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Abstract: The study focuses on the Makran Trench in the Arabian Sea basin, in the north Indian Ocean. The
area is tectonically active, with a system of ridges and fracture zones morphologically separating the Arabian
Sea. The study examined the relationships between the topographic structure of the Makran Trench and the re-
gional settings of the Arabian Sea: geomorphology, sediment thickness, geophysical fields, geology and tectonic
lineaments. The methodology is based on the GMT scripting toolset. The spatial analysis includes high-resolu-
tion datasets GEBCO, EGM2008, GlobSed and data on tectonics, geology, geophysics, sediment thickness and
topographic terrain model visualized by GMT. The paper also defined a way in which the proprietary ESRI data
format can be transformed into the freely available GMT geospatial data of the geoid EGM2008 model. The geo-
morphological modeling included the automatic digitization of 300-km width cross-section profiles of the trench
demonstrating its submarine relief. The analysis showed a correlation between the geological and tectonic struc-
tures, asymmetric geomorphology and geophysical anomaly fields. Gravity data indicate a crustal structure with
anomalies generated by the bending of the lithosphere into the Makran subduction zone and density variations
in the mantle reflected on the gravity maps. The gravity correlates with lineaments of the geomorphic structures.
Bathymetric analysis revealed the most frequent depth (448 samples) at —3,250 to —3,500 m, followed by inter-
vals: =3,000 to —3,250 m, 2,750 to —3,000 m. The declining continental slope correlates with gradually decreas-
ing depths as equally distributed bins: 124 samples (2,500 to —2,750 m), 96 (2,250 to —2,500 m), 86 (2,000 to
—2,250 m). The trench is an asymmetric form with a high steepness on the continental slope of Pakistan and low
steepness with a flat valley on the oceanward side. The multi-source data integration is important for seafloor
mapping and the geomorphological analysis of oceanic trenches hidden to direct observations. The machine
learning methods of GMT and cartographic modeling provide possibilities for the effective visualization of the
trench. The comparison of the geomorphology with gravity anomalies, tectonic lineation, geological structures
and topographical variations provides more detail to studies of the seafloor in the Arabian Sea.
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INTRODUCTION

geological and geophysical framework formed in
course of its tectonic evolution. Although a deep-

The presented research focuses on the Arabian Sea  sea trench cannot be observed directly, its geo-

and the Makran Trench located in its northern
part (Fig. 1). The study is aimed at demonstrat-
ing a correlation between the seafloor structure
of the submarine relief and its region settings: the

morphology can nevertheless be visualized via
modelling and digital mapping. Most of the fea-
tures forming a plate subduction zone can be de-
tailed through comparative analysis, with high
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resolution grids showing geophysical, topograph-
ical and geological data. The diversity of local ge-
omorphic forms is consistent with both the heter-
ogeneity of the Earth’s crust and the high number
of anomalies in the geophysical fields, which in-
dicates tectonic disturbances, and the shape and
location of the individual crustal blocks. Thus,
submarine relief corresponds to a certain type of
crust with a specific spectrum of the anomalous
geophysical fields caused by rock density.

Besides a geomorphic response to the geophys-
ical parameters and processes of plate tectonics re-
flecting movements of the Earth’s crust, there is
a certain correlation between climate conditions,
e.g. glacier melt influencing sedimentation process-
es (Kuhn etal. 2006). Increased sediment transport
contributes to relief changes by filling the trench
axis. Sediment supply is largely controlled by the

climate of the coastal land and weathering, together
with the drainage and transport system to the sea.
An example of a sediment flooded trench is Casca-
dia (west Canada), while an example of sediment
starved trench is the Peru-Chile Trench (South
America). The objective of this paper is to perform
a geomorphological analysis of the Makran Trench
in the context of the regional settings of the Ara-
bian Sea, which is based on the GMT-based pro-
cessing of high-resolution thematic data and mod-
eling cross-section profiles of the trench. Data pool
covering the region of the Arabian Sea consists of
datasets including geophysical, geological, tecton-
ic, topographic and gravity raster grids. The preci-
sion of both terrestrial and marine datasets such
as GEBCO, EGM96, GlobSed provides an updated
view of the regional conditions where the geomor-
phic structure of the Makran Trench was formed.

Topographic map of the Arabian Sea region
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Fig. 1. Topographical map of the Arabian Sea basin
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REGIONAL SETTING

Tectonics

The Makran Trench is formed in the subduction
zone of the Arabian and Eurasian plates at the
basement of the continental margin of Pakistan, in
the zone of northward subduction of the high-ve-
locity Arabian Plate beneath the continental crust
of the low-velocity Eurasian Plate (Al-Lazki et al.
2014), Lut and the Afghan rigid block microplates
(Abedi & Bahroudi 2016). The recorded con-
vergence rate varies from ~4 cm/yr (Kopp et al.
2000) and ~2 cm/yr at the Gulf of Oman (Ver-
nant et al. 2004). The subduction began during
the Cretaceous period and is ongoing, forming
an active trench-arc system and a seismic risk belt
(Jacob & Quittmeyer 1979, Berberian et al. 1982,
Laane & Chen 1989, Hussain et al. 2002). The sub-
duction zone stretches along the NE margin of the
Gulf of Oman, adjacent to the SW coast of Paki-
stan and the SE coast of Iran, Zagros Mountains
(Paul et al. 2010, Regard et al. 2010). The geometry
of the Makran subduction zone has a shallow an-
gle with a slab deepening northward. The dip-an-
gle of the slab is shallower under Pakistan in the
eastern segment of Makran Trench (Farah et al.
1984). This might be caused by the differences in
the subduction velocities in various regions of the
subduction zone, as mentioned above.

The Zagros Mountains extend from the Turk-
ish-Iranian border to the NW to the Makran sub-
duction zone in the SE (Takin 1972). The Zagros
Mts are one of the important tectonic units of the
Alpine-Himalayan belt, formed on the NE edge of
the subducting Arabian Plate, Persia-Tibet-Burma
orogeny (Glennie et al. 1990). The topography of
the Zagros Mts indicates the border of Late Ce-
nozoic Tethys (Alavi 1980, Sengor et al. 1988). The
Makran accretionary wedge arises adjusting the
Makran Trench as a result of the accumulating
sedimentary rocks of the Arabic Plate subducting
into the mantle of the Eurasian Plate. The Makran
accretionary wedge is one of the largest on Earth.
It presents the belt of the Zagros collision system
with the last remnants of the Neo-Tethys Ocean
(Burg 2018). The spreading axis of Neo-Tethys
inverted at 100-95 Ma absorbed in the subduc-
tion zone, built by the crust of the Arabian Plate

colliding with Eurasian Plate below the Oman
Abyssal Plain (Delaloye & Desmons 1980, Schliiter
et al. 2002). The Makran accretionary wedge is
marked by strong deformation of the sedimentary
material destroyed by numerous thrusts (Grando
& McClay 2007).

Geology

The geological setting of the Makran region of
the Arabian Sea formed as a result of the tecton-
ic processes briefly described above and more
detailed in the existing studies (Kananian et al.
2001, Haghipour et al. 2015, Motaghi et al. 2020).
Particularly notable are the system of ridges and
fracture zones which separate the Arabian Sea
into morphologically distinct basins (Fig. 2). The
northwestern branch of the ternary system of
Mid-Indian Ridge consists of several parts. From
the triple joint, it stretches in a direction close to
the meridional and then continues from the re-
gion of 3°N and 67°E in the NW direction as the
Carlsberg Ridge, a slow-spreading ridge with rate
of 26 mm/yr (Murton & Rona 2015). The Makran
subduction zone has shallow seismicity with fre-
quent moderate-level earthquakes.

However, the seismicity differs in the east-
ern and western parts of the region, with a rough
boundary between the two zones at ca 62°E (the
border between Iran and Pakistan). The seismicity
is low in its western segment and high in the east,
where large-magnitude frequent earthquakes are
recorded. Such spatial difference might be caused
by a segmentation of the subduction zone (Rani
et al. 2011). The region also has high hydrocarbon
potential (Harms et al. 1984).

The horizontal movements of the Arabian
Plate have repeated during the geological evolu-
tion of the region with the main geological struc-
tures formed by the end of Miocene. Some resid-
ual shallow inland seas persisted inland of the
Makran through the Neogene (McCall 1997). The
Owen Fracture Zone marks the area where the old
oceanic lithosphere was rifted to form the She-
ba Ridge (Stein & Cochran 1985). The system of
these rift complexes was formed in Miocene dur-
ing the opening of the Gulf of Aden, from the Gulf
of Aden to the African-Antarctic Range in the SW
of the Indian Ocean (Hunziker et al. 2015).

Geology, Geophysics and Environment, 2020, 46 (3): 205-222
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Geologic and seismic setting and focal mechanisms

GEBCO 15 arc-sec grid. Focal mechanisms dataset: Global CMT Catalog
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Fig. 2. Geological and seismic map of the Arabian Sea basin

The NW Arabian Sea and the Indian plate margin
are characterized by several phases of volcanism
and deformation (Gaedicke et al. 2002). Ridge in-
version resulted in intra-oceanic subduction with
an arc magmatism producing the lavas covering
Oman ophiolite, the largest piece of oceanic crust
exposed on land (Goodenough et al. 2014). The
ophiolites formed submarine elevations in the Late
Cretaceous—Eocene period until the Early Oligo-
cene (Burg et al. 2013). The Oman ophiolites are
remnants of the ancient oceanic crust which have

THE GENERIC MAPPING ToOLS

Transverse Mercator projection. Scale: km

0 1000

risen to the surface. Cretaceous active volcanism
is indicated by the recorded heavy minerals and
dioritic pebbles and turbidites of the Makran ac-
cretionary wedge.

Geomorphology

The Makran Trench stretches for 1,000 km along
the northeastern margin of the Gulf of Oman,
southeast of Iran and southwest of Pakistan. Geo-
metrically, it has a slightly arcuate form and
ca. 350 km width (Burg 2018). Topographically,

https://journals.agh.edu.pl/geol
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the Makran subduction zoneislocated in the north-
ern part of the Arabian Sea (Fig. 1) where the sea-
floor is generally inclined to the south with depths
increasing from 3,000 to 4,800 m. The geomorphic
structure of the Arabian Sea seafloor is complicated
by numerous faults and rifts, the Carlsberg Ridge,
and the Owen Fracture Zone. The seafloor surface
here is leveled and complicated by channels of sus-
pension flows diverging from the mouth of the In-
dus (Fig. 1). The crustal block structure of the Mur-
ray Ridge reaches depths of —2,000 m (Minshull
et al. 2015). The Murray Ridge and Owen Fracture
Zone separate the local basin of the small Gulf of
Oman with rather flat seafloor at depths of about
-3,300 m. The western part of the Arabian Sea has
a shallow shelf stretching along the coasts of the
Arabian Peninsula, Iran and Pakistan, with depths
below 80-100 m. The surface of the shelf along the
coasts of Oman and Saudi Arabia is complicated
by numerous coral reefs. The continental slope
along the coast of Oman is presented by a ledge
with valley-block dissections. The continental
slope along the coasts of Iran and Pakistan has
a step-block structure at depths of 3,000-3,400 m.

The Carlsberg Ridge is the most notable geo-
morphological structure in the Arabian Sea, dis-
covered by the Danish R/V ‘Dana’ during the
Carlsberg Foundation’s Oceanographic Expedition
in 1928-1930 (Wolff 1967). It is directed NW until
the 10°N. At 10°N, the Carlsberg Ridge is dissected
by the large transverse Owen Fracture Zone with
a total length in the adjacent basins of 2,800 km,
including Chain Ridge and Murray Ridge (Rod-
riguez et al. 2014). Then, it changes direction to
almost 90° until 12.5°N before continuing as the
Aden-Sheba Ridge in the Gulf of Aden (Fig. 2). The
Carlsberg Ridge is characterized by the extended
block-ridge geomorphic structures in the rift zone
and on the flanks. Its geomorphology was affected
by the northward drag of the Arabian Plate caused
by the Indian Plate across the northern Owen Frac-
ture Zone (Bosworth et al. 2005). The end of this rift
system is a graben of the Gulf of Tadjoura, which is
a direct continuation of the Aden-Sheba Ridge and
the rift graben branching to the NW of the Red Sea
through the Gulf of Aden. These grabens might be
a form of rift intrusion within the continent.

The depths in the rift valleys exceed —3,500 m,
in some places up to —4,200 m, and above the

ridge mostly —2,300 to —2,800 m, with rare trans-
verse faults located within the rift zone. The frac-
ture zone within the mid-ocean ridge is present-
ed by a system of alternating parallel ridges and
gutter-shaped narrow elongated minor trench-
es. Here the depths exceed —4,000 m (maximal
depth —5,803 m) ranging 2,500 to 3,500 m above
the ridges. The largest submarine peak is the
flat-headed Error Seamount (Mount Error Guyot),
a shallow guyot located in the Arabian Sea with
a minimal depth of 368 m, notable for its phos-
phorites, dense slabs and irregular lumps associat-
ed with limestones (Purnachandra Rao 1986). The
displacement of the rift structures along the fault
is 330 km.

Sedimentation

The interplay between the tectonics, climate
change and melting of glaciers controls the input
of terrigenous sediment along the active Makran
convergent zone (Bourget et al. 2010). The condi-
tions of sediment formation, storage rates, and ca-
pacity of transport from fluvial systems and na-
ture of sediment supply correlated to the climate
changes, sea-level, and lithosphere movements
affecting source-to-sink sediment dispersal pat-
terns. Climate controls the currents that feed the
turbidite system. In turn, it controls the sand-to-
mud ratio in the deep-water deposits in trench
areas.

Active deformation of sediments at a compres-
sive plate boundary causes the tectonic thickening
of the sediment column (White & Klitgord 1976).
These processes take place at the continental mar-
gin near the Makran Trench: sediments from the
Oman Abyssal Plain are accreted in a series of fold-
ed sediment ridges parallel to the coast and grad-
ually changing seafloor geomorphology. In turn,
the thick sediment layer hides submarine geomor-
phic features, e.g. Laxmi Ridge, a large-scale base-
ment high buried beneath the sediments of the
Indus Fan (Bhattacharya et al. 1994, Miles et al.
1998). On the one hand, the transport, relocation
and distribution of the sediments are caused by
the movements of the Earth’s crust, submarine re-
lief and currents. On the other, sedimentation can
be associated with climate change and in turn this
affects the geomorphology of the seafloor through
the accumulation and deposition processes.

Geology, Geophysics and Environment, 2020, 46 (3): 205-222
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Sediment thickness on the Arabian Sea seafloor
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Fig. 3. Sediment thickness of the Arabian Sea basin

The sediment thickness of the Arabian Sea has
an uneven distribution clearly distinct for its shelf
northern areas and southern outer waters (Fig. 3).
The sediment thickness is maximal (up to 2500-
3000 m) in the northern part of the Arabian Sea,
near the mouth of Indus River (runoft of 435 Mt/yr)
and smaller rivers (Narmada, Tapti). Compared to
the outer parts of the sea, the Makran subduction
zone has a higher sediment input with a thickness
of 7 km and a shallow subduction angle (Kopp et al.
2000, Smith et al. 2014). According to recent stud-
ies (Ellouz-Zimmermann et al. 2007), the sediment
input in the Makran originated during Cenozoic
from various sources: direct influx from the Indus

<
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m
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Transverse Mercator projection. Scale: km
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River Valley, Indian shield and Himalayas, and the
strong erosion of the growing Makran accretion-
ary prism. The sediment thickness only decreases
to less than 0.5 km in the pelagic zone of the Ara-
bian Sea, reaching values typical for the open parts
of the ocean (Neprochnov 1961). The width of the
zone with higher values of the sediment thickness
(0.5 to 2.5 km and more) is about 1.5 km (Lisit-
syn 1974). The sedimentary material from the In-
dus River, along with carbonate, provides signif-
icant input to the Arabian Sea overcoming the
Mid-Indian Ridge and entering the Somali Ba-
sin. More details on sedimentation of the Arabian
Sea are provided in existing studies (White 1982,
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Searle et al. 1983, Platt et al. 1985, Prins et al. 2000,
Hosseini-Barzi & Talbot 2003).

Geophysics

Geophysical data provide an important indication
of the Earth’s crustal structure: the gravity anom-
aly is generated by the bending of the oceanic lith-
osphere into the Makran subduction zone and
density variations in the mantle lithosphere. Man-
tle density variations (denser or thicker) reflect-
ed on the gravity maps are caused by the crustal
structure in the areas of tectonic plate subduction
and the effects of faults (Linsser 1967). Hence, tec-
tonics can be investigated on the maps of gravity

undulations. Example of such studies already exist
(Awad et al. 2001, Selim & Aboud 2012). High-res-
olution marine free-air gravity maps across the
Arabian Sea and Makran margin corroborate
the difference in the crust gravity anomalies. The
comparison of the gravity anomalies with lin-
eations of the topographical structures permits
more detailed seafloor spreading, and in particu-
lar, some of the basement features and geomor-
phic objects in the basin of the Arabian Sea. The
Carlsberg Ridge which crosses the Arabian Sea is
generally characterized by weakly positive marine
free-air gravity anomalies 10 to 50 mGal (orange
to red colors, Fig. 5).

Geoid regional model: Arabian Sea region

World geoid image 2,5 minute resolution, EGM2008-WGS 84
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Fig. 4. Geoid model of the Arabian Sea basin, based on the EGM2008 raster data set of 2.5-minute geoid undulation covering

the Arabian Sea
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At the same time, the basin of the Arabian Sea
is characterized by lower marine free-air gravity
values: =20 to 5 mGal (light green to yellow colors,
Fig. 5).

According to the visualized map (Fig. 5), there
are strongly negative anomalies with an ampli-
tude of —70 mGal and below (dark blue colors in
Figure 5) in the Owen Fracture Zone, Murray
Ridge and the Makran Trench. The transverse di-
mensions of the Carlsberg Ridge (20-40 km) cor-
responds to the size of the blocks composing the
ridge submarine relief. In the rift zone above its
western parts, the marine free-air gravity anoma-
lies are positive, taking up to 40 mGal (red colors,

Fig. 5), above its further flanks the anomalies be-
come slightly negative (0 to —20 mGal), and above
the rift valley a minimum of —60 mGal is noted
(blue color depicting the valley of the Carlsberg
Ridge). Local variations in the marine free-air
gravity anomalies indicate the horizontal densi-
ty heterogeneity of the Earth’s crust and its block
structure. Rock bodies causing gravity anomalies
over the Carlsberg Ridge indicate that their upper
layers are located on the seafloor surface, while
lower ones are at depths of —10 to —15 km, i.e. on
the border with the anomalous Earth’s mantle.
This may affect the distribution of gravity anoma-
lies over the Arabian Sea seafloor.

Marine free-air gravity anomaly: Arabian Sea region
Global gravity grid from CryoSat-2 and Jason-1, 1 min resolution
Transverse Mercator prj. Central meridian: 62°E Standard parallel: 15°N
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Fig. 5. Marine free-air gravity map of the Arabian Sea basin
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MATERIAL AND METHODS

The technical methodology is based on the Generic
Mapping Tools (GMT), a free open-source carto-
graphic toolset (Wessel & Smith 1991, Wessel et al.
2013). The GMT was used for mapping, visualiz-
ing, data format converting and automated digitiz-
ing, plotting graphs of the cross-sectional profiles
and modelling. The algorithms of GMT syntax and
shell scripts are described (Wessel & Smith 2018,
Lemenkova 2020a, 2020b). The general topograph-
ical map (Fig. 1) and digitizing cross-sectional pro-
files of the Makran Trench (Figs. 6, 7) were based
on using General Bathymetric Chart of the Oceans
(GEBCO), a 15-arc second high-resolution raster
grid covering bathymetry and topography of the
Earth (Monahan 2004). The visualization of the
GEBCO dataset was made using a series of GMT
modules by means of the scripting approach de-
scribed in existing works (Lemenkova 2019g). Geo-
logical datasets were derived from the Scripps In-
stitution of Oceanography datasets. Focal seismic
mechanisms were plotted using dataset from the
global CMT project (Ekstrom et al. 2012).

The geoid data was modeled using a raster grid
based on EGM2008 (Fig. 4), a geopotential mod-
el of the Earth’s gravity fields with a resolution of
2.5 minutes (Pavlis et al. 2012), which is an updat-
ed version of the previous EGM96 with a 15-min-
ute resolution (Lemoine et al. 1998). A subset of
the global 2.5 x 2.5-minute grid of the computed
geoid undulation values of the EGM2008-WGS 84
was made using the conversion of the initial ESRI
GRID tothe GMTbya GMT command ‘grdconvert
cent2_geoid/ EGM2008ME.grd’, which exchang-
es the initial ArcGIS raster format with an ‘adf’
extension into the GRID format (EGM2008ME.
grd) readable by GMT. Here, the ‘cent2_geoid/’ is
a folder with an ESRI grid. The space indicates the
grid file has been compiled from the ESRI format
(w001001.adf).

The file was visualized by the GMT codes
‘ps=Geoid_EGM2008.ps’ and ‘gmt grdimage
EGM2008ME.grd -Ccolors.cpt  -R20/90/-5/60
-JM6i -P -I+al5+ne0.75 -Xc -K > $ps’. Since the
ArcGIS ESRI GRID rasters are stored in a folder, it
contains an ‘Info’ subfolder and auxiliary file (with
an AUX extension) and a subfolder with seven

technical files that store metadata (xml), geo-
graphic coordinates, header information (prj.adf,
hdr.adf, sta.adf, dblbnd.adf) and the actual raster
data for the corresponding grid. This GRID for-
mat represents a continuous surface of geoid un-
dulation where each cell derives the value from the
original computed geoid undulation value located
at the SW corner of each cell (Pavlis et al. 2012).

The free-air gravity map was used to depict
the broad tectonic and topographical character-
istics (Smith & Sandwell 1997). The dataset for
global free-air marine gravity was received from
the available grids modeled by the remote sens-
ing survey from CryoSat-2, Jason-1 retrieved from
Scripps Institution of Oceanography (Sandwell
et al. 2014). Mapping marine free-air gravity is es-
sential in a variety geological applications, such
as determining structures of crust, quantitative
assessments in resource exploration, metallic
ores, near-surface voids, determining subsurface
and salt structures, defining depths of the crys-
talline basement complex, computing changes
of fluid or gas content in volcanoes (Hinze et al.
2013). In general, the interpretation of the marine
free-air gravity anomalies correlates with values
of the approximate bathymetric depths and the
density of known geological or geophysical da-
tasets. The original dataset in GRID format pre-
sents the pre-computed gravity response of the
rock structure calculated with a modeling algo-
rithm (Sandwell et al. 2014). The technical details
of mapping free-air gravity by GMT were derived
from Lemenkova (2020c¢).

The sediment thickness was modeled using
a GlobSed raster grid, Version 3, with a computed
total sediment thickness of the Earth’s oceans and
marginal seas (Straume et al. 2019). A sediment
thickness grid was compiled based on the 5-min-
ute resolution data grid from NOAA, the World
Data Service for Geophysics, received by the seis-
mic reflection and refraction data and compiled
for the world areas. The sediment thickness ena-
bles the identification of the variability of the sed-
iment deposition along the Arabian Sea, Makran
and western margins of Hindustan, which demon-
strates a correlation with Indus river discharge.
The sediment grid depicts lower values distributed
relatively evenly in the outer (southern) margins
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of the Arabian Sea and generally higher values
near the coastal zones. The values change mark-
edly in the Persian Gulf where the values exceed
the 5,000 m. the area of the Makran Trench has
dominating values between the 1,800 to 2,600 m.
By mapping the GlobSed grid, the regions of the
sediment deposition can be identified, which sug-
gests various sediment sources: pelagic, hemipe-
lagic, alluvial and glacial drainage outlets from
the continent (mainly, the Indus River and minor
rivers in the study area).

Geomorphological slopes of the Makran Trench
were identified and visualized from a gridded ba-
thymetry data set (GEBCO 15 arc-second grid),

which is based on the satellite-derived gravity-pre-
dicted depths (Mayer et al. 2018). The cross sec-
tional profiles, each with a 300-km length, were
drawn using a combination of the GMT modules
‘grdtrack’, ‘convert’ and ‘psxy’ and a Unix utili-
ty ‘cat’ using an existing technology (Lemenko-
va 2019b, Lemenkova 2019¢) across the segments
with coordinates 61.3°E 24.1°N (1" point of the
segment) to 63.7°E 24.2°N (2™ point of the seg-
ment) (Fig. 6B). The cross-sections are visualized
in Figure 6. The red line connected by two points
means a target segment with start and end points
at coordinates 61.3°E 24.1°N to 63.7°E 24.2°N
(Fig. 6B).
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The perpendicular sections mean 13 cross-sec-
tion transects. The length of each cross-section is
300 km. The profiles were spaced at 20 km (the
distance between every two cross-sections, yellow
thin lines in Figure 6B) and sampled every 2 km
(that means, the depth point was measured every
2 km along the 300-km line of each cross-sec-
tion). The cross-sections are shown as flanks
with a trench axis at 0 and 150 km at both flanks
(Fig. 6A): the graph of the profile runs at X axis
from —150 to 150 passing 0 where the trench axis
is located. Technically, the cross-sections were
plotted in a GMT script by the ‘grdtrack’ module
using the following code: ‘gmt grdtrack trench-
MAK.txt -Gmak_relief.nc -C300k/2k/20k+v
-Sm+sstackMAK.txt > tableMAK.txt’ and ‘gmt
psxy -R -] -W0.5p, yellow tableMAK.txt -O -K
>> $ps’. Figure 6A shows the median of the
cross-section profiles as red line. The cross-sec-
tions are crossing the Makran Trench in a per-
pendicular direction (as indicated in Figure 6A).
Accordingly, the bathymetric depths vary within
each of the segment as shown on the histogram
(Fig. 7). From each profile, the statistics on the
Makran Trench depth (minimum, maximum,
median, and a standard deviation) were record-
ed and visualized over the range of —4,000 to
1,000 km. A rose diagram shows the distribution
of the topographical slope directions (Fig. 7) by
modules ‘pshistogram’, ‘psrose’ and ‘pslegend’ for
plotting (Fig. 7).

RESULTS

The symmetry of the ocean floor structure is
demonstrated as a visualized distribution of the
gravity anomalies, geological formation, geoid
and topographical terrain (Figs. 1-5). Clearly dis-
cernible rift anomalies associated with the for-
mation of a new oceanic crust and with the up-
lift of the deep matter stretch along the axis of
the Makran Trench, Carlsberg Ridge and Owen
Fracture Zone. On both sides of these geomorphic
structures, the anomalies are symmetrically dis-
tributed, correlating quite well with local struc-
tural forms of the submarine relief.

Fracture zones and numerous transform faults
are clearly visible along the stretching directions
of the marine free-air gravity anomalies, dissect-
ing the Carlsberg Ridge and in some cases entering
ocean basins (comparing Figures 1, 2 and 5). Sedi-
ment thickness clearly correlates with the Indus Riv-
er mouth and inflow (Fig. 3) dividing the Arabian
Sea into the two regions that in turn correlate with
the valley of the Carlsberg Ridge serving as a nat-
ural border (compare Figures 2 and 3). The geoid
regional gravitation model (Fig. 2) clearly shows the
division of the Arabian Sea basin roughly diagonal-
ly into two regions according to the values of the
undulations: NW area: slightly negative values from
0to —45 (red, orange to yellow colors in Figure 4) and
strongly negative values from —45 to over —100 (yel-
low, green to blue colors in Figure 4) with the most
negative anomalies around the Maldives (Fig. 1).
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The gravity model demonstrates the respons-
es of the geophysical structure to the variations
in lithology and inferred depths realized from the
satellite-derived gravity data (Fig. 5). The grav-
ity field gives an integrated response to the rock
density contrasts caused by geological features on
both regional (Arabian Sea basin) and local scales
(Makran Trench). This is supported by an inte-
grated analysis of the datasets indicating that dif-
ferences in the gravity fields are caused by the var-
iations in the geological basement structure and
evolution in tectonic formation of the Makran,
which is mirrored on the topographical maps.
Gravity anomalies correlate with the bounda-
ries of the Arabian Sea basin, which is character-
ized by a lower value on its topographical depths
(Owen Fracture Zone, Makran Trench, the areas
east of Somalia) and higher values in the moun-
tain areas (Zagros, Oman). Prominent gravity lin-
eaments may delineate faults and local basins.

The across-axis bathymetric profiles are drawn
perpendicular to the stretching direction of the Ma-
kran Trench and across the segment of a 300-km
distance (i.e. 150 km from the center of the cross-
-section). Total segment width is about 266 km
(stretching from 61.3°E to 63.7°E). The error bars
(vertical grey lines perpendicular to the median
red-color line, Fig. 6A) are calculated as a statisti-
cal representation of the variability of the bathy-
metric and topographic data. They are plotted on
a graph (Fig. 6A) to graphically indicate error or
uncertainties in a GEBCO grid. The distance be-
tween the foot of the trench is reaching —3,487 m
depth bounding the margins of the axial valley of
the Makran Trench seafloor. The maximum and
minimum detected depths of the Makran Trench
are —3,487 m (the deepest part of the axial valley)
and 43 m (the highest part of the coastal flank
in the selected segment, Fig. 6A). A comparison
is made between the parameters depicting the
Makran Trench geomorphology, across-axis ba-
thymetry, axial width (300 km), geological and
geophysical framework (marine free-air gravity,
geoid undulations), tectonics and sediment thick-
ness. The steep northern slope of the trench is lo-
cated on a Makran accretionary wedge (prism).
Hence, its geomorphology is largely influenced
by the structure, lithology, facies and age of the
building rocks, as well as tectonic lineaments and

processes, including faults, out-of-sequence dislo-
cations, and thrusts. The southern, gently dipping
slope is a fragment of a rather flat seafloor. The el-
evation behind the trench indicates the Murray
Ridge.

The analysis of the bathymetric data distribu-
tion frequency (Fig. 7), normalized over 300-km
width statistical windows for the Makran Trench,
comprises data for the 13 cross-section pro-
files drawn as individual trench segments, av-
eraged and binned into sections with flanks on
each of the 150 m from the trench axis (Fig. 6).
The analysis of trench bathymetry revealed fol-
lowing statistical results (Fig. 7). The most fre-
quent depth (448 values) are detected at depths
-3,250 to —3,500 m followed by values of —3,000
to —3,250 m (225 samples) and an interval of
-2,750 to 3,000 m (201 sample). The gently de-
clining continental slope of the coastal elevations
correlates with the gradually decreasing frequen-
cy of depth, as shown in Figure 7: several equally
distributed bins with sample values of 124 sam-
ples (-2,500 to —2,750 m), 96 samples (2,250 to
-2,500 m), 86 (-2,000 to —2,250 m), respectively.
The second slight increase in topographical values
(104 samples for the range of 1,750 to 2,000 m)
indicates submarine elevations near the coast-
al line followed by a gradual decrease in values
from 63 to 28 samples on the shelf area in total
covering shelf area with bathymetry from -1,750
to —250 m. A higher peak can be seen for the
near-coastal zone (205 sample points for the in-
terval 0-250 m) followed by the terrain areas. At
the deepest values exceeding —3,500 m there are
only 14 samples detected: 13 samples for the range
-3,500 to —3,750 m and one sample for the deep-
est zone having the lowest frequency typical for
the deepest areas due to its local geological con-
text and the impact of tectonic plate movements.

DISCUSSION

The deepest oceanic trenches are located in the
western Pacific Ocean, followed by the eastern
Pacific Ocean and Indian Ocean. Therefore, the
Makran Trenchis much shallowerand hasanirreg-
ular geomorphic shape compared to other oceanic
trenches. The greatest trench depths of 10-11 km
are detected in the Mariana and Tonga-Kermadec
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trenches, while the Makran Trench does not ex-
ceed —3,487 m according to this study based on
GEBCO dataset. The specific irregular shape form
of the trench is caused by the dense lithosphere
of the Arabian Plate subducting beneath the less-
dense lithosphere of the Eurasian plate, which
creates a trench at the convergent plate bound-
aries. In general, oceanic trenches vary accord-
ing to their geomorphological type (U, V, asym-
metric, symmetric) with characteristic steepness
such as ‘strong’, ‘very strong’, ‘extreme’, ‘steep’,
‘very steep’, and the Makran Trench has a ‘strong’
slope clearly asymmetric on the continental slope
and rather flat valley on the oceanward side. The
valley slopes of the trenches can be classified as
follows: very high, high, moderate, low based on
the degree of curvature. Using this classification,
the Makran Trench has a ‘high’ slope steepness
on the continental slope of Pakistan, while it has
a ‘low” slope steepness on the oceanward side.

Topographical, gravity, geoid and geologi-
cal data are related to the different rock proper-
ties in the subsurface. This results in the coin-
ciding attribute contrasts clearly visible in the
maps, a phenomenon which forms the basis for
the joint spatial analysis and interpretation of the
thematic data. This study examined the relation-
ships between the topographical structure and
submarine geomorphology, sediment thickness,
geophysical anomaly fields, geological settings
and tectonic lineament stretching of the Arabi-
an Sea region, seafloor spreading rate, Carlsberg
Ridge morphology and Makran Trench depths
by GMT. Compared to other deep-sea trenches,
the Makran Trench differs in its geomorpholo-
gy. For instance, the Kuril-Kamchatka Trench
has a cascade-shaped form. Variations in its ge-
omorphology show (Lemenkova 2019e, 2020d)
that the southern part reaches maximal depths
of —8,200 m, while northern reaches those of
—7,800 m. The Palau Trench is notable for its ir-
regular V-shaped left-sided trench. Its bathy-
metric profiles have a very sharp yet irregular
V-shape except for its northern portion (Lemen-
kova 2019f). The Mariana Trench is markedly sym-
metric, with a V-shaped bottom profile of large
width. The dominating grades are steep (7-9°)
and flat bottomed (Lemenkova 2019a). The Pe-
ru-Chile Trench is 4,500 km long, reaching depths

of 7-8 km below sea level (Lemenkova 2019d). Be-
cause ocean trenches result from tectonic activity
arising from the movement of the Earth’s litho-
sphere, the shapes of the ocean trenches are di-
verse due to the regional geological settings, rock
mineral composition, and erosion.

A geospatial analysis of the multi-source data-
set using GMT presents a data-driven modelling
technique with a scripting approach. Such an ap-
proach is useful when a correlation between the
geomorphic data and complex geophysical pro-
cesses underlying a phenomenon of the oceanic
trench formation are only partially known, and
would necessitate the mapping of a series of mul-
ti-source input raster data. The automatization of
cartographic techniques is important, and a con-
stantly developing challenge in geoinformatics
(Freeman 1988, Ruas 1995, Hangouet 1998, Gaug-
er et al. 2007, Schenke & Lemenkova 2008, Le-
menkova 2018, 2019h, 2019i). Within the suite of
data-driven GMT, a scripting approach is useful
for automatic data processing from various sourc-
es (tectonics, sedimentology, geology, geophysics,
geomorphology (geomorphometry) and topogra-
phy). GMT presents a scripting template for the
rapid processing of diverse datasets: set up of car-
tographic projections, legends, color tables, car-
tographic grid lines and ticks, choosing elements
visualized on a map. The scripting templates of
GMT facilitate the speed and increase the preci-
sion of mapping through automatization.

Automatization in GIS technically aims at in-
creasing the speed of the technical processes, to-
gether with securing the reliability of the resulting
output through the machine-based data analysis,
free of human subjectivity during manual car-
tographic routine. Rapid and automated pro-
cessing of various datasets by GMT enables dif-
ferent levels of cartographic abstraction, visual
representation, data transformation (projections)
and scale (both in terms of geographic scale and
cartographic generalization of the level of details).
Automatization in GIS mapping through script-
ing based GMT techniques enables us to speed up
processing grids and focus on geophysical analy-
sis. Compared to existing GIS, e.g. ArcGIS (Sueto-
va et al. 2005, Lemenkova 2011, Lemenkova et al.
2012, Klauco et al. 2013a, 2013b, 2014, 2017); the
advantage of GMT is that it is able to process large
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datasets in a rapid yet effective way rather than
creating layouts for each map through the tradi-
tional GUI GIS interface.

CONCLUSIONS

This study aimed at analyzing the geomorphology
of the Makran Trench in the context of the region-
al settings of the north Arabian Sea. Data integra-
tion is needed for the comparative analysis of the
geomorphic structure of the Makran Trench (ba-
thymetry, geology, geomorphology, geophysics).
To achieve this purpose, GMT based cartographic
methods were applied to high-resolution datasets,
evaluated, modelled and visualized for the study
area. Scripting techniques of GMT were executed
to perform machine-based mapping with several
GMT modules: 1) psbasemap pscoast, 2) grdcon-
tour, 3) psxy, 4) psmeca, and 5) pslegend being the
most important ones. The results showed the im-
pact on the topography of the Makran Trench of
geological, tectonic and geophysical regional set-
tings. There are significant connections between
the geomorphological modelling, tectonic and geo-
logical structure of the Makran Trench in the Ara-
bian Sea. Therefore, the geomorphological features
are a sensitive indicator for the interpretation of
the submarine geological structures of the trench
in the context of the geological and geophysical
settings of the oceanic basin, where the availabil-
ity of direct research is strictly limited by remote
sensing approaches. Because the area of the study
is tectonically active, with a system of ridges and
fracture zones, it separates the Arabian Sea into
morphologically distinct basins. Therefore, this
study presented the analysis of the relationships
between the topographic structure of the Makran
Trench and regional settings of the Arabian Sea:
geomorphology, sediment thickness, geophysical
anomaly fields, geology and tectonic lineaments.

The analysis has shown that there is a corre-
lation between the geological (tectonic) struc-
ture, asymmetric terrain forms and geophysical
anomaly fields. For example, the gravity data in-
dicate a crustal structure: the gravity anomaly is
generated by the bending of the lithosphere into
the Makran subduction zone and density varia-
tions in the mantle which is reflected in the grav-
ity maps. The marine free-air gravity correlates

with the lineaments of the geomorphic struc-
tures. The bathymetric analysis of the trench re-
vealed the most frequent depth (448 samples) at
-3,250 to —3,500 m, following by intervals: -3,000
to —3,250 m, —2,750 to —3,000 m. Declining con-
tinental slope of the coastal elevations correlate
with gradually decreasing depths, as equally dis-
tributed bins: 124 samples (-2,500 to —2,750 m),
96 (=2,250 to —2,500 m), 86 (~2,000 to —2,250 m).
The Makran Trench is an asymmetric form with
a ‘high’ slope steepness on the continental slope of
Pakistan, and a ‘low’ steepness with a rather flat
valley on the oceanward side.

The multi-source data integration demonstrat-
ed is important for the seafloor mapping and ge-
omorphological analysis of oceanic trenches hid-
den for direct observations. The machine learning
methods of GMT and cartographic modeling pro-
vide possibilities for the efficient visualization and
mapping the morphology of oceanic trenches.
The comparison of the geomorphic models with
gravity anomalies, tectonic lineation, geological
structures and topographical variations of depths
gives more detail to studies of the seafloor in the
basin of the Arabian Sea. Further research might
be based on expanded geodatasets (e.g. magnetic
anomalies, stratigraphic columns) to understand
the extent to which the effects of geology and tec-
tonics have an impact on the geomorphology of
the trench using modelling in other segments of
the Makran Trench.

The effective GMT-based cartographic visual-
ization demonstrating the models of the terrain
features facilitates the reading of the elements
of the geological structure, either directly or by
a comparative analysis of the thematic maps and
auxiliary cross-sections and enables more insight-
ful observations about the local relations between
geology and geomorphology. Another advan-
tage of GMT consists in its high level of scientif-
ic graphical plotting, together with aesthetic ge-
ometric representation of the elements of maps
(lines, polygons, symbols). Traditional mapping,
using a user interface based on GIS, is less effec-
tive in term of precision and speed of mapping,
compared to the machine-based cartographic vis-
ualization of GMT scripting toolset. As a result,
GMT-based mapping is more appropriate than
proprietary GIS maps.
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As demonstrated in the presented paper, the
GMT approach gives better results when deal-
ing with large heterogeneous data for a complex
analysis of various datasets (geology, tectonics,
geophysics, topography, geomorphological mod-
elling by cross-section profiles) than traditional
GIS techniques that require lots of manual work.
Second, the GMT is an open source toolset which
presents a certain advantage over commercial GIS.
Finally, GMT has embedded specific modules for
plotting geophysical elements (focal mechanisms
of so called ‘beach balls’ representing seismic set-
tings, as plotted in Figure 2). Therefore, the tra-
ditional GIS cannot be seen as a complete equiv-
alent to the GMT. The scripting nature of GMT
means that the reproduction of spatial and tempo-
ral context is automated using prepared templates
applied for various datasets which facilitates and
automates the process of cartographic mapping.
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