographic map of the Eastern Mediterranean Sea with tectonic and geologic setting. Illustration
of the geologic setting of a study area, which contains following elements: front lines (yellow front lines),
borders of the tectonic plates (thick red lines), volcanoes (red triangles), seismic active places (focal
mechanisms), ophiolites (purple small circles) showing the portions of Earth’s oceanic crust uplifted and
exposed above sea level and emplaced on the Anatolian and Eurasian Plates onto continental crustal rocks.

Tectonically, the Hellenic Trench is located in the
zone of the lithospheric plate subduction (see Figure 2)
where the African Plate is subducting under the Eurasian
Plate (Angelier and Le Pichon, 1980; Le Pichon et al.
1982; Angelier et al., 1982). The Hellenic Island Arc
and a trench are formed as a result of the complex inter-
relation of the tectonic processes and seafloor spreading
(Philippon et al., 2014; McPhee and van Hinsbergen,
2019; Elsasser, 1971; Confal et al., 2016). The island
arc stretches from the Ionian islands, including the Pelo-
ponnese Peninsula, the islands of Crete, Karpathos Is-
land, Rhodes and others along the southern part of the
Aegean Sea (see Figure 2). The geomorphology of the
external (southern) slope of this arc is characterized by a
steep slope and a complex stepwise block structure.

A system of narrow depressions is stretching along
the foot of the Hellenic Island Arc forming the Hellenic
Trench with dominating depths at 35004500 m, and the
maximum depth at 5121 m. Le Pichon et al. (1982) re-
ports distribution of the vertical cliffs with hard rock ex-
posure over a depth range of 1000—-1500 m of the Hel-
lenic Trench. Following geographical specifics, the

structure of the Hellenic Trench allows the differentia-
tion into three minor trenches, sometimes referred as Io-
nian, Pliny and Strabo (Le Pichon et al., 1981; Peters
and Huson, 1985; Ozbakir et al., 2013).

The southward retreat of the Hellenic Trench resulted
in the Aegean Sea extension in a two-stage period. From
Middle Eocene to Middle Miocene it was accommodat-
ed by deformation leading to the exhumation of meta-
morphic rocks, high-temperature rocks in core complex-
es and the deposition of Paleogene sedimentary basins.
Since Middle Miocene, the Aegean Sea extension results
in a development of the Neogene sedimentary basins
(see Figure 3). The process of the Aegean Sea formation
is driven by slab rollback (Brun et al., 2016; Brun and
Sokoutis, 2010).

The geophysical settings of the Eastern Mediterrane-
an Sea are notable for a complex gravitational field
(Tirel et al., 2004) as reflected in geoid undulations (see
Figure 4). The seafloor of the Algero-Provengal Basin,
the Tyrrhenian Sea and the Ionian Sea is characterized
by weakly positive Faye anomalies and intense positive
Bouguer anomalies (over 200 mGal). The values of the
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Sediment thickness on the Eastern Mediterranean Sea region
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Figure 3: Sediment thickness of the Easter Mediterranean Sea basin. Sediment thickness is derived from the
raster grid of Total Sediment Thickness of the World’s Oceans and Marginal Seas Version 3 (GlobSed)
(Straume et al., 2000) and described by Divins (2003). The 5-arc-minute total sediment thickness grid is
based on high-resolution new data and several regional observations of the oceanic sediment thickness. The
isolines are placed every 500 m and show the increase of data (orange colours) near of the Nile River mouth.

Bouguer anomalies in the eastern part of the Mediterra-
nean Sea are mainly from 80 to 200 mGal, decreasing to
zero in some northern areas (see Figure 5). The Aegean
Sea is characterized by a sharply dissected gravitational
field, where Faye anomalies range from 40 to 100 mGal,
and Bouguer anomalies range from 40 to 160 mGal. The
negative Faye anomalies (-40 mGal to -80 mGal) are ob-
served in the eastern part of the Mediterranean Sea, ex-
cept for the region of the Nile River where anomalies are
positive (Malovitsky et al., 1982).

2. Methods

In order to examine and build a link between the tec-
tonic and geological settings and the geomorphology of
the Hellenic Trench in its western and eastern parts (the
Pliny Trench) in the southern Aegean Sea, the geospatial
data were visualized and a comparative analysis was di-
vided into several phases performed by GMT (Wessel
and Smith, 1991; 1995). The GMT utilizes native
scripting language with its own syntax similar to the
programming languages to process data. Compared to
the traditional Graphical User Interface (GUI)-based

GIS, the process of generating maps in GMT is a bit
more complex, since it requires the understanding of the
logic of its syntax which, due to the insufficient exam-
ples with open publications, may present certain diffi-
culties in utilization. To give some examples of the GMT
based coding, the following illustration of the technical
approach is as follows. Selecting the study area and sub-
set of the necessary region was done using a ‘grdcut’
module of GMT: ‘grdcut GEBCO_2019.nc -R19/37/
30.5/41.5 -Ght_relief.nc’. Here the -R19/37/30.5/41.5
shows the geographic coordinates of the area in West-
East-South-North (WESN) format. Visualizing the ras-
ter image of the General Bathymetric Chart of the
Oceans (GEBCO) was done by the ‘grdimage’ module
which reads the 2D grid file in NetCDF and produces a
coloured map using selected colour palette tables.

The core idea of raster image visualization by a
‘grdimage’ consists in plotting a series of rectangles cen-
tered on each grid node and assigning them with a colour
based z-value, which corresponds to the topographic el-
evation value in meters. The colour palette table (cpt) in
this case (see Figure 1) was defined by a module ‘make-
cpt’ through a command ‘gmt makecpt -Cgeo.cpt -V -T-
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Geoid regional model: the Eastern Mediterranean Sea region
World geoid image version 9.2 EGM96
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Figure 4: Geoid model of the Aegean Sea Basin. The geoid shows the equipotential level of the Earth surface
through the irregular-shaped sphere, which best approximates the elevation of the mean sea level. In this
sense, the geoid model is based on the terrestrial gravity observations, visualizing the density variations in the
Earth’s surface, topographic roughness and geological complexity (rock density) in the study area of the
Hellenic Trench. The geoid of the eastern Mediterranean Sea region shows the equipotential surface
representing a vertical datum of the Earth. The data area based on the EGM-96 geoid calculations (Lemoine
et al. 1996). The lower, slightly negative values (-1 m, blue coloured) are visible over the central basin of the
Mediterranean Sea, while higher values are notable over the region of W Turkey (beige colours, over 40 m).

5119/3505 > myocean.cpt’. The colour palette was
placed vertically on the left side of the image. It shows a
range of data from -5119 to 3505 m. The image was then
visualized by a code ‘gmt grdimage ht relief.nc -Cmy-
ocean.cpt -R19/37/30.5/41.5 -JM6i -P -I+al5+ne(.75
-Xc -K > $ps’. Here the ‘-JM6i’ flag stands for the Mer-
cator projection, ‘-P’ flag is a portrait orientation of the
output, the -I option was used for the illumination of the
image. The same principle was applied to all other carto-
graphic elements plotted on the presented maps by GMT.

2.1. Topographic visualization

The first research phase has been designed as a geo-
graphical visualization of the topographic General Ba-
thymetric Chart of the Oceans (GEBCO) and geological
data. The actual processing of the raster GRD data con-
sists of editing functions of the script where each line of
the code generates a certain element on a map using a
specific GMT module (e.g. ‘grdimage’, ‘pscoast’ and
many more) and provides a layer-style mapping, which

finally results in the design of a map. The data include
high-resolution shoreline vector database (Wessel and
Smith, 1996), tectonic plate boundaries and seismic
events (focal mechanisms). The visualization aimed to
show the consequences of the geological processes on
geomorphological form of the deep-sea trench. The
analysis of the data grids (their extent and spatial que-
ries) was performed by Geospatial Data Abstraction Li-
brary (GDAL) library (GDAL/OGR contributors,
2020). The importance of the quality of the bathymetric
and topographic grids has been discussed previously
(Smith, 1993). To achieve a high standard of mapping,
this research is based on the topographic grid of famous
GEBCO map (GEBCO Compilation Group, 2020;
Schenke, 2016) that provides the most authoritative,
publicly available bathymetry data sets for the world’s
oceans. The GEBCO map is the most precise exiting
global bathymetric map developed through the Nippon
Foundation and is widely used in geophysical, geologi-
cal and topographic mapping (Vrdoljak et al. 2021;
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Figure 5: Marine free-air gravity anomaly for the Eastern Mediterranean Sea Basin. Free-air gravity anomaly
visualization shows the distribution of the anomalous fields over the eastern Mediterranean Sea area and the
Hellenic and Pliny trenches with respect to the subsurface Earth’s structure and geophysical composition of
the crust and mantle. The difference between the estimated gravity anomaly from a theoretical gravity value
identifies anomalies caused by the geologic features below the measurement locations. The computation of
the free-air anomalies from the observed gravity measurements is based on the application of gravity
corrections that control the resulting free-air gravity anomaly. Higher values (over 180 mGal, pink colours) are
notable over the Island of Cyprus, and SE Turkey, while lower values (lower than -100 mGal, dark blue colours)
are visible over the Hellenic and Pliny trenches, which shows a deficit in land masses in the depressions and
points at the location of the deep-sea trenches.

Lemenkova, 2020e; Lemenkova, 2021b). It is a con-
tinuous, global terrain model for ocean and land with a
spatial resolution of 15 arc seconds which uses as a base
Version 2 of the Shuttle Radar Topography Mission
(SRTM) data set (Tozer et al., 2019; Farr et al., 2007).

2.2. Geophysical mapping

In the second phase, the variations of the geophysical
conditions, such as geoid (see Figure 4) and marine
free-air gravity (see Figure 5), have been analyzed using
the National Oceanic and Atmospheric Administration
(NOAA) grid and Earth Gravitational Models of 1996
(EGM96) data (Lemoine et al., 1998). The GMT mod-
ules used for geophysical mapping implement a set of
commands and defined settings (‘flags’) where a com-
mand is entered and defined. For example, the command
‘gmt grdimage gravHT.grd -Ccolors.cpt -R19/37/30.5/

41.5 -JM6i -P -I+al15+ne0.75 -Xc -K > $ps’ was used to
visualize the map in Figure 5 Marine free-air gravity
map of the Aegean Sea Basin. Here the ‘grdimage’ is the
main GMT module visualizing the raster grid, and the
rest are auxiliary commands used to refine mapping and
add elements on the map.

Analysis of the high-resolution data from the Cryo-
Sat-2, Jason-1 (Sandwell et al., 2014; Wessel and Watts,
1988) revealed regional differences in the rock proper-
ties that lead to diverse patterns of the gravity anomaly
fields alongside existing geomorphic disparities of the
submarine relief (Sandwell & Smith, 1997). Published
reports on geophysical and geological settings of the Ae-
gean Sea in general and the Hellenic Trench system as
its particular landform have been reviewed and consid-
ered for critical analysis of the above-mentioned issues
(Papazachos and Comninakis, 1971; Angelier, 1977;
Brun et al., 2016; Chamot-Rooke et al., 2005).
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Figure 6: Cross-section profiles of the Hellenic Trench. Figure 6A shows the cross-sectional
segments of the trench digitized automatically using GMT. Figure 6B shows the location and
topography of the Hellenic Trench extending in the NW direction from SW Crete towards the

Peloponnese Peninsula. The topographic pattern of Kythira Island and the adjacent region
shows the increase in elevations on the right side of the flank of the segment. The greyed area

(see Figure 6A) denotes the data deviations and thin vertical lines show error bars, while the
thick red line shows the median value of the trench’s talweg computed based on data from the

12 of profiles (thin yellow line in Figure 6B). The Aegean Sea Plate (minor tectonic plate) is
located eastward of the trench, while the Africa Plate is on its western flank (see Figure 6B).

The width of the profiles is 200 km with the talweg of the trench in the middle (see Figure 6A).

2.3. Geomorphological modelling

In the third phase, the geomorphological modelling
has been performed using scripting technologies (Le-
menkova, 2020a, 2020b) for visualizing cross-section
profiles of the Hellenic Trench (see Figure 6) and the
Pliny Trench (see Figure 7), their comparative plotting
and statistical analysis of histograms (see Figure 8). Au-
tomated digitizing of the cross-section profiles by GMT
(Wessel et al. 2013) presents effective and advanced
spatial data processing and information retrieval. The
approach is based on the idea to speed up the vectorizing
raster grids by machine learning: 1) first, the GMT is
commanded to create a series of profiles running with set

up parameters along a selected segment with defined co-
ordinates; 2) the generated profiles create a table with
three input columns (XY-coordinates of each cell and
the measured elevation depth); 3) the GMT is command-
ed to use this table to plot a graph visualizing the profile
as an output from a dataset.

Hence, the cross-section modelling allows for the
plotting of a 2D transect for visualizing a geomorpho-
logical cross-section of the mountain relief in a given
segment of the transect line of the relief to be mapped as
a series as parallel-going lines crossing the target area in
a perpendicular direction. The resulting geomorphologi-
cal profiles can then be used for analysis of the topo-
graphic variations of the landforms. The representative
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Figure 7: Cross-section profiles of the Pliny Trench. The thin yellow lines (see Figure 7B)
represent the 17 cross-section profiles plotted as 200 km long parallel segments, sampled every
2km, spaced 10 km and stacked using the median (the thick red line in Figure 7A). Raw
bathymetric data originated from GEBCO (Schenke, 2016). The Pliny Trench extends from
southern Crete in the NE direction (see Figure 7B). The African Plate is located southwards of
the trench, which is formed in the subduction zone. The map in Figure 7B shows the
distribution of 17 transects of the cross-sections.

cross-sections for both trenches have following geomet-
ric characteristics: 200 km long, sampled every 2 km,
spaced 10 km. The segment of the Hellenic Trench has
coordinates: 22.2°E 35.9°N to 23.2°E 35.3°N. The seg-
ment of the Pliny Trench has coordinates: 25.3°E 34.2°N
to 26.9°E 34.8°N.

3. Results

An analysis has been carried out based on a series of
thematic maps (topographic, geologic, geophysical) and
geomorphological models supported by the review of
the existing extensive literature on the geology of the
Eastern Mediterranean and the Hellenic Trench (Armijo
et al., 1999; Baltatzis et al., 2009; Diogou et al., 2019;
Fytikas et al., 1984; Ieite and Mascle, 1982). The topo-

graphic map (see Figure 1) contains bathymetric char-
acteristics of the Eastern Mediterranean Sea areas, de-
picting individual seafloor features and submarine geo-
morphic structures, based on the GEBCO 15-arc second
resolution grid. The map visualized the Eastern Mediter-
ranean Sea with the geographic names verified in the
GEBCO Gazetteer of submarine features of Internation-
al Hydrographic Organization, Intergovernmental Ocea-
nographic Commission (IHO-IOC, 2012). Geological
objects and sediment thickness are additionally shown in
Figures 2 and 3, while the geophysical maps (see Fig-
ure 4 and 5) contain categories of marine free-air anom-
aly fields and geoid undulation.

The geologic data included several categories of ob-
jects related to geologic settings of the areas, that is,
trenches and ridges, volcanoes, slabs, ophiolites, tecton-
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Hellenic Trench and Pliny Trench: histograms on depths
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Figure 8: Statistical histograms of the of the Hellenic Trench cross-sections. Histograms of the
bathymetric data distribution of the Hellenic and Pliny trenches showing the frequency of
depths in 17 profiles for the Pliny Trench and 12 profiles for the Hellenic Trench. On the lower
graph, the histogram is showing the peak of data for the Hellenic Trench in the interval
between the -3.200 to -3.400 m (135 samples), while the Pliny Trench shows the maximal data at
the depths -2600 to -2800 m (310 samples). Green (the least mean square), red (means and
standard deviation) and blue (median) lines show additional statistical parameters of data
distribution frequency for each of the trenches, respectively.

ic plate boundaries, and focal mechanisms (see Figure values ranging between 7,000 and 8,000 m (light green
2). The sediment thickness map visualizes the variations areas) followed by 8,000 to 9,000 m (light orange-col-
in sediment by categories divided by each 1000 m, oured areas). More detailed studies on the sediment
which corresponds to the previously obtained results structure of the Hellenic Trench can be found in Blan-
(Erba et al., 1987; Feldhausen and Stanley, 1980). pied and Stanley (1981) who describe the depositional
Thus, the highest sediment thickness can be seen (see  origin of fine-grained marine sediments caused by the
Figure 3) near the Nile River discharge (over 9,000 m, well-exposed mudstone formations in the mountain
beige colours on Figure 3) while the northern Aegean  chains in Greece and the Eastern Mediterranean Sea.

Sea seafloor and the region northward of Crete are nota- The map of the geoid regional model (see Figure 4)
ble for the lowest values of <3,000 m (dark blue col- shows higher categories of the geoid undulation (35-45
oured areas). The Hellenic Trench system has varying m) in the northern region of the Aegean Sea Basin con-
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tinuing over the terrestrial area of Bulgaria. The area to
the southeast of Crete and the central part of the basin of
the Eastern Mediterranean Sea demonstrate a notable re-
gional decrease in geoid values (50-10 m, blue-coloured
area). The region of the Hellenic Trench has dominating
values of 11-12 m (light blue colour, Figure 4). A zone
of the intense negative anomalies of Faye (-120 to -200
mGal) extends along the Hellenic Trench, which contin-
ues northward to the Adriatic Sea.

The lowest values of the free-air gravity are notable
over the regions of the deep-sea trenches clearly depicting
the physiographic isolines of the topographic map and
showing correlation between the distribution of the depths
and the anomaly fields (see Figure 5, dark blue colours).
In contrast, the highest values (>180 mGal) can be seen
over the Cyprus Island area, as well as over the south-east-
ern territory of Turkey (light-orange to red colours in Fig-
ure 5). The majority of the terrestrial area of Turkey dem-
onstrates a clear correlation between the gravity fields and
topographic isolines of the mountain areas (light green to
yellowish coloured areas as a hilly relief on Figure 5).

A comparison of the Hellenic Trench (see Figure 6)
against the Pliny Trench (see Figure 7) shows that the
Pliny Trench has a more symmetrical shape while the
Hellenic Trench has an asymmetric one-sided shape with
a steepness of 56.8° on the northeastern side of the stud-
ied segment with coordinates 22.2°E 35.9°N to 23.2°E
35.3°N (see Figure 6B). The opposite southwestern flank
is almost flat with a steepness of 7° (see Figure 6A). The
cross-track profiles are plotted as 200 km long, sampled
every 2 km, spaced 10 km. The Pliny Trench has a seg-
ment stretching from 25.3°E 34.2°N to 26.9°E 34.8°N
(see Figure 7B). It has a rather symmetric view in a
cross-section with the following steepness: 42.14° on its
northwestern flank (crossing the eastern part of the Crete
Island) and 26.66° on its southeastern flank (see Figure
7A). Despite the certain difference in slope steepness of
both the flanks of the Pliny Trench, it has a more sym-
metric geometric form comparing to the cross-section of
the Hellenic Trench (the Ionian segment).

The comparative analysis of the statistical histograms
(see Figure 8) shows the frequency of depths as data
distributed along the segments of the Hellenic and Pliny
trenches (see Figure 8). The analysis of the cross-sec-
tion profile based on the summarized data shows the fol-
lowing results. The Pliny Trench (see Figure 8, upper
part) has a clear peak of the most repetitive depths in an
interval with a range -2,600 to -2,800 m (310 samples)
followed with a large gap by the intervals within depths
-2800 to -3000 (173 samples) and an interval of -2400 to
-2600 (138 samples). All other depths have values <100
samples with rather insignificant variations comparing
to the depth at an interval of -2400 to -3000 m, which
points at the most representative data range for the Pliny
Trench between -5000 to -6000 m.

The Hellenic Trench demonstrates a different pattern
of data variations. Thus, in contrast with the Pliny Trench

showing a clear peak (see Figure 8), the Hellenic Trench
has a bimodal data distribution. The data distribution has
a bimodal character with two peaks corresponding to the
two intervals: 1) a distinct peak at -2800 m to -4000 m;
and 2) a less pronounced peak at 0 to -1400 m. Other
data values are located on the shelf and slopes. The most
frequent bathymetric data for the Hellenic Trench cor-
respond to the interval of -3200 m to -3400 m (135 sam-
ples). Comparing to the Pliny Trench, the Hellenic
Trench is deeper with 105 values below the -4,000 m
while there are only 20 values at such depths for the
Pliny Trench. Similarly, the range of data between the
-4000 to -3000 m has 241 values for the Pliny Trench
while there are 498 data values for the Hellenic Trench.

This accordingly illustrates the difference in the depth
distribution for the Hellenic Trench against the Pliny
Trench. The comparison of shelf areas (depths of 0 to
-1,000 m) shows relatively similar patterns: the Pliny
Trench covers 281 observation points while the Hellenic
Trench has 240 samples for the same data range. Thus,
in the context of regional topographic analysis, the com-
parison of the histograms points at the difference in data
distribution for the two trenches: a relatively wider, bi-
modal character of data distribution for a Hellenic
Trench and a single-peaked data distribution for the
Pliny Trench. The Hellenic Trench-Arc system has been
investigated in only a few studies (Zelilidis et al., 2016;
Royden and Papanikolaou, 2011; Huchon et al., 1982)
comparing to the wide variety of other oceanic trenches
of the Pacific Ocean, e.g., the famous Mariana Trench,
the Peru-Chile Trench, the Kuril-Kamchatka Trench, the
trenches of Oceania and the region of Australia (Lemen-
kova, 2019b, 2019c¢). This is mainly explained by the
complex tectonic and geophysical settings of the Pacific
Ocean comparing to the Mediterranean Sea (Chapple
and Tullis, 1977; Lemenkova, 2021a; McClusky et
al., 2000).

The existing papers on the Hellenic Trench are meth-
odologically based on various methods. Among others,
these include topographic mapping, visualization of
slabs with a vertical tear or a lateral edge, GNSS-derived
horizontal velocity field and seismicity, modelling ge-
ometry of the Hellenic subduction zone, visualizing S-
velocity (Ozbakir et al., 2020), studying structural
trends in the Hellenic Trench system in context of the
distribution of faults, folds and décollement types dis-
placement (Kenyon et al., 1982). Other interesting pub-
lications include research focused on earthquakes and
seismic reconstructions in the Hellenic Trench and the
Aegean Sea area both in the past and in recent time (Pa-
pazachos and Papazachou, 2002; Evagelatou-Notara,
1993; Kiratzi et al., 2018; Di Vita, 1995).

However, the existing papers do not present geomor-
phological cross-sectioning of the trench using GMT,
which fully illustrates the profile of the trenches as a
comparative view, based on the new generation of carto-
graphic scripting technologies. Previous studies in the
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Greek region (Crete Island and Hellenic Trench-Arc sys-
tem) were restricted by the tectonic application and stud-
ies of the geological setting without a detailed focus on
its submarine relief (Gautier et al., 1999; Jolivet et al.,
2013; Konca et al., 2019; Papazachos, 1996). In this
study, the geomorphology of the two trenches in the con-
text of the regional geological settings was investigated
using a dataset of high-resolution grids processed by the
GMT approach. A comparison of the geomorphology of
the Pliny and Hellenic trenches revealed significant var-
iations in their cross-sections in the selected segments
(plotted using ‘grdtrack’ modules of the GMT). This in-
dicates the impact of the geological regional settings and
rock stratification as well as the differences in speed of
slab subduction in the two segments of the trenches.
These factors sculpt the current geometric shape of the
trenches.

4. Conclusions

The contextualization of this research in the era of big
Earth data analysis and machine learning application
presents a multi-disciplinary approach of geologic data
processing by the GMT-based machine algorithms of
geospatial data processing that allow to better under-
stand the interaction between the seafloor geomorphol-
ogy and tectonic-geologic setting sculpting the shape of
a trench. The demonstrated GMT-based approach for
mapping deep-sea trenches combines the scripting func-
tionality that enables the performance of a high-quality
mapping and cartographic visualization with the flexi-
bility of programming. The existing scripts can be re-
used for the next steps of mapping and data analysis to
save time and computer’s memory and to decrease the
repeatability of the monotonous process. The other ad-
vantage of the scripting based cartography is found in
the significant automatization of the cartographic rou-
tine which enhances both the precision of the plotting
and the quality of the output through avoiding human-
induced errors possible through the hand-made digitiz-
ing and mapping. Machine-made visualization of the
geophysical grids, topographic and geological vector
maps enable a comparative analysis of the multi-source
data through their overlay with changed transparency
settings and the location of layers within the cartograph-
ic script.

The actuality of the presented research on deep sea
trenches is caused by the specific approach of this study.
High-resolution geospatial datasets are one of the major
drivers used for big Earth data analysis that consists of
the processing of millions of cells and records in tables.
The combination of high-resolution data (GEBCO,
EGM96, GlobSed) and machine learning methods for
processing of this data expands the functionality of the
research projects of seafloor geomorphology. Since
these unique submarine landforms are formed in the re-
gion of the tectonic plate subduction, active seismicity

and submarine volcanism, their bathymetry is generally
extremely deep and unavailable for direct observations.
Therefore, studying deep-sea trenches was proven im-
practical until recent years. However, the rapid develop-
ment of the machine learning methods and the onset of
the big Earth data era enabled complex data analysis in
marine geosciences. Some detailed studies of the sub-
marine topography have been made over the mid-ocean
ridges since the 1970s, but fewer studies were focused
on the oceanic trenches.

The GMT scripting toolset is an effective cartograph-
ic visualization tool, alternative to traditional GIS. The
power of automatization achieved through scripting fa-
cilitates the generation of maps as batch processing and
enables the visualization and processing of large data-
sets in addition to mapping, statistical analysis, and data
conversion. In contrast to GIS, GMT presents a com-
pletely console-based (no visual interface) scripting sys-
tem for spatial analysis and cartographic mapping using
a smart combination of modules and scripting approach
using its native language. The advanced functionality of
UNIX-compatible GMT enables the exportation of data
from multiple formats and reprocesses them with GDAL
processing tools. Furthermore, shell scripting by GMT
automates the cartographic workflow, which becomes
accurate and rapid, in contrast to the menu-based Graph-
ical User Interface (GUI) GIS.

As a result, this increases the effectiveness of the car-
tographic methodology and presents fine print-quality
cartographic output. Finally, another important feature
of GMT consists in its open source availability, which
presents perfect solutions to the distance-based (online-
based) research, which is currently very useful for stu-
dents and researchers alike. Unlike the commercial GIS,
free GMT is available to ‘work-at-home’ projects, how-
ever, it has all the powerful cartographic functionalities:
data import and formatting, data operation and organiz-
ing, data modelling, visualization and analysis. Besides,
GMT is compatible with key libraries of the advanced
statistical analysis such as Julia, Python (PyGMT for
processing GMT’s plots), R and Octave /MATLAB.
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SAZETAK

Podmorska tektonska geomorfologija Plinijskoga i Helenskoga jarka
kao odraz geoloske evolucije juzne Grcke

Mapiranje geomorfologije morskoga dna slozen je zadatak koji zahtijeva integraciju naprednih kartografskih tehnologija
i prostornih podataka visoke rezolucije. Ovaj rad donosi usporednu geomorfolosku analizu Helenskoga i Plinijskoga
jarka smjestenih u isto¢nome Sredozemlju, na jugu Gréke. Te su strukture nastale kao rezultat podvlacenja tektonske
ploce, tj. kretanja africke i arapske ploce prema sjeveru, usloznjenoga regionalnim geoloskim postavkama poput aktivnih
rasjeda i potresa, $to je rezultiralo njihovim razli¢itim geomorfoloskim oblicima i batimetrijom. Prikazano je njihovo
napredno kartiranje primjenom alata Generic Mapping Tools (GMT), koji koriste programske skripte. Karte se temelje
na visokokvalitetnim topografskim, geoloskim i geofizi¢kim podatcima, kao $to su GEBCO, EGMg6, geoid te gravitacij-
sko polje na razini mora. GMT se nadovezuje na module koji se koriste za obradu podataka. Podrudje je podijeljeno
skriptom grdcut, a na temelju podataka iz zbirke apstraktnih geoprostornih podataka (GDAL) (skripta gdalinfo), te je na
kraju vizualizirano (skripta grdimage). Dva dijela jarka oblikovana su u razli¢itim geoloskim i geofizi¢kim postavkama te
su usporedeni njihovi reprezentativni presjeci. Kao rezultat automatizirane digitalizacije, prostorne interpolacije i se-
kvencijalnoga agregiranja GMT kodova predstavljeni su segmenti presjeka. Helenski jarak (jonski segment) ima asime-
trican jednostrani oblik, nagiba 56,8 ° na sjeveroisto¢noj i 7 ° na jugozapadnoj strani. Plinijski je jarak simetri¢niji, nagi-
ba 42,14 ° na SZ i 26,66 ° na JI boku. Plinijski jarak ima jasno izraZeno tjeme od —2600 do —2800 m, a najreprezentativni-
ji su podatci na -5000 do -6000 m. Helenski jarak ima bimodalnu distribuciju podataka s dvama tjemenima, a najce$ce
su dubine od -3200 do -3400 m. Taj je jarak dublji. Histogram prikazuje okupljanje podataka od —3200 do -3400 m, dok
Plinijski (135 uzoraka) prikazuje maksimalne vrijednosti od -2600 do -2800 m (310 uzoraka). Osim toga, 105 uzoraka
Helenskoga jarka ima dubine veée od ~4000 m, dok je u istome intervalu za Plinijski zabiljezeno samo 20 uzoraka. Cla-
nak doprinosi geomorfoloskim studijama regije isto¢noga Sredozemnog mora opcenito i regionalnomu mapiranju mor-
skoga dna, posebno Helenskoga i Plinijskoga jarka.
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