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Abstract. Cartographic visualisation is a central concept in geoinformatics, and Generic Mapping Tools
(GMT) functionality provides a variety of modules for effective mapping. However, due to its specif-
ic scripting approach, there is not enough reported experience of GMT mapping, comparing to tra-
ditional GIS. This contribution introduces steps that can be taken to perform cartographic mapping
and modelling using GMT. Geographically, this paper investigates the Izu-Bonin Trench in the Pacif-
ic Ocean. The aim was to compare its geomorphology in two segments, and each was modelled by
a series of profiles. The comparative analysis shows that the southern segment is deeper and is a
more precisely V-shaped form with a steeper gradient slope. The northern part has an asymmetric
slope with submarine terraces to the west and a straight shape to the east. The northern profile is
based on 407 samples (13.5%) at depths of -5,600 to -5,800 m, followed by 304 samples at -5,800
to -6,000 m (10%). The southern histogram has a bimodal distribution with two peaks: 523 samples
(20%) with depths of -5,800 to -6,000 m. The second peak (10%) is on the Bonin Ridge. The GMT
proved to be an effective instrument for marine geological mapping, 3D and 2D modelling, statisti-
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Introduction

The Izu-Bonin Trench, also known as the Izu-Oga-
sawara Trench, is a hadal trench in the west Pacific
Ocean to the south of Japan (Fig. 1). Longitudinal-
ly, it extends from near Tokyo in Japan to Guam
(Barnes and Straub 2010). In its structure, the
trench continues the Japan Trench. Geographical-
ly, the Izu-Bonin Trench is bordered to the east
by the Ogasawara Plateau (Nishizawa et al. 2006)
stretching in the northern part of the Philippine
Sea, which is bounded to the east by island arcs
(Nanpo Islands, Mariana, Yap, Palau) and deep-sea
trenches. The seafloor of the Philippine Sea is clas-
sified as “oceanic” type (Leontev 1968; Peyve 1980).

It is divided by the submarine ridges into major ba-
sins: Philippine (dominating depths 5,500-5,800 m),
Namp6 and Western Mariana (4,800-5,200 m). The
Kyushu-Palau chain of pointy steep-sided moun-
tains (2,000-5,000 m) separates the Nampo and
Western Mariana basins of the Philippine Sea (Lit-
vin 1987). The seafloor relief in the Philippine Sea
is strongly dissected and hilly, with depth ampli-
tudes from 100 to 500-700 m. The orientation of
the ridges is mainly sub-meridional and north-west-
ern, corresponding to its geomorphic structures. In
the northern and western parts of the Philippine
Basin, block elevations with large block dissections
reach up to 4,000 m. In the east, it is limited to a
sub-meridional, arched to the east ridge.
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The Bonin Islands are located on the outer ridge,
and the Volcano Islands on the inner ridge of the
Nampo island arc. This system continues to the
south as a double arc curved to the east with the
Mariana Islands formed on its outer ridge. This en-
tire system of ridges has a structure typical of is-
land arcs (Rodnikov 1979). It has convex, stepped
slopes with the lower parts steeper than the upper
ones. The Izu-Bonin Trench stretches along the low-
er basement of these outer slopes. It continues to
the Mariana Trench, which is separated from it by
low threshold. The bottom of the trench’s seafloor is
flat and narrow, with a maximum depth of 9,780 m
(Udintsev 1972).

The Izu-Bonin Trench is formed in the area
of active tectonic subduction of the Cretaceous
(135 Ma) Pacific Plate beneath the Philippine Sea
Plate (Sano et al. 2016). As a consequence of this
subduction the following structures are formed:
the volcanic arc of the Izu and Bonin Islands on
the Izu-Bonin-Mariana Arc system and the Shiko-
ku Basin as a backarc basin (Fig. 2). In its develop-
ment, the Izu-Bonin arc has two major periods of
arc formation that differ in duration, composition,
and volcanology. The first lasted ~5 to 6 million
years and produced voluminous boninitic-tholeiit-
ic magmas (Nakajima and Arima 1998). The second
post-42 Ma period of the Izu-Bonin arc’s formation
produced a classical volcanic arc with stratocones
(Barnes and Straub 2010).

Further geologic development of the Izu-Bonin
arc and formation of the Shikoku backarc basin took
place in the early Miocene, ~30-15 Ma (Cox 1973;
Taylor 1992). It then continued during the Middle
Miocene when the Philippine Sea Plate migrated
north-westward (Whitman et al. 1983). As a conse-
quence, the Izu-Bonin arc collided with the Honshu
arc (Niitsuma 1989; Soh et al. 1991; Takahashi and
Saito 1997). At the same time, the south-west Hon-
shu arc rotated clockwise, which strengthened the
collision of the arcs (Otofuji et al. 1994). As a result,
the Izu-Bonin arc collided with the Honshu arc, to-
gether forming a globally unique active Izu arc-arc
Collision Zone (ICZ) in central Japan (Arai and
Iwasaki 2014). The collision resulted in Izu-Bonin
arc crust accreting onto the Honshu arc, associated
with movements of the tectonic plate and Izu-Bonin
trench formation (Soh et al. 1998). A new peri-
od of along-strike arc rifting began about 2.5 Ma

ago (Ishizuka et al. 2003). The development of the
oceanic trench is mirrored in its seabed structure,
which is well structured: a sedimentary cover, a ba-
salt of tholeiitic composition (Reagan et al. 2010), a
complex of parallel diabase dykes, gabbro and gab-
bro-ultrabasic complex lying on mantle ultrabasites
(Lemenkova 2019b).

The trench extends to nearly 10 km depth. The
200-km wide forearc region includes an inner
trench slope with a basal terrace and seamounts,
an outer arc connected to the Bonin Islands and a
thick forearc sedimentary basin east of the active
arc volcanoes. The backarc region encompasses ac-
tive rift basins and cross-chains of submarine arc
volcanoes extending into the Shikoku Basin (DeBari
et al. 1999). The northern end of the Izu-Bonin arc
is a juvenile oceanic arc colliding with the Honshu
arc, a mature island arc since the Middle Miocene
(Stern et al. 2003). A chain of serpentine seamounts
is exposed at the forearc slope 40-50 km west of the
Izu-Bonin Trench axis. Seismically, few large earth-
quakes (>M7.0) (Kamimura et al. 2002) are detected
at depths <100 km (red circles on Fig. 2) and many
large earthquakes at depths 100-300 km (Fig. 2).
The Boso triple junction located on the north of
the Izu-Bonin Collision Zone (Fig. 2) is the north-
ern end of the arc colliding with the Honshu Island
arc as a consequence of the NW migration of the
Philippine Sea Plate (Ogawa et al. 1989).

Many factors affect the structure of a hadal
trench, its dynamics and present geomorphology
(Lemenkova 2018a). The complexity of the pro-
cesses taking place along subduction zones is illus-
trated by Woelki et al. (2018): where oceanic crust
and sediment are recycled into the mantle, caus-
ing mantle melting and heterogeneity, arc magma-
tism, degassing and the creation of new continental
crust. The trench is then formed where the tectonic
plates are being subducted. The Izu-Bonin Trench
is bordered by the Philippine Sea plate in the west.
The Philippine Sea is a geologically complex region
notable for its varied bathymetry and plate shape
(Yamazaki et al. 2010) as well as its complex patch-
work of seafloor ages. The bounding subduction
zones of the Philippine Sea Plate exhibit significant
N-S variation in slab morphology (Cizkova and
Bina 2015).

As a result of the interplay of these factors, the
trench consists of the Izu (north) and the Bonin
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Fig. 1. Topographic map of the study area: Izu-Bonin Trench

(south) separated roughly by the Ogasawara Pla-
teau. Thus, seafloor ageing affects the advancing
trench through the subduction of progressively
older and stiffer lithospheric material (Faccenna et
al. 2009). Furthermore, Ishizuka et al. (2018) not-
ed that the asymmetric spreading was caused by
ridge migration in the Izu-Bonin region in view of
the age difference between the oldest forearc basalt
and the crust of the Amami Sankaku Basin. Other
factors besides tectonic development, including, for
instance, deep ocean currents that bring sediments
to the trench bottom thus contributing towards the
accumulation of the sediment thickness (Lemenko-
va 2019a), impact on the development of the litho-
sphere via a constant exchange of matter and energy
between the submarine volcanoes.

More detailed descriptions of the geophysical,
petrological and geochemical settings, volcanism

200 400

and seismic characteristics, analysis and interpreta-
tion of geomorphological, geological, and thermo-
chronological data of the Izu-Bonin tectonics are
reported in relevant publications (Tuezov 1978; Ka-
wate and Arima 1998; Dobson et al. 2006; Tamura
et al. 2010; Tollstrup et al. 2010; Oshika et al. 2014;
Arculus et al. 2015; Arisa and Heki 2016; Senda et
al. 2016; Hashima et al. 2016; Ichiyama et al. 2017;
Gong et al. 2018; Zhang et al. 2019). Hence, the re-
gion of the Izu-Bonin Arc is now one of the best
and most intensively studied oceanic arcs. Howev-
er, less attention has been given to the submarine
geomorphology of the Izu-Bonin Trench as a deep-
sea geomorphic structure. With regard to the lack
of such research, the current study aims to further
the understanding of the trench system by mapping
and modelling its geomorphic form using the car-
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Fig. 2. Geologic map of the study area: Izu-Bonin Trench

tographic approach of the Generic Mapping Tool-
set (GMT).

Materials and methods

The primary goal of this research was to com-
pare the geomorphology and slope steepness of
two segments from the Izu-Bonin trench. Bathy-
metric cross-sectioned profiles (Fig.7) show that
the southern segment of the Izu-Bonin trench
(Fig. 7B) has a steep outer slope and more precise-
ly V-shaped cross-profile. The northern part of the
trench (Fig. 7A) has seamounts on the eastern side

500

(which can also be seen in Fig. 6) and submarine
terraces.

Since bathymetric data accuracy is of highest
importance (Smith 1993), the data for this study
is based on the high-resolution bathymetric/top-
ographic global data model for ocean and land,
GEBCO (The General Bathymetric Chart of the
Oceans): https://www.gebco.net/. The major advan-
tage of GEBCO for bathymetric mapping lies in its
accuracy. In general, the accuracy of the geospatial
datasets appears to be higher on various data sets
of increased resolution. Therefore, a GEBCO glob-
al terrain model at 15 arc-second intervals was se-
lected as a major data source for plotting the maps
in Figure 1, Figure 2 and Figure 6.
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Fig. 3. Geoid model: Izu-Bonin Trench

The description of the GEBCO goals, ideas and
general objectives of mapping can be found in the
relevant publications of the GEBCO Committee
(2016) and Weatherall et al. (2016). The GEBCO da-
taset grid is supported by ship-based cruises, which
allows the high of accuracy in GEBCO grids to be
maintained, resulting in its 15-arc-second resolution
(Weatherall and Cramer 2004). The GEBCO project
is focused on high-precision bathymetric mapping
of the seafloor (Wyatt 2019). It originated in the
early 20™ century and is currently being developed
by multiple oceanographic institutions. The use of
the GEBCO grid here was facilitated through the
GMT and the application of methodologies avail-
able for issues of bathymetric mapping (Hell and

Jakobsson 2011) and documentation of GMT (Wes-
sel and Smith 1998).

In response to the increasing requirements for
cartographic quality and big data processing, vari-
ous GIS have been developed during the last dec-
ades to meet needs in thematic and bathymetric
mapping, e.g. ArcGIS, GRASS GIS, QGIS, Mapln-
fo, Erdas Imagine, ENVI GIS, to mention a few. As
one of the most popular GIS softwares, ArcGIS has
been used and tested extensively in geospatial re-
search (Suetova et al. 2005a; Kuhn et al. 2006; Le-
menkova 2011; Lemenkova et al. 2012; Klauco et al.
2017). GRASS GIS (Geographic Resources Analy-
sis Support System) has most recently launched its
version 7.8 (information on 25.04.2020) and is be-
coming increasingly popular as a free open source
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Fig. 4. Free-air gravity model: Izu-Bonin Trench

GIS with a GUI (Graphical User Interface) and a
console. In Canada, the Teledyne CARIS devel-
oped CARIS (Computer Aided Resource Informa-
tion System) software for marine mapping and raw
bathymetric surveys. An example of a combination
of ArcGIS and CARIS HIPS for swath bathymetric
mapping followed by GMT data processing is giv-
en by Gauger et al. (2007).

The GMT nonetheless has certain advantages
over the mentioned above GIS, in particular the
scripting approach, automation of cross-section
profiles, visualisation of high-quality raster grids,
and full support of cartographic works (projection,
design, geospatial analysis and queries, modelling,
statistical analysis, layouts, printing). The main dif-
ference distinguishing GMT from other GIS is its
performance of cartographic mapping through a
console-based scripting approach in which each
command of the scripting code roughly corre-

500

sponds to an element or layer of the plotted map.
Thereby, the resulting map in postscript format (.ps)
is designed stepwise based on a set of the command
lines. Cartographic elements are added to the final
layout using GMT modules and their flags are im-
portant for code evaluation (attributes of fonts, col-
ours, selection of algorithms of rad data processing,
size and types of plotted symbols). For example, us-
ing GMT, selected pieces of raster grids can easily
be subset from the initial raster grid, converted in
terms of formats (GeoTIFE, NetCDF), and repro-
jected to a vast variety of cartographic projections
specific to the selected map, without initialising a
new GIS project (which ArcGIS requires).

The principle of thematic mapping by means of
GMT consists in the following. The mapping “as is”
is performed through the command line via run-
ning shell script. Each script contains a sequence
of lines of codes. Similar in principle to program-
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Fig. 5. 3D model of the study area: Izu-Bonin Trench

ming languages, the lines of the GMT codes are
used to plot every cartographic element on the map
including coast lines, grids, projection, embellish-
ments, titles and subtitles, and texts. In this sense,
the architecture of the GMT has a straightforward
approach of “map-oriented” (not “project-oriented”)
mapping, in contrast to other GIS. Hence, through
such advanced functionality, GMT responds to the
need for quick and precise mapping based on large
amounts of data. GMT enables effective and rapid
data processing and manipulation with big datasets
on geology and seabed topography (e.g. GEBCO),
which results in high-quality bathymetric mapping
and assists in spatial analysis of bottom morphol-

ogy.

148° £

Geologic and geophysical mapping

There are multiple GMT modules that were used
in the thematic mapping (Wessel et al. 2013). For
example, the bathymetric/topographic map (Fig. 1)
was plotted using a combination of the following
modules: gmtset, gmtdefaults, grdcut, makecpt,
grdimage, psscale, grdcontour, psbasemap, gmtlo-
go, psconvert. The geoid map (Fig. 3) was mapped
using the following GMT modules: gmtset, grd2cpt,
grdimage, pscoast, grdcontour, psbasemap, psscale,
psimage, logo, pstext, psconvert. To be more spe-
cific, the example of the GMT code used for map-
ping free-air gravity map (Fig. 4) is provided below.
The data for the marine free-air gravity and geoid
models (Earth Gravitational Models, EGM96) were
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taken from the available grids (Smith and Sandwell
1995; Sandwell et al. 2014) of Scripps Institution of
Oceanology. The resulting thematic maps are pre-
sented as Figures 2-4.

Cross-sectioning profiles for topographic mod-
elling

Machine learning techniques have become impor-
tant in GIS and geospatial analysis, as they are par-
ticularly suited to facilitating monotonous routine
cartographic work, such as digitising (Schenke and
Lemenkova 2008). Besides speed, modelling com-
plex objects such as hadal trenches requires an al-

gorithm of precise cross-section profiling that can
produce reliable and accurate results.

The aim of the cross-sectioning in this study
was to make two sets of bathymetric profiles in the
northern and southern segments of the trench, and
to sample the deepest values of both using GMT
(Fig. 6). Because in its structure the northern part
of the Izu-Bonin trench (the Izu Trench segment)
bends gently by the Bonin Ridge extension (Fig. 6),
the study suggested the comparison of the two seg-
ments on its northern and southern parts. Two
transects of 400 km long, spaced 20 km apart and
sampled by observations of depth every 2 km, were
made on the northern part of the trench slope of
the Izu-Bonin arc (Fig. 1) using “grdtrack”, “con-
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Fig. 7. Modelled graphs of the relief cross-section profiles of the Izu-Bonin Trench

vert” and “psxy” as the main GMT modules. The
first segment stretches in an almost longitudinal di-
rection with coordinates 142.2°E 31.3°N to 142.0°E
33.8°N. The second segment has a notable SE bend-
ing and the following coordinates: 143.1°E 28.5°N
to 142.3°E 30.5°N. The profile used for cross-sec-
tioning the trench was digitised in these two seg-
ments, respectively (Fig. 6). Technically, digitising of
the transects and modelling of the geomorphic pro-
files were based on the methodology explained in
GMT references (Wessel and Smith 2018).

Two tables of modelled data for the north-
ern and southern segments include 2,626 observa-
tions for the southern segment obtained through
13 profiles, and 3,030 samples received from the
15 profiles for the northern segment. The dataset
comprised the depths and coordinates for the meas-
ured profiles of the model data of each segment.
The “psxy” module was used to plot graphs of the
modelled profiles (Fig. 7) to feature geomorphology
ranges. The resulting two graphs are shown in Fig-
ure 7. The 3D model (Fig. 5) was plotted using the
“grdview” GMT model to visualise the trench in a
three-dimensional cross-transect. The principle of

the “grdview” was in reading a 2-D grid file (the
ETOPOS5 raster grid was taken) and plotting a 3D
perspective coloured mesh plot by drawing a mesh
topographic surface made up of rhomboid polygons
over the geoid image.

Plotting statistical graphs is one of the meth-
ods used for better understanding the data distri-
bution and variations within datasets. Data analysis
in geospatial research can be performed using var-
ious tools and approaches, e.g. histograms, varia-
tion plots, ternary diagrams (Oshika et al. 2014;
Saito and Tani 2017), spatial metrics (Klauco et al.
2013b), 3D tomographic modelling of cross sections
(Miller et al. 2005), geodynamic modelling of geo-
logical data (Faccenna et al. 2018), geostatistical as-
sessment and analysis (Klauco et al. 2013a), linear
regressions and graphs of variables plotted against
each other to visualise correlations in geological da-
tasets (Lindh 2000, 2004; Lindh et al. 2000; Lemen-
kova 2019d, e), geospatial analysis (Suetova et al.
2005b), ecological assessment (Klauco et al. 2014),
and clustering (Lemenkova 2019h), to mention a
few. A combination of various approaches for data
analysis may result in comprehensive data interpre-
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tation by means of statistical libraries and program-
ming tools (Lemenkova 2019g).

From the variety of all existing methods of data
analysis and statistical interpretation, it is necessary
to select the most appropriate in the particular case
study that would highlight the trends in data distri-
bution given the limited size and scope of the re-
search. Therefore, plotting of histograms (Fig. 8) was
selected as the optimal tool to demonstrate depth
distribution along the two segments of the hadal
trench using the “ps histogram” GMT module. The
methodology explained in GMT manuals (Wessel
et al. 2019) was selected and followed stepwise. The
core approach of the histogram plotting by GMT

consists in the following. The “pshistogram” exam-
ines the selected data column from the file gen-
erated in the previous step (a table that contains
depths and lat/lon coordinates of the cross-section
profiles).

The statistical analysis of the trends of slope
gradients for segments was done by the module
“trend1d”. The primary concept of these investiga-
tions is to visualise the plotted median bathymetric
curve in two segments (Fig. 9) along the cross-sec-
tion of 400 km and the curvature of the profile
shape approximated by three mathematical func-
tions (Huber 1964; Menke 1989; Smith and Wessel
1990). Cross-sections through the surfaces are pro-
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Fig. 8. Histograms showing depth distribution in two segments of the Izu-Bonin Trench
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duced with splines in tension, which fits a regres-
sion model [y = f(x) + e] by weighted least squares
(Wessel et al. 2019). The functional form of f(x) was
chosen as polynomial (Ahlberg et al. 1967; de Boor
1978) and Fourier (Bracewell 1978), using the fol-
lowing formulae:

1. variant, Figure 9E: Basic LS line y = a + bx:
gmt trendld -Fxm stackIBTn.txt -Npl >
model.txt (the -F’ flag shows a single Fou-
rier component);

2. variant, Figure 9D: Basic LS line y = a + bx +
cx”: gmt trend1d -Fxm stackIBTn.txt -Np2 >
model.txt (an intermediate case using some
tension. Here the “-Np2” flag shows polyno-
mial with intercept and powers of 2. In the
2D case, the minimum-curvature method is
the natural bicubic spline (Smith and Wes-
sel 1990);

3. variant, Figure 9C: Basic LS line y = a + bx
+ cx’ + spatial change gmt trendld -Fxmr
stackIBTn.txt -Np2,f1+11 > model.txt (here
“f17is a Fourier series; “1” flag signifies length
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of modifiers; “xmr” signify x = x axis, m =
model {(x), r = residual, used by GMT);
residuals, Figure 9B, the difference between
the observed and predicted values of the ba-
thymetric depth variable (z);

the original plot showing median stacked
profile with error bars, Figure 9A.

The output file was saved in an ASCII format
(model.txt) of numerical data and visualised in Fig-

ure 9.

Visual variations in approximated curvature of
the seabed bottom cross-section profile correlate
with the total stored elastic strain energy in the

flexed

plate, which is proportional to the curvature

(Smith and Wessel 1990). As demonstrated, curva-
ture of the topographic cross-sectioned seabed can
be modelled conveniently by the functionality of the

GMT

using the “trend1d” module with embedded

mathematical approximations of the data. In gener-

al case
ciated

s, topographic surface roughness can be asso-
with local geological settings, and especially

with tectonic plates movements. Nevertheless, re-
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lationships between submarine topography, geo-
morphology and geologic conditions have a more
complex nature and are still a topic for future re-
search.

Results

The cross-sections are visualised as two segments
of the Izu-Bonin Trench (Fig. 6). The results of the
modelling demonstrated that the southern seg-
ment of the trench is deeper and is more precise-
ly V-shaped with a steeper gradient slope on both
slopes (Fig. 7B). The northern part of the trench
(Fig. 7A) has asymmetric slopes with a notable
submarine terrace on the western part and a more
straight shape on the oceanward side (Fig. 7A).
Furthermore, the southern segment of the trench
has the Bonin Ridge distinguishable on the graph.
The comparison of the oceanward flank of both
segments of the Izu-Bonin Trench shows simi-
lar geomorphic shapes, but with seamounts on the
northern part (Fig. 7). The 3D model of the Izu-
Bonin shows (Fig. 5) seamounts (exaggerated for
better visual effects) on the eastern part of the mod-
el. The trench is coloured deep purple with a gener-
al profile view on the grey draping border.

Most of the seafloor in the northern segment
course is characterised by a flat-shaped bottom
(Fig. 7A). This is most evident between -10 and 5 m
in a horizontal cross-section, where the left-flank
slope has a gradient of 61° while the right-flank
slope gradient does not exceed 33°. A subma-
rine terrace in the western wall can be identified
at -6,800 m (Fig. 7A). The eastern flank of the Izu-
Bonin Trench has a more homogeneous slope with
occasional seamounts where it is slightly incised
in contrast with the western segment. In the first
100 km of the horizontal cross-section, the profile
of the northern segment of the trench (Fig. 7A) var-
ies by no more than 3 km in depth (from -6,000
to -9,000 m) and shows slightly more complex geo-
morphology (compare Fig. 7A and 7B).

By contrast, the southern segment of the trench
(Fig. 7B) presents a clear V-shaped axis, as can be
seen in a segment of the cross-section at -6,000 to
-9,500 m depth with the western flank clearly sharp-
er (57.5°) than the eastern flank (39°). Its western

wall (corresponding to the northern wall in the rest
of the canyon) climbs almost 4 km (from -9,500
to -5,500 m) in barely 30 horizontal kilometres
(Fig. 7B, western flank). At the distance of -120 km
in a horizontal plan (Fig. 7B) at -4,100 m depth fol-
lowing the Bonin Ridge, the trench abruptly widens
and opens onto the plain part until a gradual in-
crease at -180 km in a horizontal transect (Fig. 7B,
western flank). This, the Bonin Ridge, dissects the
western wall of the southern segment of the trench
into two distinct topographic parts. The southern
segment (Fig. 7B), including all these topographic
fluctuations, is up to 80 km wide in its deepest part,
with a clearly asymmetric shape (50 km for the east-
ern flank and 30 km for the western flank), and has
a V-shaped morphology.

The statistical analysis of the two segments shows
the following results (Fig. 8). For the northern seg-
ment (Fig. 8A) for the most illustrative range of
depths (that is from -5,000 to -6,000m), the north-
ern segments shows a total of 1,037 recorded sam-
ples (304, 407, 248 and 78). The southern segment
shows (Fig. 8B) a total of 931 samples (523, 304,
77 and 27). Furthermore, the histogram for the
southern segment has a clear bimodal distribution
with two peaks: 523 samples taking 20% show the
most frequent depth values for the southern seg-
ment that lie in the range of -5,800 to -6,000m. The
2n peak takes almost 10% of the data pool cor-
relating with the Bonin Ridge location. These are
the data in the range from -4,200 to -3,800 m. For
the northern segment, the most repetitive samples
(407 values, 13.5%) are taken by the depths from
-5,600 to -5,800 m, followed by depths in the range
-5,800 to -6,000 m (304 samples with 10%). In the
northern segment, the data distribution has more
samples located on shallow areas (146 recorded ob-
servations) pointing at the Izu-Bonin Arc, while for
the southern segment there are no data recorded in
this bathymetric range. That means that the south-
ern segment has a more V-shaped trench profile, as
is visible in Figure 7.

The presented topographic mapping of the Izu-
Bonin Trench reveals differences in the bottom
morphology of its two distinct segments, and re-
veals variations in submarine landforms that can be
attributed to geological settings, rock composition,
erosional processes, and transport and deposition
of marine sediments. Interaction between geolog-
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ic, tectonic and sedimentary processes, geochemi-
cal rock properties with trench formation and its
topographic evolution are the main factors affect-
ing its topography, which is presented as the models
of subsequent cross-section profiles (Fig. 7). Other
mechanisms driving the morphological differenc-
es between the two segments may include the fol-
lowing: (1) transported marine sediments; (2) more
or less frequent sediment failure from the trench’s
slopes; (3) closer location to the island arc (western
flank) and (4) submarine erosion.

Discussion

Submarine geomorphological and bathymetric
mapping plays a critical role in analysis of marine
benthic habitats, navigation, modelling marine en-
vironments, and other aspects. Therefore, testing
new cartographic methods is important for further
development of geospatial ocean modelling. This
study has shown that the combination of GEBCO
and the Earth Gravitational Models (EGM96) geoid
data can support GMT-based thematic (topograph-
ic, geological and geophysical) mapping, 2D and
3D modelling of the submarine geomorphology of
oceanic trenches to complement geospatial meth-
ods, and the use of statistical analysis for interpret-
ing the results of bathymetric data processing. The
presented study contributes to the methodological
testing and application of the GMT scripting tool-
set algorithms for seafloor modelling and mapping.

As a recommendation for future studies, sim-
ilar research can be upscaled or tested in other
segments of oceanic trenches using other availa-
ble geographic datasets. For instance, extraction of
the specific submarine landform elements from a
GEBCO or SRTM DEM can be detailed for the next
level of abstraction and at a larger scale using infor-
mation on landform types. Recognising submarine
landform elements involves more detailed analysis
of the selected slopes of the trench into facets along
a bathymetric sequence from the submarine terrac-
es to the trench bottom. Further modelling meth-
ods could test topographic variations along other
segments of the trench.

Frequently, topographic variations lead to the
formation of geomorphic forms that can be visual-

ised in both the thematic map and as a 3D over-
lay with a topographic map. Some issues require
further investigation — specifically for cartograph-
ic modelling of the trench. For example, a techni-
cal GMT issue of the cross-section technique for
visualising a segment of a trench currently requires
a straight line between the start and the end points
of the segment. Therefore, the technique needs to
be applicable to curved lines of a trench in order
to provide a complete approach. The relationships
between the submarine topography, geomorphology
and geological and tectonic variations are not fully
clarified as a model that could also be mathemati-
cally developed.

Based on the availability of data, additional geo-
morphometric elements can be studied: aspect, pro-
file curvature, mean curvature of the cross-section
profiles of the oceanic trenches. Variation in topo-
graphic forms also includes differences in seafloor
morphology, which includes the system of canyons
and depression connected to a trench and contrib-
uting to sediment upbringing. These geomorphic el-
ements can be included in spatial analysis related
to the bathymetric mapping. Furthermore, besides
cartographic approaches to GMT, other machine
learning techniques can be tested for advanced
data analysis in geographic and geological mod-
elling. Thus, it is recommended to apply scripting
programming languages for geospatial data analysis
that include: S (Pebesma 2004), C++ (Barillec et al.
2011), Python (Lemenkova 2019¢c), R (Lewin-Koh
et al. 2002; Pebesma and Bivand 2005; Bivand et al.
2008; Lemenkova 2018b, ¢), or SPSS IBM Statistics
for data analysis (Lemenkova 2019f).

The long-term aim for machine-learning pro-
gramming applications in seafloor modelling is to
develop a computational model of the geomorphic
similarity of the trench shape based on a spatial
analysis of the topographic cross-sectional profiles
in its different segments. Currently, despite how im-
portant analysing topographic variation is for as-
sessing geomorphological patterns, there exists no
comprehensive automated method for modelling
3D curved profiles based on freeform surfacing us-
ing tangential continuity. Hence, mathematical ap-
proaches (Bézier, splines) can facilitate models of
topographic variations. Besides this, geomorphic
similarity between the patches of seafloor could be
assessed using fractal-based geomorphometric the-
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ory in a machine-learning approach (e.g. embedded
in a GRASS GIS). The resulting model would ac-
count for those aspects of geologic and geochemical
similarity that are based on the distribution of vari-
ous rock types and sediments within the study area.

Conclusion

Bathymetric data, cross-section profiles, and the-
matic mapping (geological and geophysical data)
were used to identify two coexisting topograph-
ic patterns in the southern and northern segments
of the Izu-Bonin arc-trench system. The V-shaped
deep southern part of the trench is the end re-
sult of the geochemical diversity caused by com-
plex geological and tectonic processes exposed in
the Izu Collision Zone (ICZ) that in the end af-
fects topographic shape through collision-induced
transformation from juvenile oceanic arc to ma-
ture continental crust in an ongoing arc-arc col-
lision zone. As a result, the ICZ granitoid plutons
are characterised by a wide range of geochemical di-
versity in spite of their geographical closeness (Tani
2011).

Differences in local geodynamic settings that
caused the formation of various types of granitoid
magmas in the ICZ led to the formation of various
types of granitoid plutons ranging from tonalites
and trondhjemites to granodiorites, monzogranites
and granites (Saito and Tani 2017). Thus, accord-
ing to the hybrid crust model (Saito et al. 2007),
the detected elements include magmas of individ-
ual plutons within the granitic complex, the Hon-
shu arc crustal metamorphosed terrigenous clastic
sedimentary rocks and the subducted Izu-Bonin arc
basaltic rocks under the ICZ. Since hydrothermal
mineral alteration with relation to temperatures and
geochemical content are the dominant factors in re-
sistivity of rocks, the geological settings necessari-
ly play an important role in geomorphic submarine
landforms.

As a consequence, the geochemical diversity and
such complex geological settings of the seafloor re-
sult in topographic variations of the Izu-Bonin
Trench, which is reflected in the bottom morpho-
logical system. In addition, bathymetric variations
affect the distribution of sediments eroded from

the island arcs eastwards and directed towards the
trench, with additional lateral supply of sediment
inflow from minor submarine canyons. Such a com-
plex network pattern of sediment distribution illus-
trates the contribution of canyons in transporting
terrestrial sediments from the island arc, coastal and
shelf areas via oceanic currents and the system of
submarine landforms to the bottom of the trench,
where they contribute to forming new landforms
and gradually changing the submarine topography.

The set of cross-sectional topographic profiles

obtained from the two segments along the Izu-
Bonin Trench, together with geological analysis
of the local and regional settings in the study area
based on published data on geochemical and tec-
tonic processes in the Izu-Bonin arc-trench sub-
duction system, allows the following conclusions to
be drawn regarding the differences in topography
and bottom morphology of the trench in its north-
ern and southern segments:

1. The different geochemical compositions
of the underlying rocks, geology, volcan-
ic activities and tectonic settings near Sag-
ami Trough (northern segment) and Bonin
Ridge (southern segment) and the earth-
quake activities near the Boso Triple Junc-
tion (northern segment) have an important
impact on the topographic shape of the sub-
marine landforms;

2. Tectonic processes involving subduction of
plates have different rates in its northern
(9 cm/yr) and central segment (6 cm/yr), de-
creasing southwards. This is reflected in the
strong, destructive earthquakes common in
central Japan (the northern part of the study
area). Since the process of the trench’s for-
mation is induced by the convergence of
two oceanic plates (the Pacific Plate is sub-
ducted under the Philippine Sea Plate at the
Izu-Bonin Trench) variations in the tectonic
plate movements necessarily affect the sub-
marine topography of the trench.

3. 'The heterogeneity of physical properties in
the subducted slabs have previously been
discussed (Kennett and Gorbatov 2004).
The tectonic history causes differences in the
physical properties of the seafloor, which is
explained by a combination of factors: var-
iations in the age, rigidity and strength of
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the subducting Pacific Plate in the mantle.
Thus, Conrad and Hager (1999) noted that
as the fault zone strength increases, the plate
velocity decreases, since increased resistance
in the fault zone slows the plate.

4. The geology of the Ogasawara Plateau caus-
es heterogeneity in the regional bottom
morphology. A seismic survey detected a
topographic high (2,000-3,000 m) above the
Izu-Bonin seafloor consisting of a series of
seamounts (guyots) of Cretaceous age (Oka-
mura et al. 1992). The flat summits of the
guyots are filled with carbonate-rich lagoon
sediments that are released into the mantle
from the seamounts extending down into
the subduction zone (Kerrick and Connol-
ly 2001) which explains the low seismic ve-
locity zone beneath the southern Izu-Bonin
arc (Miller et al. 2004).

As briefly summarised above, the topographic
shape of the trench is deeply connected with the
physical rock properties and geochemistry, which
in turn resulted from the tectonic plate move-
ments. Therefore, modelling topographic variation
of deep-sea trenches needs to include analysis and
mapping of its geophysical and geological proper-
ties and tectonic regional settings, since these have
a crucial role in indirectly affecting various factors
(petrophysics, geology). As demonstrated above,
the topography of the Izu-Bonin Trench varies in
its different segments experiencing the effects of
the set of geological factors and complex processes
within the oceanic system.
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