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Abstract: The South Sandwich Trench located eastward of the Drake Passage in the Scotia 
Sea between Antarctica and South America is one of the least studied deep-sea trenches. Its 
geomorphological formation and present shape formed under the strong influence of the 
tectonic plate movements and various aspects of the geological setting, i.e., sediment 
thickness, faults, fracture zones and geologic lineaments. The aim of this paper is to link the 
geological and geophysical setting of the Scotia Sea with individual geomorphological 
features of the South Sandwich Trench in the context of the phenomena of its formation and 
evolution. Linking several datasets (GEBCO, ETOPO1, EGM96, GlobSed and marine free- 
air gravity raster grids, geological vector layers) highlights correlations between various 
factors affecting deep-sea trench formation and development, using the Generic Mapping 
Tools (GMT) for cartographic mapping. The paper contributes to the regional studies of the 
submarine geomorphology in the Antarctic region with a technical application of the GMT 
cartographic scripting toolset. 

Keywords: South Atlantic Ocean, Scotia Sea Plate, deep-sea trench, GMT, Geology, 
Cartography. 

Introduction 

Rapid development of the computing power, programming languages, and 
the culture of coding have resulted in rapid advances in machine learning, 
analysis of big datasets, and automatization of geovisualization. The rise of 
scripting methods brought about advances in mapping traditionally used by the 
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Graphical User Interface (GUI), e.g., ArcGIS (Lemenkova 2011; Lemenkova et 
al. 2012; Klaučo et al. 2013a, 2013b, 2014, 2017). Scripting and programming 
languages and tools such as Python, R, Octave, Matlab, and awk allow 
enhancement of traditional geographical analysis to add advanced level data 
analysis and plotting to GIS based maps (e.g., Lemenkova 2020d) or perform 
a statistical plotting in geological data modelling (Agterberg 1964; Davis 1986; 
Dahlin et al. 1999; Lindh 2004). Examples of the advanced geospatial data 
analysis and visualization are presented in numerous publications on geophysical 
and gravity modelling (Janik 1997; Grad et al. 2002; Yegorova et al. 2011; Okoń 
et al. 2016; Pashkevich et al. 2018; Tiira et al. 2020; Lemenkova 2020e). The 
Generic Mapping Tools (GMT) presents further steps in the development of 
traditional cartography, or in the combination of GIS with statistical data 
analysis, through a combination of both. This makes GMT unique, because it is 
able to combine cartographic visualization and non-geospatial data analysis and 
to visualize both vector and raster data using scripts.  

Publications on seafloor topography and geomorphology have increased 
since 1991 with the use of GMT methodology, new datasets and techniques of 
data capture that visualized the true shape of the ocean seafloor. The bathymetric 
mapping including both GIS, and multibeam techniques enables to reveal the 
relief structures hidden beneath kilometers of sea water (Suetova et al. 2005; 
Gauger et al. 2007; Schenke and Lemenkova 2008; Leat et al. 2010, 2013; 
Lemenkova 2020a, 2020b, 2020c). However, the South Sandwich Trench is 
considerably less-well studied than the deep-sea trenches of the Pacific Ocean. 
This paper aims to contribute to studies of the South Sandwich Trench by 
analysis of the controls on the geological and geophysical settings affecting its 
geomorphology.  

Caused by the collision and subduction of the tectonic plates and sculptured 
by the complex interplay of tectonic and sedimentary processes, the 
geomorphology of oceanic trenches is very complex and diverse. At the same 
time, their submarine geomorphology is both spectacular in their structural and 
morphological features and enigmatic due to their remoteness. This necessarily 
requires special methods of remote sensing data measurements and their 
processing by advanced GIS tools which enables an automated machine-based 
digitizing of the series of the cross-sections, necessary to model the geomorphic 
structure of the trenches. This paper uses several high-resolution datasets for 
visualizing the geological, tectonic, topographic, and geophysical setting of the 
Scotia Sea, and processes the grids using the scripting algorithms of the GMT for 
geomorphological modelling along a set of closely-spaced trench transects.  

This paper contributes to studies of ocean trench geomorphology to examine 
the local settings of the Scotia Sea and South Sandwich Trench in their geological 
and geophysical contexts, as well as presenting characteristics of the variability in 
sediment thickness. It mirrors the circulation of bottom water within and between 
ocean basins, reflects the geological structure and topography of the seafloor and 
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affects trench geomorphology. The purpose was to visualize the correlation 
between the geomorphic form and geological evolution of the submarine 
landforms and to demonstrate how does the functionality of GMT enables 
to model and map geological and tectonic objects based on the raster grids, to 
visualize spatially continuous phenomena as three-dimensional datasets: 
topography, marine free-air gravity anomalies and geoid, geological structures 
(fracture zones, faults, trench, ridges, large igneous provinces) and spatial 
distribution of the sediment thickness.  

Finally, the paper shown the application of the methods of cartographic 
automatization aimed at processing of the cross-section profiles for geomorpho-
logical modelling, through visualizations of the Scotia Sea basin and 
geomorphological characterization of the South Sandwich Trench as a set of 
transects. The visualization of the topographic structure, geodynamics, and 
geologic composition of the Scotia Sea region and South Sandwich Trench is 
important since it contributes to the studies of its tectonic history, which allows 
modelling of the subduction processes and deeper analysis of the compositions of 
fluxes from the subducting slab. 

Data visualization 

The complex analysis of the Scotia Sea basin and South Sandwich Trench is 
presented as a series of thematic maps prepared by the author (Figs 1–5), which 
help to summarized current data on tectonics, bathymetry, sediment thickness, 
marine free-air gravity anomalies and geoid, which are discussed below. 
Geomorphological plots are based on statistical computations using the GEBCO 
global topographic map of the seafloor features and geological and geophysical 
settings. The characteristics of the ocean floor structure are visualized according 
to the gravitational anomalies, geological parameters, geoid model and 
topographic terrain (Figs 1–5). The elevations and rift anomalies caused by 
the formation of oceanic crust and tectonic movements are evident along the axis 
of the Scotia Arc, South Sandwich Trench and faults near the Antarctic 
Peninsula. 

The general bathymetric/topographic map covering the study area of the 
Scotia Sea and the South Sandwich Trench (Fig. 1) is based on the high- 
-resolution raster grid (15-arc second) of the General Bathymetric Chart of the 
Oceans (GEBCO), a bathymetric and topographic grid of the Earth (GEBCO 
Compilation Group, 2020): https://www.gebco.net/. The tectonic and geologi- 
cal setting (Fig. 2) are visualized based on the ETOPO1 grid (Amante and 
Eakins 2009). The resolution and accuracy of ETOPO1 (1 arc minute) is high, in 
contrast to the ETOPO5 (5 arc minute) gridded topography data, which are 
based on contour maps rather than original soundings and have large errors 
(Smith 1993). Previous regional detailed topological and bathymetric maps of 
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the Scotia Sea region (Leat et al. 2016) demonstrated that South Sandwich 
Islands are entirely volcanic in origin, and most have been volcanically active in 
historic times. A geopotential model of the Earth’s gravity fields EGM96 was 
used as a base raster dataset for modelling the geoid data (Fig. 4) of the Scotia 
Sea and South Sandwich Trench (Lemoine et al. 1998). The free-air gravity data 
(Fig. 5) of the study area was derived from the satellite-derived free-air gravity 
grid (Sandwell and Smith 1997; Sandwell et al. 2014). The visualization of the 
global satellite‐derived geoid or gravity anomaly data reveals the characteristics 
of the seamounts and seafloor fabric for analysis of their tectonic setting 
reflected in the relief by some sensitive parameters, e.g. elastic thickness of the 
lithosphere (Watts et al. 2006), and highlights the relations among the 
distributions of depth, seafloor area and age (Smith and Sandwell 1997). 
Sediment thickness was mapped from the raster global grid GlobSed, which is 
based on seismic reflection data (Straume et al. 2019). Earthquake focal 
mechanisms, represented as first-motion ‘beach balls’ (Fig. 2), were plotted 
using data from the global CMT project (Ekström et al. 2012).  

Fig. 1.  Topographic map of the Scotia Sea region, prepared using GEBCO global terrain model, 
15 arc second resolution grid (GEBCO Compilation Group 2020); Lambert Azimuthal Equal-Area 
projection, central meridian 42°W, standard parallel 57°S. 
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Geographic location and topography 

The Scotia Sea is located in the southern part of the Atlantic Ocean, close to 
the Antarctic, with coordinates in the ranges 53°S – 63°S, 25°W – 65°W (Fig. 1). 
The geographic borders of the Scotia Sea are the Drake Passage in the west and the 
Scotia Arc to the north, east, and south. The Scotia Arc is one of the Earth’s most 
important ocean gateways and former land bridges (Maldonado et al. 2014), now 
forming the spatial borders of the Scotia Sea: North Scotia Ridge as the northern 
margin, the South Sandwich Islands as the east margin, and the South Scotia Ridge 
on the south (Barker 2001), and the East Scotia Ridge as the back-arc spreading 
center (Leat et al. 2000). The formation of the Scotia Arc developed as a result of 
the evolution of the Andean–West Antarctic Cordillera, which included its 
bending, disruption, and fragmentation in the Cenozoic (Dalziel and Elliot 1971). 

Fig. 2. Geologic setting of the Scotia Sea region, prepared using ETOPO1 global terrain model, 
1 arc min resolution grid (Amante and Eakin 2009); Lambert Azimuthal Equal-Area projection, 
central meridian 42°W, standard parallel 57°S. The geologic features (faults earthquakes, tectonic 
plates) based on Bird (2003), Matthews et al. (2011), Seton et al. (2014) and Wessel et al. (2015). 
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The crescent of the Scotia Arc includes several minor islands and the South 
Sandwich Trench, located parallel to and east of the island arc. In general, there is 
an almost complete correlation between modern topographic relief of the seafloor 
in the Scotia Sea and its crystalline basement. At the tops of the elevated blocks 
of the South Scotia Ridge, the basement is partially exposed or covered by a layer 
of sediments exceeding 1 km (Maldonado et al. 2003). In general, the depths in 
Scotia Sea bathymetry do not exceed 4–5 km with occasional depths up to 6 km 
below sea level (bsl) in narrow channels and canyons extending along the foot of 
the Scotia Arc.  

Geology and tectonic setting 

The Scotia Sea is located on two minor tectonic plates, the Sandwich and 
Scotia plates. The Scotia Plate, located between the South American Plate and 
Antarctic Plate, was formed at about 30 to 6 Ma as a result of seafloor spreading 
on the West Scotia Ridge (Eagles et al. 2005; Riley et al. 2019), when spreading 
was active and ceased with activity at the junction with the North Scotia Ridge 
(Livermore et al. 2005), and older fragments of largely unknown age in the 
Central Scotia Sea, generally consistent with Mesozoic (Eagles 2010), see Fig. 2. 
The NE‐SW oriented western Scotia Sea spreading centers included the 
southernmost South America and the Antarctic Peninsula inter-plate motion in 
late Paleogene and Neogene between 30 and 9 Ma (Cunningham et al. 1995).  

The movement of the Phoenix Plate (also known as the Aluk Plate) in 
~15 Ma was accommodated at an axis of divergence in the region of Drake 
Passage (Eagles 2003, 2004). Located east of the spreading axis in the SE Pacific 
Ocean, the Phoenix Plate was partially subducted beneath the Antarctic Peninsula 
(Janik et al. 2014). Starting from the end of the Miocene, this spreading axis 
ceased to accommodate plate divergence (Litvin 1980). As a result of these 
complex movements, the Scotia Plate was partially preserved in the modern 
Scotia Sea (Barker and Burrell 1977).  

Origin of the Sandwich Plate 

During the last stages of the tectonic evolution of this region, the Scotia and 
Sandwich plates experienced motions relative to South America and Antarctica. 
As a result, the Scotia Sea region presents a complex set of marginal basins 
bordered by a seismic belt of South American and Antarctic plates (Forsyth 1975; 
Thomas et al. 2003). Currently, the Scotia Sea evolves under the strong influence 
of the movement of three plates: South American, Antarctic and the smaller Scotia 
tectonic plate affecting the Scotia Sea region (Barker 1970; Eagles and Jokat 
2014). Over 75% of the oceanic crust of the Scotia Sea is identified as being less 
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than 30 Myr old, formed almost entirely within this period as a complication of 
the South American-Antarctic plate boundary (Hill and Barker 1980).  

Since the Scotia Sea belongs to the marginal sea basins, its seafloor formed at 
the East and West Scotia ridges is composed of basalt, but there are also pieces of 
other crust on the banks. Although the magmatism along the East Scotia Ridge is 
chemically heterogeneous (Fretzdorff et al. 2003), there is a common 
composition similar to the mid-ocean ridge basalt (MORB) component, typical 
for the most of the lavas from the East Scotia back-arc spreading center, aqueous 
fluids from altered MORB, and samples from the slab-influenced segments 
showing addition of a sediment melt (Fretzdorff et al. 2002). The variations in 
magma chemistry result from mantle processes, and include generation of silicic 
magmas in a dominantly basaltic environment. The rock composition of the 
selected volcanoes ranges from mafic to silicic and tholeiitic to calc-alkaline 
(Leat et al. 2003).  

The South Sandwich volcanic arc erupts low-K tholeiitic rocks, covered by 
unexotic pelagic and volcanogenic sediments on the down-going slab (Tonarini 
et al. 2011). Besides, the comparison of the volcanic fluids in spatially distinct 
areas of the South Sandwich Islands arc shown variations in their chemical 
content: the northern volcanoes have a source of fluids originated from the 
oceanic crust, whereas southern volcanoes indicate a higher proportion of 
sediment-derived fluids, which proves that the sediment-derived fluids contribute 
to the regional magmatism while sediment-derived melt does not (Barry et al. 
2006). The formation of the modern geomorphological structure of the modern 
relief began in the Eocene (Ewing et al. 1971). Therefore, the average speeds of 
vertical tectonic movements since the Neogene can be estimated at 0.12– 
0.15 mm/year (Smalley et al. 2007).  

The tectonic movements in the South Sandwich Island volcanic arc, a classic 
intra-oceanic arc located on a young oceanic crust (Larter et al. 1998), resulted in 
the formation of thrust and reverse faults in the subduction zone (Barker and 
Griffiths 1972; De Wit 1977). The formation of the South Scotia Sea and South 
Scotia Ridge resulted from the crustal extension in the Late Paleocene to the 
Early Eocene (55 Ma) along with rift basin formation in the Fuegan Andes, 
caused by the separation of the South American and Antarctic continents (Dalziel 
et al. 2013). The formation of the Wadati–Benioff seismic zone and South 
Sandwich Trench resulted from the subduction of the southernmost segment of 
the South American Plate beneath the small South Sandwich Plate. Specifically, 
the high level of activity at the South Sandwich Trench reflects the rapid motion 
of the Sandwich Plate, which overrides the subducting slab of South American 
lithosphere (Livermore 2003). 

Seafloor spreading rates vary in different parts of the Scotia Sea basin: the 
South Sandwich forearc, the North Scotia Ridge, the South Scotia Ridge, 
the South Shetland Islands Block and the Shackleton Fracture Zone. Thus, the 
continental crust of the South Shetland Islands is about 10 to 12 km thick near the 
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slope, and becomes more than 15 km thick to the south while Ona High, to the 
norther of South Shetland Islands, has a variation of maximum thickness of 
10 km to the slightly thicker than 6 km in the western, but highly thinned by 
faults (Maldonado et al. 2014). Its western part is covered by a thinner oceanic 
crust (6–8 km) caused by the depositional wedge, which consists of a thin 
volcanic layer with seismic velocities of 3.7–4.9 km/s and a basalt layer of 
6.0–6.8 km/s. An upper mantle layer with a seismic velocity of ca. 8.2 km/s is 
located below (Litvin 1987). Geophysical analyses show that basalt layers 
generally differ from sedimentary layers by their more stable seismic velocity 
profiles, which demonstrates spatial variations in the tectonic settings of the 
studied areas. In the continent-ocean transition zones, it can be assumed that the 
basalt layer initially had a heterogeneous structure, similar to the granite- 
metamorphic layer, which was then gradually transformed in course of the 
geological development by significant basaltic intrusions that finally led to 
present-day homogeneity in rock constitution. 

Sedimentation 

The sediment thickness variation over the Scotia Sea (Fig. 3) is the result of 
its complexity of tectonic and geological settings, oceanographic regime, and 
submarine geomorphology, and is also tectonically affected by local subduction, 
erosion in a small area near the trench and strain regime (Cunningham et al. 
1998; Vanneste and Larter 2002).  

The GlobSed grid used in this study has been developed from previously 
published maps (Divins and Rabinowitz 1990; Divins 2003; Whittaker et al. 
2013) and new data using mathematical formula for sediment thickness as 
a function of age and latitude that describes the sediment thickness pattern in the 
oceans (Straume et al. 2019). Variations in sediment thickness of the Scotia Sea 
shows that in the eastern part it is mostly about 1 km, while in its marginal 
depressions along the foot of the Scotia Arc it reaches up to 2–3 km. In contrast, 
in the western part of the Scotia Sea, sediment thickness is noticeably less, and in 
the area of ridges and channels of the Drake Passage, it intermittently and 
drastically decreases until absent (dark blue colors on Fig. 3), which may refer to 
the Drake Passage as one of the geochemical gateways of the Pacific Ocean 
(Pearce et al. 2001).  

The greatest thickness of the sediment layer is notable on the areas placed 
close the Antarctic shelf: more than 4.5 km (orange to red colors on Fig. 3) 
followed by medium values of 3.5 to 4.5 km (cyan to light green colors on Fig. 3). 
Significant sediment thickness is observed on the downthrown blocks of the 
Scotia Arc. For example, the northern region around the South Orkney Islands is 
situated on a rise in the basement surface, while the area to the south is depressed 
and covered by marine sediments with a thickness of up to 2 km (Fig. 3). 
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On the contrary, on the Burdwood Bank, a part of the North Scotia Ridge, the 
southern area is elevated while the northern parts are buried (Macfadyen 1933) 
beneath sediments whose thickness reaches up to 6.0 km. 

Geomorphology 

The geometry of the Scotia Sea in plan resembles a huge loop formed by the 
Scotia Arc. Its northern and southern sub-latitudinal branches are dominated by 
block structures. The arcuate form of the South Sandwich Trench and South 
Sandwich Islands is closely comparable to the Mariana Trench, as described in 
previous studies (Lemenkova 2019a). The constituent ridges are divided into 
a number of blocks, such as Burdwood Bank and the South Georgia, South 
Orkney and South Shetland Islands. These geomorphological blocks are 
punctuated mostly by the saddle depressions with depths of 2.5 to 3.0 km bsl, 
along the lines of oblique and transverse faults. The South Sandwich Islands are 
located ca. 100 km westward of the South Sandwich Trench, which exceeds 

Fig. 3. Sediment thickness of the Scotia Sea seafloor, prepared using GlobSed 5 arc minute grid 
version 3 (Straume et al. 2019); Lambert Azimuthal Equal-Area projection, central meridian 42°W, 
standard parallel 57°S. 
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8000 m in depth and is associated with a Wadati–Benioff seismic zone (Thomas 
et al. 2003). The analysis of marine geophysical data in the Scotia Sea revealed 
a ridge crest-trench collision zone SE of the South Orkney Islands in the form of 
a double ridge with dissecting trough, oriented in a NE-SW direction (Barker 
et al. 1984). The dynamics in the Scotia Sea evolution can be explained by 
a series of such collision zones along the South Scotia Ridge, with some parts of 
the zone interpreted as remnant of the arc and upper fore-arc of an intra-oceanic 
arc produced by subduction of the South American Plate. 

The geomorphological variety of the Scotia Sea indicates strong correlation 
of modern seafloor relief with the relief of the crystalline basement reflected by 
bathymetric geological and geophysical data (Beniest and Schellart 2020). Thus, 
the eastern part of the sea is notable for its arc-shaped banks and South Sandwich 
Trench, while its middle part is sculptured by a series of block rises. Channels 
and ridges dominate its western part. The eastern part of the Scotia Sea seafloor is 
dominated by submeridional submarine landforms. These include seafloor ridges 
of sediments at the margins of deep submarine canyon (elevations 500 to 
1300 m), located to the western side of the South Sandwich Islands arc. The 
seafloor of the western part of the Scotia Sea is presented by a hilly plain with 
depths of about 4.0 km bsl. Along the eastern part of the Scotia Sea, there is an 
area of relatively low rifts, ridges and transverse deep channels stretching in NE 
direction (Barker and Hill 1981). Here, the South Sandwich arc lies on crust that 
formed at the back-arc spreading center, so older back-arc crust forms the 
basement of the present inner forearc (Larter 2003). In contrast, the regionally 
bathymetry of the central Scotia Sea is flat and shallow, characterized by 
relatively flat abyssal plain, which can be interpreted by an age over 80 Ma (Stein 
and Stein 1992). The maximum depth of the South Sandwich Sea is 8.239 m bsl 
located in South Sandwich Trench, according to the GEBCO dataset (15 arc sec 
resolution grid) used in this study. 

Gravity anomalies based on EGM-2008 and WGS84 datum 

The Scotia Sea is notable for its gravitational field anomalies, which are caused 
by a complex combination of geological structures and crustal types, as well as 
a significant marine and terrestrial geomorphological variability, in particular the 
stark contrast between mountainous coastlines and deep-sea trenches along the foot 
of the continental slope. The basin of the Scotia Sea is characterized by slightly 
positive or negative satellite derived free-air gravity approximation (Fig. 5). 
In general, one can see that positive relief forms, i.e. island arcs, ridges, rifts and 
minor elevations, correspond to moderate or intense positive free-air anomalies in 
the gravitational field (e.g., comparing Fig. 1 and Fig. 5).  

Clear local gravity field variations are associated with the block structure of 
the geomorphological uplifts and local elevations. For example, free-air gravity 
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anomalies increase over the South Sandwich Islands, and decrease in the straits 
between them, which correspond to geomorphological depressions.  

The correspondence of the gravity and topographic maps can be clearly seen 
by comparison of the bathymetric isolines on Fig. 1 and gravity values on Fig. 5. 
The South Sandwich Trench and submarine Scotia Ridge are characterized by 
significant large negative gravity anomalies (dark blue to almost black colors on 
Fig. 5). The eastern part of the Scotia Sea is dominated by free-air anomalies 
varying from 20 to 40 mGal (orange to to dark red colors on Fig. 5).  

The Antarctic Peninsula shows a noticeable increase to 80 mGal. In the areas 
over the South Sandwich Island arc and local submarine elevations, the free-air 
anomalies range around 50 mGal and above, but over the north-eastern border of 
the volcanic South Sandwich Islands they exceed 80 mGal (light rose colors on 
Fig. 5). According to previous studies (Litvin 1987), Bouguer anomalies in the 
eastern part of the Scotia Sea range from 250 to 300, in the Drake Strait they 
reach up to 360, and over the South Sandwich Island areas they vary from 50 to 
200 mGal. Further studies on the geophysical and geological setting of the 
Scotia Sea can be found in the relevant literature (e.g., LaBrecque and 

Fig. 4. Geoid gravitational regional model of the Scotia Sea basin, prepared using World geoid 
image 15 min resolution grid, version 9.2 EGM96 (Lemoine et al. 1998); Lambert Azimuthal 
Equal-Area projection, central meridian 42°W, standard parallel 57°S. 
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Rabinowitz 1977; Ludwig and Rabinowitz 1982; Livermore et al. 1994; Pearce 
et al. 2000; Harrison et al. 2003; Leat et al. 2004, 2007; Eagles et al. 2006; 
Maldonado et al. 2013). 

Bathymetry of the South Sandwich Trench 

Scotia Sea is considered a special area because of its specific geodynamic, 
climate and circulation setting, as well as unique geographical location between 
the Drake Passage, south Pacific and Atlantic oceans, islands of South America, 
and the Antarctic Peninsula. The analysis of the study area indicates that 
bathymetry of the Scotia Sea varies in its different segments with diverse 
geologic and geodynamic setting that were formed in course of geologic 
evolution. The ultimate aim of this study was to track bathymetric variations in 
different segments of the South Sandwich Trench in a context of varied 
geodynamic conditions. To assess this heterogeneity, the GMT based methods 
for geospatial modeling were applied. 

Fig. 5. Satellite derived free-air gravity approximation of the Scotia Sea basin, prepared using 
Global gravity grid from CryoSat-2 and Jason-1 (Sandwell et al. 2014); Lambert Azimuthal Equal- 
Area projection, central meridian 42°W, standard parallel 57°S. 
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Methods. – The technical approach supporting the methodology of the 
current work is based on using the GMT, an open-source cartographic scripting 
toolset developed by American cartographers Paul Wessel and Walter Smith 

Fig. 6. Combined image of the South Sandwich Trench geomorphic cross-section profile (A) based 
on the GEBCO (GEBCO Compilation Group 2020), and their location (B). The red line in A means 
the median of the measured depths. The 14 thin red lines in B show the cross-section transects. 
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(Wessel and Smith 1991) and continuously developed thereafter (Wessel et al. 
2013; Wessel and Smith 2018). The cross-sectional profiles were digitized 
automatically with a spatial span of 300-km perpendicular to the trench axis, then 
plotted, visualized and statistically analyzed using tested algorithms of GMT 
syntax in shell scripts applied to this study (Lemenkova 2019b, 2019c, 2019d).  

The geomorphological structure of the South Sandwich Trench was 
visualized as a series of 14 cross-sections (Fig. 6A) from a gridded bathymetric 
dataset (GEBCO 15 arc-second resolution). The 300-km-long cross sectional 
profiles were automatically digitized using a combination of the GMT modules 
‘grdtrack’, ‘gmtconvert’ and ‘psxy’ and Unix auxiliary utilities (‘cat’, ‘rm’, 
‘echo’) across the segments of the South Sandwich Trench across the line with 
coordinates 25.0°W, 56.0°S to 23.5°W, 58.2°S.  

The 14 cross-section profiles, with a distance between each two of 20 km, 
sampled bathymetric depths every 2 km, along tracks perpendicular to the 
orientation of the South Sandwich Trench. The 14 cross-sections extend up to 
150 km on either side of the trench (Fig. 6B) along a line drawn southwards along 
the most representative part of the trench (red line). The profiles were then 
visualized (Fig. 6A) from a table using the GMT module ‘psxy’. The bathymetry 
of the South Sandwich Trench varies according to the recorded samples with 
each of the segments as shown on the statistical histogram (Fig. 7). From each 
cross-sectional profile, the statistics of the bathymetry of the South Sandwich 
Trench (minimum, maximum and median depths, and a standard deviation) was 
recorded and visualized over the topographic range of 8.239 to 0 km bsl 
(a completely submerged region with submarine topography) showing the 

Fig. 7. Histogram of depths on the South Sandwich Trench geomorphology for the cross-section 
profiles from Fig. 6. 
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distribution of the geomorphological slopes by GMT modules 'pshistogram' and 
'pslegend' (Fig. 7). The frequency of the data range, i.e. the repetitiveness of the 
depths, is visualized on Y-axis while the actual depths values are shown on the 
X-axis on Fig. 7. 

Variations in morphological structure of the South Sandwich Trench. – 
Geomorphic structures of the Scotia Sea region are strongly correlated with 
marine free-air gravity anomalies. Fracture zones and transform faults of the 
West Scotia Ridge (Fig. 2), which form parallel to the direction of plate 
divergence, are interpretable in the marine free-air gravity anomalies (Fig. 5) 
based on the regional submarine topography (Fig. 1), dissecting the ridge and 
extending into flanking ocean basins. The distribution of the sediment thickness 
in the study area (Fig. 3) has higher values in the Falkland Islands and Antarctic 
shelf (Jokat and Herter 2016), dividing the Scotia Sea into regions with high 
sediment thickness (3 km and higher: green, yellow, orange and red colors on 
Fig. 3) and lower values (below the 3 km: blue colors on Fig. 3). This 
distribution correlates with the oceanographic regime of the Drake Passage and 
the Scotia Sea (Heywood and King 2002) as well as submarine geomorpho-
logical relief serving as a natural border, which correlates mainly with 
availability of continental sediment (compare Figs 1–3). 

Besides, the oceanographic processes are major controlling factors for 
sediment distribution on the ocean floor in the Scotia Sea, because they 
determine the functionality and composition of plankton, as well as the influx of 
terrigenous material into the ocean. At the same time, bathymetry is a key factor 
for differentiating the distribution of various geologic types of the sediments, e. 
g., clay, coarse, calcareous and others types of sediments. The geoid regional 
gravitation model (Fig. 4) demonstrates the shape of the Scotia Sea basin as a 
region with clearly distinct values above 13 m (bright red color on Fig. 4), while 
the Pacific Ocean (SW area) has gradually diminishing values of the geoid from 6 
to -20: (light green, blue to dark blue colors on Fig. 4) with the most negative 
anomalies in the SW corner of the map, i.e., the Bellingshausen Sea (Fig. 1). The 
geomorphology of the Scotia Sea is clearly depicted depressed curve 
corresponding to the actual relief of the Scotia Arc (compare Figs 1 and 4).  

The series of 14 cross-sectional profiles is drawn perpendicular to the South 
Sandwich Trench reaching out to 150 km away from the center of the cross- 
sections plotted using methodology in the GMT. The error bars (Fig. 6A) show 
variations of the depths in each sample point, calculated as the statistical 
representations of the variability of the topographic data. Error bars are used on 
graph (Fig. 6A) to visualize uncertainty in the GEBCO dataset. The Scotia Plate 
and South American Plate are located on the western and eastern flanks of the 
trench, respectively. The maximum and minimum detected depths of the South 
Sandwich Trench are 8.239 m bsl (the deepest part of the axial valley) and 548 m 
bsl (the highest part of the western flank in the selected segment, Fig. 6A), 
respectively. Comparison is made between the parameters depicting the South 
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Sandwich Trench geomorphology, its 300 km-long cross-sectional topographic 
profiles, and its geological and geophysical features, such as marine free-air 
gravity and geoid heights variations, tectonics and sediment thickness. 

The analysis of the topographic data frequency (Fig. 7) shows a classic bell- 
-shaped histogram. The bell-shaped data distribution demonstrates a gradual 
distribution of data and gentle geomorphological slope shape. The analysis of the 
table containing bathymetry of the South Sandwich Trench shows the following 
statistical results (Fig. 7). The most frequent depth range (240 sample values) 
occurs at 4.000 to 4.200 m bsl following by similarly-frequent ranges of 4.500 to 
4.750 m bsl: 199 and 200 repetitive samples, respectively. The interval of 4.250 
to 4.500 m bsl includes 160 data samples. There are 134 data samples in the 
interval of 3.750 to 4.000 m bsl and 113 samples in the interval of 5.000 m to 
5.250 m bsl. The remaining data demonstrate a gradual decrease in the sampling 
frequency. The western side of the trench has a slope of 44.11°, while the eastern 
segment is 42.5°. 

The shallower parts of the slopes show (histogram for data distribution in 
Fig. 7) a decrease in frequency exception for the bins at 2.250 to 2.500 m bsl 
(58 samples) and 1.750 to 2.000 m bsl (55 samples). The western continental slope 
of the South Sandwich Trench shows an abrupt decrease in elevation from the 
South Sandwich Islands eastward (Fig. 6B), correlated with gradually decreasing 
depth frequency as shown on Fig. 7. The lowest frequency is typical for the deepest 
areas of the trench, reflecting the very localized geological setting, and impact of 
tectonic plate movements. The interval from 5.250 to 6.000 m bsl has an almost 
flat data distribution (58, 58 and 57 bins) over its three bins of 250 m width. 
Afterwards, the distribution of deeper values shows a gradual decrease with the 
exception of the interval of 6.750 to 7.000 m bsl (53 samples). Other values 
decrease gradually from 47 samples (interval of 6.000 to 6.250 m bsl) to 12 
samples (7.750 m to 8.000 m bsl).  

Relation between submarine geomorphology of the South Sandwich 
Trench and sediment thickness 

The geomorphology and depth of the South Sandwich Trench is largely 
controlled by the degree of bending and depth of the oceanic plate before 
subduction, both depending on tectonic historical setting, i.e., the age of the 
oceanic plate (Khain 2001). In turn, the age of the oceanic lithosphere affects the 
amount of sediments accumulated on the seafloor basement; in general, the older 
the plate and the higher the biogenic productivity, the thicker the sediment layer 
on the basement (Lisitsyn 1974). The sediment supply is in turn controlled by 
climate variations and glaciation in the land areas of Antarctic (Kuhn et al. 2006), 
denudation and weathering processes, as well as oceanic transport systems to the 
Scotia Sea and across the Antarctic shelf.  
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Sediment in the South Sandwich Trench reached thickness of only a couple 
of tens or hundreds of meters, leading to the preservation of tectonic morphology 
in bathymetry. In general, sedimentation in ocean basins tends to level out local 
topographic elevations creating a planar seafloor. However, the South Sandwich 
Trench presents well sculptured geomorphology in its landforms. The outer slope 
of the trench is shaped by bend-faulting and sediment influx, while its inner slope 
is mostly shaped by processes related to plate subduction. The difference in slope 
steepness (Fig. 7) can be explained by the erosive margins developed in 
a sediment starved trench during subduction erosion in a process of tectonic plate 
movement (Khain and Lomize 2005). More detailed study of the effects of 
subduction erosion on trench steepness was presented by Vanneste and Larter 
(2002). The morphology of the South Sandwich Trench is not leveled-out by the 
sediments with the roughness of the seafloor causing tectonic abrasion and 
erosion of material from the Antarctic and South American plates (Fig. 6A). This 
results in trench-parallel escarpments offsetting the seafloor over kilometers. 
Individual ridges dominating the trench inner slope at accretionary margins 
(Fig. 6B) are not presented in the erosive margins of the South Sandwich Trench. 

Conclusions 

The GMT is distinct by the fact that it enables both console-based scripting and 
map visualization in a single toolset. The combination of fine cartographic mapping 
and histogram visualization is a valuable feature of GMT when considering that 
geographic phenomena are spatially distributed and that thematic datasets should be 
processed by various approaches: mapping, overlay, cross-sectional plotting, 
statistical analysis, all of which are possible in GMT. This paper demonstrated the 
functionality of GMT as a fine cartographic toolset with a special application for 
a complex geographic analysis of the Scotia Sea and South Sandwich Trench. 
According to the analyses, the geomorphology of the trench has an asymmet- 
ric V-shape with maximum depth -8,239 m, according to the GEBCO dataset 
(15 arc sec resolution grid). Slope gradients across the trench are high, varying in 
both flanks: the western side has a 44.11° steepness, the eastern segment 42.5°. The 
trench was modeled by a series of 14 automatically-digitized cross-sectional 
profiles, drawn perpendicular to the South Sandwich Trench, each with a length of 
300 km, at 20 km separation and sampled every 2 km along the segment between 
coordinates 25.0°W, 56.0°S and 23.5°W, 58.2°S. The sea bottom depth distribution 
has a classic bell-shaped curve. The most frequent depths are in the interval 4 to 
5 km below sea level. Other depths show a gradual decrease in frequency. The 
scarp of the submarine slope in the trench is semi-circular mimicking the shape of 
the South Sandwich Islands arc. Variations in the geomorphology of the trench are 
caused by the tectonic activity and geological setting, interpretable from rock 
composition signals in gravitational field anomalies. 
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