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This paper examines spatial variations in the geomorphology of the Ninety East 
Ridge (NER), located in the Indian Ocean. The NER is an extraordinary long linear 
bathymetric feature with topography reflecting complex geophysical setting and 
geologic evolution. The research is based on a compilation of high-resolution 
bathymetric, geological, and gravity datasets clipped for the study area extent  (65° -  
107°E, 35°S - 21°N): General Bathymetric Chart of the Oceans (GEBCO), Earth 
Gravitational Model (EGM2008, EGM96). The submarine geomorphology of the 
NER was modeled by digitized cross-sectional profiles using Generic Mapping Tools 
(GMT). The availability of the method is explained by 1) the free datasets; 2) the 
open source GMT toolset; 3) the available tutorials of the GMT and the codes 
explained in this work. Three segments of the NER were selected, digitized, and 
modeled: 1) northern 89°E, 7°S to 90°E, 7°N; 2) central 88.4°E, 14.7°S to 88.8°E, 
8.2°S; 3) southern 87.9°E, 17°S to 87.5°E, 27°S. Measured depths were visualized in 
graphs, compared, and statistically analyzed by the histograms. The northern segment 
has a steepness of 21.3° at the western slopes, and 14.5° at the eastern slope. The 
slopes on the eastern flank have dominant SE orientation. The central segment has a 
bell-shaped form, with the highest steepness comparing to the northern and southern 
segments. The eastern flank has a steepness of 49.5°. A local depression at a distance 
of 50 km off from the axis (90°E) continues parallel to the NER, with the shape of the 
narrow minor trench. The western slope has a steepness of 57.6°, decreasing to 15.6°. 
The southern segment has a dome-like shape form. Compared to the northern and 
central segments, it has a less pronounced ridge crest, with a steepness of 24.9° on the 
west. The eastern flank has a steepness of 36.8° until 70 km, gradually becoming 
steeper at 44.23°. A local minor trench structure can be seen on its eastern flank (100 
km off the axis). This corresponds to the very narrow long topographic depressions 
stretching parallel to this segment of the NER at 90.5°E. The study contributes to 
regional geographic studies of Indian Ocean geomorphology and cartographic 
presentation of GMT functionality for marine research and oceanographic studies. 
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1. Introduction 
The study is focused on the morphological structure of the Ninety East Ridge (further, the 

NER), located in the eastern part of the Indian Ocean (Figure 1). Its name is derived from the 
specific geographic location and the unique shape form (geometrically elongated and 
extraordinarily thin, with a width between 150 to 250 km), stretching around the 90°E meridian. 
With a total length of about 5,000 km, the NER is the longest linear bathymetric feature on Earth 
and has been studied in various papers (Weis et al., 1991; Silva et al., 2013; Nobre et al., 2013).  
 

 
Figure 1 Topographic map of Ninety East Ridge region. Source: author 
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1.1 Topography and geometric structure 
A long and linear aseismic ridge, the NER is the most notable mountainous structure in the 

eastern part of the Indian Ocean. Its topographic elevations reach ca. 2 - 3 km above the seafloor. 
The NER marks the principal boundary between the Central Indian Basin and the Wharton Basin, 
the Indo-Australian intraplate region with repeated earthquakes (Carpenter & Ewing, 1973; 
Aderhold & Abercrombie, 2016; Stevens et al., 2020). The topography of the NER consists of 
blocks and mountainous masses (Smith, 1978).  

 

 
Figure 2 Geologic map of Ninety East Ridge region. Source: author 
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The total length of the NER is extraordinary among other submarine objects. It stretches at 
almost 40°: in the south, the ridge starts from the Broken Ridge (ca. 31°S) and continues 
northwards up to the Bay of Bengal (ca. 9°N). North of the equator, it is subducted below the 
Andaman Trench (Curray, 2005; Mukhopadhyay & Krishna, 1995). The northward oriented 
lineaments, genetically related to the NER, continue up to the Shillong Plateau, Indian Shield, in the 
form of carbonatite intrusives (Gupta & Sen, 1988).  
 

 
Figure 3 Marine free-air gravity map of Ninety East Ridge region. Source: author 
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1.2 Geologic setting 
The formation of the NER should be introduced in the context of the geologic evolution of 

the Indian Ocean, since the NER forms an important morphological part of the Indian Ocean. The 
geologic development of the Indian Ocean, since the Jurassic period, can be generally divided into 3 
important periods: 1) from the breakup of Gondwana to the Late Cretaceous- 160 to 90 Ma 
(opening of the Indian Ocean); 2) the middle Eucene- the collision of India and Eurasia, and 3) the 
opening of the Gulf of Aden (10 Ma) and the beginning of the intraplate deformation (India-
Australia) in the central Indian Ocean (Royer et al., 1992). 

Geologically, the NER presents a chain of basaltic submarine volcanoes remaining as a 
hotspot track from the rapid northward movement of the Indian Plate over the Kerguelen hotspot 
(Coffin et al., 2002; Frey et al., 2011; Fleet & McKelvey, 1978). Thus, the NER was partly formed 
as a lithospheric plate boundary between the Indian and Australian tectonic plates during their 
deformation (Figure 2). The seafloor spreading continued until the Eocene epoch of the Paleogene 
period (ca. 45.6 M).  

The Indian, Australian, and Antarctic tectonic plates moved during the Cretaceous and early 
Cenozoic (Paleogene), about 90 to 45 Ma (Liu et al., 1983). These tectonic processes ultimately 
initiated the formation of the NER (Kumar et al., 2007; Cande et al., 2010). A fracture zone is 
generally oriented N−S, parallel to the trend along the eastern margin of the ridge (Figure 2). The 
geological evolution of the NER was affected by active volcanism and sedimentation during the 
Cretaceous, which was followed by progressive submersion in the Late Cretaceous. As a result, the 
region has a high level of large earthquakes (Gahalaut et al., 2010). The NER was formed as an 
emplacement of gabbro and serpentinized peridotite beneath the oceanic crustal layers. Its lithology 
is mostly composed of basalts derived from the residue of ancient partial melting (Choudhuri et al., 
2014; Frey et al., 2015) which point to earlier volcanism. The crustal thickness at the NER is ca. 6.5 
- 7 km (Grevemeyer et al., 2001).  

Other rock composites include associations of rhyolites and trachytes ,which point to the 
island-arc nature of the volcanism in the region, as well as the alkaline-ultramafic-carbonatite suite 
of rocks of seemingly Cretaceous age (Gupta & Sen, 1988), mildly tholeiitic basalts, ferrobasalts, 
and oceanic andesites (Hekinian, 1974; Smith et al., 1991). The basalts vary in age, with a general 
increase of age to the north: from ca. 43.2 Ma in the south to 81 Ma in the north (Weis et al., 1993). 
Basement crystallization ages increase systematically from south to north (Duncan, 1978). Such 
variations in age may be explained by the northward moving of the plate in the late Mesozoic and 
Cenozoic. As a result of the tectonic movements, a hotspot in the mantle under the Indo-Australian 
Plate created the NER. Currently, the average formation rate of the ridge is 9 cm/a.  

 
1.3 Seafloor morphology 
Notable geomorphological features around the Ninety East Ridge include the Osborne 

Plateau and the Eighty Five East Ridge (85°E Ridge). The latter presents a near-parallel ridge 
extending along 85°E from the Afanasy Nikitin Seamounts northward to the Mahanadi basin 
(Krishna, 2003; Krishna et al., 2014; Altenbernd et al., 2020; Bastia et al., 2010). It is formed as a 
result of the sagging of the Earth’s crust (Anand et al., 2010). The Osborne Plateau is located at 
15°S westward off the NER as a large bathymetric elevation. Fractures in the sedimentary cover of 
the Osborne Plateau extend to the seafloor surface, indicating high tectonic activity in the past 
which has continued until the present. These are also presented in the adjacent NER with strong 
recorded earthquakes (Curray et al., 1982).  

Notable undersea morphological objects include the Southeast Indian Ridge, stretching in a 
NW-SE direction from the Rodrigues Triple Junction (25°S, 70°E), formed as a boundary between 
the Australian and Antarctic plates during the Oligocene from 33.9 to 23 Ma (Sclater & Fisher, 
1974; Small et al., 1999).  
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Figure 4 Geoid model of Ninety East Ridge region. Source: author 

 
 

Another prominent feature in this region that should be mentioned is the Chagos-Laccadive 
Ridge (CLR), a linear aseismic ridge in the Western Indian Ocean, which is believed to be a trace of 
the Réunion hotspot (Sreejith et al., 2019).  
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2. Method and samples 
This research employed pre-existing bathymetric (topographic), geophysical and geological 

datasets available as open source data: General Bathymetric Chart of the Oceans (GEBCO), Earth 
Gravitational Model (EGM2008, EGM96). Precise bathymetric data provide vital information about 
undersea areas of the ocean and seafloor relief (Smith, 1993; Smith & Sandwell, 1997; Lemenkova, 
2020b, 2020e, 2020f; Marks et al., 2010). Therefore, the General Bathymetric Chart of the Oceans 
(GEBCO) with SRTM15+ for land areas (Tozer et al., 2019) was selected as a base map for this 
study (Schenke 2016; GEBCO Compilation Group, 2020). The GEBCO modeling efforts focused 
on a high-resolution dataset covering the ocean seafloor and terrestrial regions. It employed a 15 
arc-second data resolution standard, which resulted in high-precision data (Figure 1).  

The borders of the plate boundaries, geological lineaments, and vector objects (Figure 2) 
were derived from Bird (2003) and sources of the Scripps Institution of Oceanography (SIO). The 
research was based on Generic Mapping Tools (GMT) as a main cartographic toolset (Wessel & 
Smith, 1991; Wessel et al., 2013, 2019). Vector layers (coastal lines, borders, river networks) were 
applied from the embedded GMT datasets (Wessel & Smith, 1996). The names of the undersea 
objects were checked using the gazetteer (IHO-IOC GEBCO 2020).  

A base map was plotted using the “psbasemap” GMT module, and a visualization of the 
raster image was performed by the “grdimage” GMT module using the following code: “gmt 
grdimage ner_relief.nc -Cmyocean.cpt -R65/107/-35/21 -JM6i -P -I+a15+ne0.75 -Xc -K > $ps”, as 
described in a workflow (Lemenkova, 2020a). A more comprehensive interpretation of the 
quantitative data was carried out by Geospatial Data Abstraction Library (GDAL), a translator 
library for data formats (GDAL/OGR Contributors, 2020), by the ‘gdalinfo’ utility: gdalinfo 
ner_relief.nc -stats, which returned information about the extremal (max/min) data range. 
Additional elements on maps were added using specific utilities, such as a ‘psscale’ for adding a 
color legend and a ‘pstext’ for adding a text.  

The geoid mapping was based on the EGM96 gravity dataset (Lemoine et al., 1998). The 
research also used the Earth Gravitational Model 2008 (EGM2008) gravity data from the Ninety 
East Ridge region (Pavlis et al., 2012). The geoid map of the study area is shown in Figure 4. The 
geoid was visualized using a selected example set of commands:  

 
• Making raster image: “gmt grdimage EGM2008ner1.grd -Ccolors.cpt -R65/107/-35/21 -

JM6i -P -I+a15+ne0.75 -Xc -K > $ps” 
• Adding graticule and title: “gmt psbasemap -R -J -Bpx10f5a5 -Bpyg10f5a5 -Bsxg5 -

Bsyg5  -B+t"Geoid geopotential model: Ninety East Ridge region, Indian Ocean" -O -K >> $ps” 
• Adding coastlines, borders, rivers: “gmt pscoast -R -J -P -Ia/thinnest,blue -Na -

N1/thinner,red -W0.1p -Df -O -K >> $ps” 
• Adding texts: “gmt pstext -R -J -N -O -K -F+jTL+f11p,Helvetica,black+jLB+a-53 -

Gwhite@40>> $ps << EOF 69.5 -26.4 South-East Indian Ridge EOF” 
• Adding legend: “gmt psscale -Dg65/-38+w15.2c/0.4c+h+o0.0/0i+ml -R -J -Ccolors.cpt -

Bg5f2a10+l"Color scale 'haxby': Haxby: Bill Haxby's color scheme for geoid & gravity [C=RGB]" 
-I0.2 -By+lm -O -K >> $ps” 

• Converting to image file by GhostScript: “gmt psconvert Geoid_NER.ps -A1.0c -E720 -
Tj -Z” 

 
 Cartographic visualization of the Earth’s gravity fields from various datasets has been 

presented in the existing literature (Andersen & Knudsen, 1998; Barzaghi et al., 2015; Sansò et al., 
2019; Lemenkova, 2019d, 2019e; Balmino; 2003). The applied gravity dataset in this study (Figure 
3) is the result of the global marine gravity modeling from CryoSat-2 and Jason-1 (Sandwell et al., 
2013; Sandwell et al., 2014). The collection of such multi-disciplinary data is an important task for 
geophysical studies of the Ninety East Ridge. Data processing, technical details of GMT modules, 
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and scripting approaches applied to these data are explicitly described in the existing works (Wessel 
et al., 2013; Wessel & Smith, 1998; Lemenkova, 2019a; Lemenkova, 2019b; Lemenkova, 2019c).  

 

 
Figure 5 Cross-section profiles of Ninety East Ridge: north. Source: author. 
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Color palettes for the gravity and geoid maps were applied from the GMT embedded data. 
The extracting of the file subset in an IMG format and the converting of it to a GRD format was 
done using the ‘img2grd’ GMT module using the following code: ‘img2grd grav_27.1.img -
R65/107/-35/21 -GgravNER.grd -T1 -I1 -E -S0.1 -V’. Here, the module read an IMG format file, 
extracted a subset with the coordinates 65/107/-35/21, and wrote it to a grid file ‘gravNER.grd’. 
Following this, the image was visualized using the ‘grdimage’ GMT module by applying Haxby 
color palette. The gravity contours of 30 mGal were drawn using the gridded dataset of gravity.  

Three cross-sectional segments across the NER were digitized (Figures 5 - 7) in the 3 
segments of the NER, to generate the integrated topographic-morphological models of its 
submarine relief. This approach employed an automated GMT-based modeling technique to 
generate a set of perpendicular cross-sectional models along the 3 selected segments of the NER. 
The coordinates of the segments were as follows (always from the southern point to the northern): 
1) segment 89°E, 7°S to 90°E, 7°N; 2) segment 88.4°E, 14.7°S to 88.8°E, 8.2°S, and 3) segment 
87.9°E, 17°S to 87.5°E, 27°S. Thin parallel lines presented the profiles used for automatic digitizing 
as bathymetric modeling (red-colored on Figures 5 and 7 and white-colored on Figure 6). Thick 
points with corresponding colors outlined the start and end points for each of the segments. The 
modeling was done using a selected example set of commands:  

 
• Selecting 2 points along the NER: “cat << EOF > NER1.txt 90.0 7.0 89.0 -7.0 EOF” 
• Plotting ridge segment and end points “gmt psxy -Rner_relief1.nc -J -W2p,red NER1.txt -

O -K >> $ps # line gmt psxy -R -J -Sc0.15i -Gred NER1.txt -O -K >> $ps # points” 
• Generating cross-track profiles 400 km long, spaced 20 km, sampled every 2km and stack 

these using the mean, write stacked profile: “gmt grdtrack NER1.txt -Gner_relief1.nc -
C400k/2k/20k+v -Sm+sstackNER1.txt > tableNER1.txt gmt psxy -R -J -W0.5p,red tableNER1.txt -
O -K >> $ps” 

 
Examples of the digitizing using traditional GIS, such as ArcGIS, exist, integrating digital 

datasets into an accessible framework for comprehensible mapping (Howland et al., 2020; Deng et 
al., 2013). However, compared to the traditional GIS, the advanced GMT-based cartographic 
approach includes a higher functionality, such as dynamic scripting, applied mapping design, 
geovisualization technological re-usability of scripting, and applications for other study areas which 
facilitate cartographic interaction, and improves mapping workflow. The modeled morphological 
structure is based on the GEBCO bathymetric data. To create a set of the cross-sectional profiles 
shown in Figures 5 - 7, the topographic GEBCO data were gridded at 10 km spacing and sampled 
every 2 km with a line of 400 km long for each transect. The elevation values employed were based 
on the conversion of the machine-based measurements of the observed depths along each cross-
section in the region, using the table automatically generated through scripting using the following 
code: “gmt grdtrack NER1.txt -Gner_relief1.nc -C400k/2k/20k+v -Sm+sstackNER1.txt > 
tableNER1.txt”. 

The table ‘tableNER1.txt’ then contained XY coordinates and a Z-value (depth). The table 
was then visualized on the upper plot above each of the graphs (Figures 5 - 7). The red line on the 
upper graph (Figures 5 - 7) is based on the average median distance between the bathymetric data 
points and stacked with error bars (thin grey lines in Figures 5 - 7) for the upward continuation, 
reduction to pole, and band pass filters to the grids. The upper and lower values were encountered 
as an envelope using codes: “gmt convert stackNER1.txt -o0,5 > envNER1.txt” and “gmt convert 
stackNER1.txt -o0,6 -I T >> envNER1.txt”.  

The perpendicular cross-sectional profiles were plotted using the following code: “gmt psxy 
-R -J -W0.5p,red tableNER1.txt -O -K >> $ps”. The red line on the plots helped separate all 
measured cross-sectional data from the statistical median and highlight the data that played an 
important role in the final interpretation. The GMT module ‘grdconcour’ was also applied in gravity 
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mapping for plotting isolines every 30 mGal using the GMT code: “gmt grdcontour gravNER.grd -
R -J -C30 -W0.1p -O -K >> $ps”. The coastlines, borders, and rivers were added on the maps using 
GMT module ‘pscoast’, filtering river networks and borders related to major geographical objects 
and map elements: “gmt pscoast -R -J -P -Ia/thinnest,blue -Na -N1/thinner,red -W0.1p -Df -O -K >> 
$ps”. 

 
3. Results and discussion 

Although technical integration of the raster datasets using GMT scripting techniques lead to 
important insights into the morphology of the Ninety East Ridge, it is the geological interpretation 
of the resulting maps that was the main strength of the research methodology. The collected and 
visualized geophysical, topographic, and geological data were, thus, also integrated to gain 
synthesis and added knowledge beyond the existing descriptions of the study area (Souriau, 1981; 
Grevemeyer & Flueh, 2000; Petroy & Wiens, 1989).  
 

 
Figure 6 Cross-section profiles of Ninety East Ridge: Central. Source: author 
 

 
For example, based on the existing papers on the predicting gravity observations from the 

bathymetry, the topography results from variations of the Earth's lithosphere thickness and mantle 
density variations (Steinberger, 2016; McKenzie & Bowin, 1976). Thus, information can be 
obtained by the comparative modeling of the gravity (Figure 3) and bathymetry (Figure 1). 
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Satellite-derived data (Figure 3) show the marine free-air gravity anomaly associated with the area 
surrounding the NER. The observed anomaly highs correspond to vertical geological lineaments of 
the fracture zones or fault structures that can be seen in Figure 2 (yellow thick lines).  

The NER stands out clearly in the gravity field. It is characterized by positive free-air 
anomalies, with a maximum of up to +60 mGal, and a distinct correlation with the undersea 
bathymetry, which corresponds with the earlier published studies (Rajesh & Majumdar, 2009). 
There is also a linear gravity anomaly mirroring the topographic isolines parallel to the NER. If 
comparing topographic segments of the ridge, the crest areas (the highest elevations) can be seen at 
values of 50 - 60 mGal (bright red colored areas in Figure 3). Deep areas and depressions (Central 
Indian Basin, the area southward of Sri Lanka, areas of the deep-sea Sunda Trench) correspond to 
the lowest values below −65 mGal (dark blue colors in Figure 3). The South East Indian Ridge has 
dominating values of 10 - 20 mGal (light yellow colors, Figure 3). In the Bay of Bengal, the marine 
gravity field gradually decreases to slightly negative values (0 to −10 mGal), where overlying 
sediments have smaller density contrasts compared to the ridge basalts. The existing maps (Royer et 
al., 1989) present Geosat mapping of the topography of the equipotential sea surface, or marine 
geoid, in the Indian Ocean. The presented maps (Figures 3 and 4) show the updated visualization 
using the modern available datasets of EGM-2008 and gravity grids. Geological lineaments, such as 
fracture zones in the Wharton Basin, South East Indian Ridge, and Central Indian Basin (Figure 2), 
also correlate with gravity isolines (Figure 3). Existing studies report gravity and bathymetric 
variations in selected northern, central, and southern segments of the NER. Tiwari et al., (2003) 
suggested that northern and southern parts of the NER with compensated elastic thickness were 
emplaced off to a ridge axis.  

On the contrary, the central segment (near the Osborn Plateau) has a locally compensated 
large topography and a thick crust which could be moved near a spreading center. Such a complex 
process could result from the interaction of a hot spot with the spreading ridge in the NER area. 
Large igneous provinces (LIPs) which include iron- and magnesium-rich rocks (pink-colored areas 
in Figure 2) show large accumulations of igneous rocks, both intrusive and extrusive (from lava 
flows), resulting from magma eruption through the Earth's crust towards the seafloor surface. 
Besides the NER, LIPs can be also seen on the Broken Ridge, the Chagos-Lakkadive Ridge, and the 
Maldives. Generally, LIPs are proof of tectonic activities in the past (Neal et al., 2015).  

Along its length, the ridge is divided into 3 distinct morphological segments. The 
comparison of these transects (Figures 5 - 7) shows that the ridge is not continuous, and occurs as 
varied linear structural highs with interspersed local depressions and rifts that have different 
morphological and topographical structures:  

1. The northern segment (Figure 5) has a median steepness of 21.3° at the western slopes 
and 14.5° at the eastern slope. The slopes on the eastern flank have dominant SE orientation. The 
distribution of data on the minimal depths has a pyramid-shaped peak with steep walls. The 
adjusting seafloor topography eastward of the northern segment has an almost flat relief (dark blue 
areas in Figure 5) contrasting with the ridge. The western region also has less pronounced 
variations compared to other segments. 

2. The central segment (Figure 6) has an almost classic bell-shaped form, with the highest 
steepness compared to the northern and southern segments. A local depression can be seen at a 
segment of 10.0° - 10.6° S of the ridge, separating it into the 2 uneven parts. The eastern flank has a 
steepness of 49.5° and gradually continues eastward. A local depression at a distance of 50 km from 
the axis (at almost 90°E) continues parallel to the NER with a shape of the narrow minor trench. 
The western slope has a steepness of 57.6° until 40 km from the axis; afterwards, the steepness 
decreases to 15.6° and the relief becomes gentle. Narrow long topographic depression strikes 
running parallel to the ridge in the eastern part of the seafloor off the ridge axis are notable in the 
central segment. 
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Figure 7 Cross-section profiles of Ninety East Ridge: South. Source: author 
 

3. The southern segment (Figure 7) has a dome-like shape form and several subtle offshoots 
parallel to the main ridge axis on its eastern flank. Compared to the northern and central segments, 
it has a less pronounced crest of the ridge, with a steepness of 24.9° on its western flank. On the 
contrary, its eastern flank has a steepness of 36.8° until 70 km, and then becomes steeper at 44.23°. 
Local minor trench structure can be seen on its eastern flank at 100 km off the axis. This 
corresponds to a very narrow long topographic depression stretching parallel to this segment of the 
NER at 90.5°E (Figure 7). The southern segment also shows a steep downward topographic 
depression between 89°E and 91°E, as clearly seen in Figure 7 (dark blue colors, narrow strip lines 
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indicating local minor trench). Such faults, located parallel to the NER, extend in the southern 
segment (15° - 25°S). Their origin could be caused by changes in the direction of the spreading 
ridge between 86° - 90°E.  
 

 
Figure 8 Statistical histograms of cross-sections of Ninety East Ridge. Source: author 
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The crest of the NER in the northern segment (7°N to 7°S) is generally deeper (as shown in 
the graph of Figure 5), with median depth not exceeding −3,000 m. On the contrary, the southern 
segment has median values of the crest up to −2,400 m (Figure 6) and also (Figure 7) shows the 
highest crest elevation up to −2,200 m of the median (red line on the graph). The SW-NE directed 
deep-seated fractures can be also seen in the southern segment between 25.2°S to 27.0°S.  

The descriptive statistical analysis of the 3 segments of the ridge (Figure 8) shows certain 
differences in the depth distribution in the northern, central, and southern parts of the NER, which 
supports previous remarks. The most repetitive depths for the southern segment “A”, central 
segment “B”, and northern segment “C” are visualized. Of these graphs, the southern segment 
(Figure 8C) has the most bell-shaped data distribution character, which means the clearly shaped 
form of the ridge sharply contrasts with the surrounding relief. The majority of data are 
concentrated within the range of −5,000 to 2,250 m. Other values are insignificant and do not 
exceed 80 sample points. The most often seen repetitive values are detected at the range of depths 
−3,750 m to −4,000 m (2,003 samples), Figure 8C.  

The central segment of the NER, displayed in graph “B” (Figure 8B), shows a wedge-like 
data distribution for the range −6,000 to −3,600 m. Maximal values are detected at −5,000 to −5,100 
(556 samples). Higher elevations (from −3,600 to −2,000 m) show an almost uniform data 
distribution at about 90 samples in each bin. Statistically, these values do not exceed 2 %. The 
northern segment (Figure 8A) shows a 2-peak data distribution with clearer and more distinct peaks 
at depths range between −4,000 to −5,000 m: above 7,5 % of all values, above 900 samples in each 
bin. The most frequent values are 1,386 observation samples at depths between −4,500 to −4,750 m. 
The values then gradually decrease until −3,000 m, when the depths increase a little again with 
values in the interval of −3,000 to −2,000 m, though in generally do not exceed 5 % of the whole 
range. Comparing all the 3 segments, most of the data pool is located in the range of −6,000 to 
−3,000 m, with the central segment as the deepest, with only a few data samples exceeding −6,000 
(17 samples in the central segment, and 22 samples in the northern segment). 

 
4. Conclusions 

Results presented in this paper include comparison of the 3 segments of the NER regarding 
the geophysical and geologic settings in the respective areas, using the 3 color representation 
schemes matched with the ‘turbo’ Google’s improved color representation  schemes for visualizing 
depths variations. The presented results are organized by cartographic visualization, using larger 
scales for the visualizing of the 3 NER segments and smaller scales for the regional mapping of the 
NE Indian Ocean. In addition, the results for the bathymetric mapping are compared with those of 
the geoid and geophysical gravity fields modeled using the GMT-based module mapping, in which 
high-resolution raster grids (EGM-2008 and gravity grids) are used to depict variations in the values 
(mGal for the free-air gravity and m for the geoid) to represent the relationship of geophysical 
setting with topography. The relationship between geoid height and topography was discussed and 
well-explained by Sandwell and McKenzie (1989). In brief, the topography of the oceanic plateaus 
and swells is affected by crustal thickening, thermal buoyancy forces in the lithosphere, and local 
compensation from flexural and deep mantle signals.  

Another parameter affecting the gravity field and topography is sedimentation. The effects 
of sedimentation on continental gravity field and topography were demonstrated in previous studies 
(Sandwell & Liu, 1985; Lemenkova, 2020c), showing the topography smoothed by sediments of the 
Bengal Fan in the northern Indian Ocean. However, the correlation of seafloor topography with 
kinetic energy differs with depth, being greater over smooth abyssal plains than over rough 
bathymetry, and vice versa, since bottom roughness may dissipate eddy kinetic energy at higher 
depths (Gille et al., 2000). The comparison of the topography of the NER with geophysical and 
regional geologic settings in the north-east Indian Ocean makes it possible to assess the relative 
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effectiveness of the geophysical parameters as the impact for the formation of topographic 
structures. Using high-resolution datasets, such as GEBCO, EGM-2008, and gravity grids by 
Sandwell et al. (2014), adds reliability and precision to the final outputs and presented maps.  

In the course of its geologic evolution, the NER has been affected by a variety of geological 
processes: northward motion of the Indian Plate (Peirce, 1978), subsidence, movements between  
spreading centers, and the Earth's mantle structure deformation of crustal blocks (Krishna et al., 
2001; Rao et al., 1997). Impact factors that could have an effect on the deepening of the NER 
topography in the central segment include plate motions, hot spot activity, topographic closeness of 
the hot spots to the NER, and tectonic factors such as an intra-plate compression strength. As a 
result of these factors and complex interactions between the geologic processes, the seafloor 
bathymetry of NER is highly undulated and asymmetric in various segments. The morphology 
includes steep rises and slopes, and an uneven distribution of depths and slope gradients, as 
demonstrated in this work, based on the GEBCO dataset modeling. The topography also has a 
notable correlation with the distribution of the gravity anomaly fields.  

Spatial distribution of the morphological structures and topography present in the NER 
reflects its geological evolution and tectonic history. Both plate movements and varying spreading 
ridge rates contributed to the ultimate formation of the contemporary bathymetry of the NER. The 
sediment accumulation, to a certain extent, has also exerted an influence on the crest form and ridge 
morphology. Supported by the geophysical and geologic mapping based on the high-resolution 
grids, this study highlights spatial differences as a comparative submarine morphology and 
bathymetry of the ridge structure in its northern, central, and southern segments. It also presents a 
comparison between the several geophysical datasets, high-resolution bathymetry, and geologic 
data. The cross-section profiles presented in this paper and supplemented by the visualized 
geophysical grids of geoid and gravity anomalies clearly bring out the undersea morphology of the 
NER in the 3 segments: 1) northern segment 89°E, 7°S to 90°E, 7°N; 2) central segment 88.4°E, 
14.7°S to 88.8°E, 8.2°S, and the 3) southern segment 87.9°E, 17°S to 87.5°E, 27°S. 

The distinct presence of upward dome-shape, wedge-shape and bell-shape morphological 
configurations within the 3 segments mapped on the ridge (Figures 5 - 7) supports its volcanic 
origin with multiple volcanic episodes. These specific geomorphological structure characteristics 
suggests the conclusion that the formation of the NER was connected with the tectonic movement 
of the Indian Plate over the Kerguelen hotspot, which produced the basaltic lava forming the ridge. 
However, Flee and McKelvey (1978) indicated earlier that NER volcanism was different from that 
which produces mid-ocean ridge basalts; the sequence of basaltic rocks from the NER is enriched 
by heavy rare earth elements, although their contents vary unsystematically with depth. Thus, 
basement lavas from certain sites in the NER are tholeiitic basalts, while lavas appear to be 
subaerial eruptives, but the lowermost flows are pillow lavas (Frey et al., 1991). This phenomena 
might be caused by high-temperature subaqueous alteration and the presence of biogenous calcite. 

Various publications have discussed the origin and specifics of the NER morphology, 
including the theory of the mode of emplacement using interpretation of the available geophysical 
data, including aspects of hot-spot formation, active faulting, and deformation of the Indian Plate 
(Subrahmanyam et al., 2008; Sager et al., 2013; Ratheesh et al., 2013; Hédervari, 1982; Royer & 
Sandwell, 1989). For instance, the time and mode of NER emplacement during the evolution of the 
Indian Ocean includes its long trace from the Afanasy Nikitin Seamount and many complex 
movements that finally caused asymmetries in its morphology. This study, supported by previous 
tectonic modeling (Royer et al., 1991), indicates that the NER originated from a hot spot in the 
Indian Ocean. This caused plate movements varying in rate and intensity in its different age and 
locations. Finally, this resulted in its present asymmetric morphology. Bathymetry and gravity data 
in the southern segment of the NER to the east revealed steep downward faulting of approximately 
2 km. This local narrow depression is presented by the fracture zones with undulated topography 
(minor trench stretching parallel to the NER). 
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Theoretical and quantitative progress in computer technologies have brought dramatic 
changes in the methodology of modeling and cartographic mapping in geological and geographical 
studies, rapidly and continuously developing since the 1960s (Stocks, 1960; Chang, 1982; Liu et al., 
1982; Suetova et al., 2005a; Suetova et al., 2005b; Gohl et al., 2006a; Gohl et al., 2006b; Schenke 
& Lemenkova, 2008; Lemenkova, 2020d; Shang et al., 2020). As demonstrated in this paper, using 
multi-source geophysical, geological, and topographic data with high-resolution facilitates 
comparison of the geological phenomena and the finding of correlations between the morphology of 
the NER and local geophysical settings.  

The GMT scripting approach, in contrast to the traditional GIS, enables the creation of an 
elaborated model of topographic cross-sectioning using quantitative variables as depths. Depending 
on the local geophysical context, such models can express spatial distributions of the depths, trends 
in slope steepness, and sectors of the extended anomalous depths (southern, central and northern), 
pointing at minor trenches parallel to ridges. Traditional GIS approaches are popular and widely 
used (e.g., Klaučo et al., 2013; Klaučo et al., 2014; Klaučo et al., 2017). However, the standard GIS 
often requires the generation of a GIS project and a handmade routine, while GMT applies scripting 
algorithms similar to programming languages in its paradigm, such as Python, AWK, or R (e.g., 
Lemenkova, 2019f; Lemenkova, 2019g; Lemenkova, 2019h). Using scripting syntax in cartographic 
mapping enables the modification of maps on the fly, using existing templates or performing 
statistical analysis (e.g., Lemenkova, 2018). This significantly facilitates the process and increases 
both the precision and the design quality of the output maps.  An alternative way of bathymetric 
mapping is a combination of various methods by using both scripts and a traditional GIS (Gauger et 
al., 2007).  

Due to its complex geologic evolution, the morphology of the NER differs in the 3 diverse 
segments, which is caused by the Indian Plate movements and the hot spot volcanism near the 
Kerguelen Plateau. Besides the morphological analysis of the NER, the technical purpose of this 
work was to give a tangible demonstration of the usefulness of representing high-resolution 
geophysical and topographic raster grids for analysis of seafloor morphology at regional and local 
extends using advanced cartographic solutions and modeling methods of GMT. With this aim in 
mind, 3 automatically-digitized segments of the NER were prepared and visualized, showing how 
the ridge generally differs in a profile view over its extend, what its slope gradient are, and what 
depth frequencies are in the 3 segments.  

The paper contributed to the 3 research aspects:  
1) geological studies of the NER as a unique geological submarine object,  
2) cartographic demonstration of geophysical and bathymetric mapping by GMT, 
3) technical questions of the data visualization in geology.  

  
All illustrations were plotted in GMT using regional and local scales: regional scale refers to 

Figures 1 - 4 and local enlarged scales represent 3 segments of the NER (Figures 5 - 7). A 
statistical graph shows the comparison of bathymetry (Figure 8). Brief explanations of the GMT 
modules and their technical workflow are provided. The actuality of using GMT for the marine 
geological studies is caused by the specifics of the study object: modeling seafloor morphology 
requires indirect (R/V-based) observations, extensive analysis of the existing geological literature, 
and visualization of the geophysical and bathymetric datasets. In view of this, data visualization and 
computer-based methods in geological mapping of the seafloor and modeling its relief are 
progressive and advanced methods, as demonstrated in this article.  
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