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Geomorphology of the Puerto Rico Trench and Cayman Trough
in the Context of the Geological Evolution of the Caribbean Sea

Geomorfologia Rowu Puerto Rico i Rowu Kajmanskiego
w kontekscie ewolucji geologicznej Morza Karaibskiego

Abstrakt: W artykule opisano badania wybranych elementow rzezby dna Morza Karaibskiego na
tle budowy geologicznej, tektoniki oraz wybranych wiasciwosci pola geofizycznego wptywajace-
go na powstawanie rowow glebinowych. Analiz¢ batymetrii wzdluz Rowu Puerto Rico i Rowu
Kajmanskiego wykonano z wykorzystaniem mapowania tematycznego, modelowania geomorfo-
logicznego i analizy statystycznej. Wykorzystano zestaw narze¢dzi do tworzenia skryptéw karto-
graficznych w $rodowisku Generic Mapping Tools (GMT). Dane obejmuja numeryczny model
batymetryczny o strukturze GRID z bazy GEBCO, globalny model geopotencjaltu EGM2008,
anomalie grawitacyjne z uwzglednieniem redukcji wolnopowietrznej (redukcja Faye’a) z pola-
czonego zestawu danych altymetrycznych z misji GEOS3/SEASAT/GEOSAT, numeryczny model
miazszosci osadow o strukturze GRID i rozdzielczosci 5 minut z programu GlobSed oraz warstwy
wektorowe w formacie GMT (linie brzegowe, sie¢ rzeczna, granice). Przekrdj zostal wykonany
z wykorzystaniem modulu ,,grdtrack”. Wyniki pokazaty réznice miedzy strukturg Rowu Puerto
Rico i Rowu Kajmanskiego, na ktére wptyw miata ewolucja geologiczna. Srednie nachylenie zbo-
czy rowu Puerto Rico (67,5°W 1 19,90°N do 64,1°W i 19,82°N) wynosi 13°. W czgéci potnocnej
zbocza sg bardziej strome (32,09°), ale wyzsze na zboczu kontynentalnym. Profile Rowu Puerto
Rico sg asymetryczne dla obu bokdéw z powodu uskokow i ruchdw tektonicznych ptyty karaibskiej
i plyty pétnocnoamerykanskiej. Dno morskie Rowu Kajmanskiego jest ptaskie w tym segmencie
(80,0°W 1 17,70°N do 78,5°W 1 19,50°N). Jego profil jest asymetryczny: potnocna czg¢s¢ jest stro-
ma (57°), a poludniowa jest bardziej tagodna (16°). Bardzo duze ujemne anomalie grawitacyjne
Faye’a na wolnym powietrzu (do —380 mGal) widoczne sa w Rowie Puerto Rico, na potludnie
od Kuby oraz w pétnocno-wschodniej czgsci Rowu Kajmanskiego. Subdukcja ptyt tektonicznych
w Matych Antylach, Ameryce Srodkowej i na dnie morskim, obejmujaca niecke kajmanska, ko-
reluje ze zmianami falowania geoidy wywolanymi wlasciwosciami skat powodujacych anomalie
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grawitacyjne. Analiza warunkéw topograficznych na przekroju podtuznym ujawnia réznice dla
Rowu i niecki. W przeciwienstwie do Rowu Puerto Rico z wyraznym pikiem gestosci (680 pro-
bek dla glebokosci od —5200 do —5400 m), Row Kajmanski ma bimodalny rozktad danych: dwa
szczyty odpowiadaja dwom interwalom: 1) od —3250 m do —1000 m; 2) od —5250 m do —3500
m. Wnioski zawarte w artykule moga przyczyni¢ si¢ do badan geologicznych Morza Karaibskiego
z technicznym zastosowaniem GMT do modelowania geomorfologicznego.

Stowa kluczowe: globalny model geopotencjatu; anomalie grawitacyjne; GMT; Row Kajmanski;
Row Puerto Rico; Morze Karaibskie

Abstract: This paper concerns the Caribbean Sea submarine geomorphology and bathymetry and
especially the Puerto Rico Trench and the Cayman Trough, using thematic mapping, geomor-
phological modelling and statistical analysis. The technical tools include Generic Mapping Tools
(GMT) cartographic scripting toolset. The data include GEBCO digital bathymetric model in grid
format, geopotential model of the Earth’s gravity field EGM2008, marine free-air Faye gravity
anomalies from a combined GEOS3/SEASAT/GEOSAT altimeter data set, sediment thickness from
the GlobSed 5-arc-minute grid model and vector layers of GMT (coastlines, river network, borders).
The cross-sectioning was done by the “grdtrack” module. Differences between the form of the
Puerto Rico Trench and Cayman Trough presumably result from different structure and geological
evolution. The geomorphology of the segment of the Puerto Rico Trench (67.5°W and 19.90°N
to 64.1°W and 19.82°N) has a gentle curvature of the slope in plane (about 13° slope steepness).
The slopes are steeper in the northern part (about 32°) but higher on the continental slope. The
profiles of the Puerto Rico Trench are asymmetric due to the tectonic factors. The seabed of the
Cayman Trough is flat at the segment (80.0°W and 17.7°N to 78.5°W and 19.5°N). Its profile is
asymmetric: northern part is steep (about 57°), southern part is about 16°. A very large negative
Faye free-air gravity anomaly (up to —380 mGal) is seen in the Puerto Rico Trench, south of Cuba
as well as in the north-eastern part of the Cayman Trough. The tectonic plate subduction in the
Lesser Antilles, Central America and seafloor spreading is reflected in the morphostructure in the
Cayman Trough and Puerto Rico Trench. Modeled cross-sectioning profiles show differences both
for the Trench and Trough. In contrast with the Puerto Rico Trench with distinct density peak (680
samples for depths —5,200 to —5,400 m), the Cayman Trough has a bimodal data distribution: two
peaks correspond to the two intervals: 1) —3,250 m to —1,000 m; and 2) —5,250 to —3,500. The paper
contributes to Caribbean Sea geological studies by using GMT for geomorphological modelling.

Keywords: Earth gravitational model; gravity anomalies; GMT; Cayman Trough; Puerto Rico
Trench; Caribbean Sea

INTRODUCTION

This paper is focused on the Caribbean Sea region and the analysis of its
geologic and tectonic structure with regard to the seabed geomorphology. The
Caribbean Sea is composed of several major topographic and geologic provinces
(Holcombe et al. 1990), the spatial relationships of which are illustrated in Figure
1. Earlier works on the Caribbean Sea and marine mapping of other basins are
presented in various papers which were mainly based on the available data and
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various methods of cartographic mapping (e.g. Heezen, Tharp 1961; Case et al.
1984; EEZ-Scan 85 Scientific Staff 1987; Edgar et al. 1990; Gauger et al. 2007;
Collina-Girard 2002; Klaucke et al. 2008; Clay et al. 1964; Lemenkova 2011;
Belderson et al. 1972; Kuhn et al. 2006; Suetova et al. 2005; Wille 2005). The
specific focus of this paper is to compare the submarine geomorphology of the
Puerto Rico Trench and the Cayman Trough, two morphological features of the
seafloor of the Caribbean Sea. Normally, trenches are located at the convergent
tectonic plate boundaries. In general terms, oceanic trenches are defined as the
deepest topographic depressions, narrow, long, with V-shape or U-shape form
in a perpendicular cross-section (Shepard 1963). However, the variety of their
forms is diverse reflecting the local specific of the geological conditions and
evolution of the tectonic processes.

The Caribbean Sea is bounded from the north and east by the arc of the
Greater Antilles (including Cuba, Hispaniola, Puerto Rico, Jamaica, and the
Cayman Islands) and eastern group of the Lesser Antilles (including Windward
Islands, Leeward Islands, and Leeward Antilles). The southern branch of the
Lesser Antilles (Leeward Islands) is located on the submarine ridge stretch-
ing along the coast of Venezuela. The sub-latitudinal branches of the arc ridge
(northern and southern) are composed of the Meso-Cenozoic structures divided
by the oblique faults into a number of blocks. Its eastern arcuate branch is formed
by a massive block with a convex surface (depths of —600 to —700 m), where
numerous volcanic islands are located. A second chain of small limestone islands
is located in the northern part of the Antilles island arc on a volcanic basement.
The Puerto Rico Trench stretches from the outside of the Antilles ridge (Fig. 1
and 2). Its seafloor bottom is formed by a chain of narrow depressions with a flat
topography, separated by several gentle steps. The slopes of the trench are steep,
complicated by steps and short lateral ridges, which indicates to certain tectonic
disturbances in this area. The trench is replaced by a massive submarine Barbados
Ridge southward of Guadalupe Island. The Barbados Ridge is separated from the
arc of the Lesser Antilles by a small Tobago Basin with depths up to —2,579 m.

The structure of the Caribbean Sea has a complex morphological character
due to its origin: it is formed under condition of the movement of the Carib-
bean Plate subducting under the island arc separated from the continent by the
basin of the Caribbean Sea (Ladd et al. 1990). The Caribbean Sea is a marginal
sea which has an elongated shape along the Antilles island arc. Its depths are
comparable with the depths similar to that of the oceanic depressions (from
-3,000 to —5,000 m). The deepest point (7,686 m) occurs at the Cayman Trough,
a narrow trough trending NE to SW with a total opening of about 1,100 km
(Rosencrantz et al. 1988; Rosencrantz, Sclater 1986; Rosencrantz, Mann 1991).



118 POLINA LEMENKOVA

Topographic map of the Caribbean Sea region
GEBCO global terrain model, 15 arc sec resolution grid
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Fig. 1. Topographic map of the Caribbean Sea basin (Source: Own study)

Geologic map of the Caribbean Sea region

GEBCO global terrain model, 15 arc sec resolution grid
Geological gazetteer: Draper et al. 1994; Case & Dengo 1982; Case et al. 1990.
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Fig. 2. Geologic map of the Caribbean Sea basin (Source: Own study)
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The submarine geomorphology of the Caribbean Sea is notable for presence of
submarine plateaus and ridges, dividing it into a series of smaller depressions.
These uplifts and elevations result from various tectonic movements. The basin
of the Caribbean Sea is a relics of the ocean seafloor, separated from the ocean
by the Antilles island arc.

Rapid development of the Greater Antilles geosyncline in the Caribbean
Sea region took place during Late Cretaceous and Early Paleogene (Pindell,
Barrett 1990). The period of subduction was followed by the orogenesis, which
was characterized by the deformations, granitoid intrusions and the uplift of
the Antilles. Early basaltic volcanism was replaced by the andesite volcanism
(Bandy 1970). The bottom of the basins created earlier continued to sink while
North American Plate and South American Plate were moving apart. This was
accompanied by the overthrusts directed towards the Florida/Bahamas platform
in the north and South American Platform in the south. The Caribbean Plate
moved eastward, about the opposite direction to the movement of the Atlantic
oceanic lithosphere (Bracey, Vogt 1970).

The Puerto Rico Trench was formed as a result of these processes in the
Wadati—Benioff zone along the eastern edge of the Antilles arc. The Grenada
Basin was formed in the Eocene when the arc of the Lesser Antilles moved
eastward. In general, the early Paleogene is characterized by a predominance of
the horizontal movements in the Caribbean Plate region. Further discussions on
the geologic setting in the Caribbean Sea regions are given in both previously
published works and in recent studies (Jamieson et al. 2020; Schmidt, Siegel
2011; Shibata 1979; Beets et al. 1984; Meschede, Frisch 2002; Case et al. 1971;
Case, MacDonald 1973; Perfit et al. 1980).

The tectonic history of the Caribbean Sea is strongly affected by the litho-
spheric plate movements (Burke et al. 1984). The continents of North and South
America began to move apart in the Jurassic period along with the opening of
the Atlantic Ocean (Sclater et al. 1977). At the same time, the Yucatan Block
and Chortis Block off southern Mexico including Central American regions:
Honduras, Nicaragua, El Salvador and Guatemala (Keppie, Moran-Zenteno
2012) that were previously sandwiched between them, began to rotate clockwise.
During Cretaceous period, when the Greater Antilles geosyncline (island arc)
enveloping the Caribbean Plate was formed, the Caribbean Plate began to move
eastward towards the South American Plate (Aggarwal 1983). This resulted in the
formation of the Wadati—Benioff zone, along which the Puerto Rico Trench and
the Barbados Ridge were finally formed (Protti et al. 1994; Hayes et al. 1986).
The Wadati—Benioff zone indicates the area where intermediate and deep-focus
earthquakes (depths of 700 km) accompany downgoing slabs affected by high
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pressure and temperature (Brodholt, Stein 1988). This eventually results in the
high seismicity and volcanism of the Caribbean and south Mexican region (Carr,
Stoiber 1990; Alaniz-Alvarez et al. 2002). The horizontal movements continued
in the Paleogene, but vertical tectonic movements began to prevail during the
Neogene. The seismicity and kinematics of the Caribbean presents a complex pic-
ture of tectonic movements including strike-slip motion and frontal subduction.
More specifically, the region of the Caribbean—North America plate boundary
is notable for a specific example of transition of the tectonic movements which
gradually changes in the west direction: the along-strike transition from normal
plate subduction in the Lesser Antilles is followed by an oblique subduction in
Puerto Rico, then to strike-slip motion along the southern boundary of the Carib-
bean plate in South America and finally oblique collision in Hispaniola (Calais
et al. 2016). Such variability in tectonic movements reflects the geological seg-
mentation resulted from the evolution history of the plate boundary.

DATA AND METHODS

The present study is based on the Generic Mapping Tools (GMT) carto-
graphic scripting toolset developed and maintained by Wessel and Smith (1991).
Current study utilizes version 6.0.0 of GMT (Wessel et al. 2019). Topographic
mapping (Fig. 1) was based on GEBCO digital bathymetric model with a grid
spacing of at 15 arc-second intervals (GEBCO Compilation Group 2020) by
methodology of GMT scripting through series of modules (Wessel et al. 2013;
Lemenkova 2019a). For instance, the following methods were used to prepare
a topographic map: the “grdcontour” module of GMT was used to add contour
lines using the grid in NetCDF format (cs_relief.nc). The region was defined
as the “-R270/305/7/24” flag where the west/east coordinates are given in 360°
(that is, from 90 to 55 W), and south/north coordinates are from 7 to 24. The
projection is defined in the “-JM6i” flag, the hillshade is added using topographic
illumination “-I+al5+ne0.75” in a “grdimage” command. The “grdimage”
processes the grid file (NetCDF) and produces a shaded relief map by plotting
rectangles centered on each grid node in a NetCDF file. Then each pixel is as-
signed a color-shade value based on the z-value in a grid. The shaded relief was
applied using the “-I” flag which processes a grid file with a constant intensity
(in this case, +al5 means an azimuth of 15° for the shaded effect), affecting the
ambient light. The GMT uses “greenspline” for slope calculation and direction
approximation, for instance, by curvature splines for surface modelling from
the input data in.txt format. The GMT “grdgradient” is designed to compute the
directional derivative or to find the magnitude in a given slope direction of the
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topographic data. The GEBCO digital bathymetry model (https://www.gebco.
net/) itself is based on using the SRTM digital elevation model and bathymetry
satellite altimetry data (Smith, Sandwell 1997). Other sources of geological and
tectonic data available as base layers (maps) in GMT are as follows (last access
date to all the web-links: 24.10.2020):

1. Tectonic datasets: http://www.soest.hawaii.edu/PT/GSFML/ML/index.html

2. Gravity data: https://www.earthbyte.org/category/resources/data-models/
gravity/

3. Geological datasets: https://www.earthbyte.org/category/resources/

4. Geophysical data EGM2008: http://earth-info.nga.mil/GandG/wgs84/
gravitymod/egm2008/index.html

5. Sediment thickness: https://ngdc.noaa.gov/mgg/sedthick/

Geological and tectonic mapping (Fig. 2) is based on embedded data in
GMT. For instance, coastlines, political borders, rivers were added on the map
using “pscoast” module. Vector layers containing geological data were visual-
ized by the “psxy” GMT module using the described script (Lemenkova 2019c¢).
Additional geological data were added from the extensive publications on the
geology of the Caribbean Sea (Draper et al. 1994; Case, Dengo 1982; Case et
al. 1990). Generalization of the geological data aimed to isolate the spatial char-
acteristics from the thematic phenomenon of the geologic information (faults,
blocks, fracture zones, volcanoes, ophiolites), by reducing the information for

Geoid regional model: Caribbean Sea
World geoid image EGM2008 2.5 minute resolution
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Fig. 3. Geoid model of the Caribbean Sea basin (Source: Own study)
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the targeted map (Fig. 2). Hence, the principal goal of the thematic generaliza-
tion was to reduce the number of minor geological objects, to visualize major
geological objects and the most important geological features and settings in the
Caribbean Sea region affecting the formation of the Puerto Rico Trench and the
Cayman Trough.

A geopotential model of the Earth’s gravity field EGM2008 used as a base
raster dataset for modelling geoid (Fig. 3) of the Caribbean Sea (Pavlis et al.
2012), which is an improved and updated version of geoid with finer resolu-
tion (2.5-minute resolution) of the EGM96 (15-minute resolution) (Lemoine et
al. 1998). The scripting was mainly based on GMT module “grdimage” using
described listing (Lemenkova 2019b). The assessment of the data range (ma-
ximum/minimum) was performed by GDAL library (GDAL/OGR contributors
2020) through its utility “gdalinfo”: gdalinfo EGM2008cs.grd -stats. Gravity
anomalies and sea surface heights (Fig. 5) have been computed on a 0.125°
grid in the ocean areas from a combined GEOS3/SEASAT/GEOSAT altimeter
data set and data on marine gravity anomaly from Geosat and ERS 1 satellite
altimetry (Sandwell, Smith 1997). This data base was received in March 1993
and processed by Scripps Institution of Oceanology (Sandwell et al. 2014). The
area of data coverage is global (latitude 72N to 72S and longitude OE to 360E)
which was then subset for the current region of the Caribbean Sea (90°W—-55°W,
7°N-25°N) using GMT scripting approach. Cartographic layout and plotting was
made using applied methods (Lemenkova 2019g; Wessel, Smith 2018).

The sediment thickness of the Caribbean Sea seafloor (Fig. 4) was visualized
using “GlobSed”, a new global 5-arc-minute total sediment thickness model in
a NetCDF format (GlobSed-v2.nc) which covers the world’s oceans and marginal
seas (Straume et al. 2019). Technically, modelling the seafloor segments through
transecting the Trench and the Trough by bathymetric profiles was done using
a sequence of the GMT modules, and Unix progs (echo, rm, cat). The cross-track
profiles were generated as 300 km long, spaced 20 km, sampled every 2 km lines
and stacked using the median by GMT module “grdtrack”. The cross-sections were
prepared in a direction perpendicularly to the morphological axis of the analyzed
Trench and Trough. Although the trend of the axis in both cases is not truly linear,
it displays a general curvature of the profiles. The plotting was done automatically
using the following command: -C300k/2k/20k+v. Here the program specifies the
distance between the samples, the interval between the lines of the profiles and the
extent of the line, drawn and digitized automatically in a GMT.

Since the topographic data reflect the distance from the middle of each
cross-section line, the coordinates were selected in the trench and trough axis,
respectively: 85°W and 17.7°N to 78.5°W and 19.5N for the Cayman Trough,



GEOMORPHOLOGY OF THE PUERTO RICO TRENCH AND CAYMAN TROUGH... 123

Sediment thickness: Caribbean Sea
GlobSed 5 arc min grid V-3
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Fig. 4. Sediment thickness of the Caribbean Sea basin (Source: Own study)

and 67.5°W and 19.9°N to 64.1°W and 19.82°N for the Puerto Rico Trench.
This information was then used in the visualization of their statistics. This table
was then used for the statistical analysis and plotting the histograms. Thus, the
tables with depth values for the Puerto Rico Trench and the Cayman Trough
were written as stacked profile and processed by the “pshistogram” module of
GMT. As a result, the cross-sections for the Puerto Rico Trench and the Cayman
Trough are plotted as independent graphic representations of the intersection of
the submarine geomorphology of the seafloor with a vertical plane of an axe
orientation along the Trench and the Trough. The cross-sections of the terrain
show different types of geomorphic structure in the Puerto Rico Trench and the
Cayman Trough, as well as the topographic constitution of the relief.

The internal structure of both objects differ significantly, due to the geo-
metric variability between the represented relief. It is an approximate model of
the real distribution of the geomorphology of both submarine structures, based
on the modeled data of GEBCO grid. It can also represent the extension of the
materials of the structures that have been eroded above the topographic surfa-
ce. The construction of the cross-sections required the application of a series
of GMT modules as steps and the use of specific modules, such as “psxy” for
plotting the line and two points, starting and end point: (gmt psxy -Rcmt_relief.
nc -J -W2p,red trenchCMT.txt -O -K >> $ps’) and (gmt psxy -R -J -Sc0.15i
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Marine free-air gravity anomaly for the Caribbean Sea
Global gravity grid from CryoSat-2 and Jason-1, 1 min resolution, SIO, NOAA, NGA.
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Fig. 5. Marine free-air gravity map of the Caribbean Sea basin (Source: own study)

-Gred trenchCMT.txt -O -K >> $ps). In order to reduce the degrees of variation
in the profiles arrangement and to ensure the reliability of the cross-sections, the
GMT techniques was applied for automatic cross-sectioning. In contrast with
the other approaches, this part of the research was done automatically by the
following line: “gmt grdtrack trenchCMT.txt -Gemt_relief.nc -C300k/2k/20k-+v
-Sm+sstackCMT.txt > tableCMT.txt”. Due to the importance of this code snippet,
it is presented here in full. Afterwards, the digitized set of profiles of the Puerto
Rico Trench (Fig. 6B) and the Cayman Trough (Fig. 7B) forms an array which
was then saved for each corresponding structure as a csv table.

RESULTS

The presented paper resulted in a series of the thematic maps, two geo-
morphological models as graphical plots and a descriptive statistical analysis of
the depths. Fig. 1 shows the topographic and bathymetric maps of the selected
geomorphic features from the global seafloor features covering the Caribbean
Sea region. Among others, it shows the distribution of the Cayman Trough and
the Puerto Rico Trench, the sub-division of the Caribbean Sea into three basins
(Venezuela, Colombia and Yucatan), continental shelf as well as the location of
Greater and Lesser Antilles correlating with the tectonic plate borders (Fig. 2).
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The geologic map presented in Fig. 2 shows the location, distribution and
direction of main geological structures and features, such as faults, ridges, frac-
ture zones, location of the ophiolites.

The tectonic processes and slab subduction combined with strong volcanic
activities and earthquakes often lead to gravitation failure of the continental slope
at the Trench inner slope. As can be seen (Fig. 2), the Lesser Antilles Orogenic
Belt is bordered by a chain of volcanoes on the inner side of the trench. Compari-
son of the bathymetric and tectonic features in the study area can be performed.
Fig. 2 illustrates the complexity of the Caribbean Sea which is a geologically
diverse region including a variety of plate boundary interactions. The border of
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the tectonic plates (red thick line in Fig. 2) shows the tectonic plate subduction
in the Lesser Antilles and Central America and seafloor spreading in the Cay-
man Trough.

The Caribbean Sea includes several deeper water sub-basins: the Yucatan
Basin, the Cayman Trough, the Colombian Basin, the Venezuelan Basin and the
Puerto Rico Trench (Fig. 1 and 2). The basins are separated by ridges and rises:
the Cayman Ridge, the Nicaraguan Rise, the Beata Ridge and the Aves Ridge
(Fig. 1 and 2). The Beata Ridge trends south-west from Cape Beata, Hispaniola,
for about 400 km. The ridge has a relief of about 2,000 m (light aquamarine
color in Fig. 2).
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The Colombian basin extends to depths of 4,000 to 4,400 m (blue colors,
Fig. 1) and occupies the largest abyssal plain in the Caribbean Sea region. How-
ever, the deepest bathymetric unit in the study area is the Venezuelan Basin,
separated from the Colombian basin by the Beata Ridge. As can be seen on the
GEBCO based bathymetric map (dark blue colors, Fig. 1), the basin relief is lev-
eled, with a “smoothing” effect, which results from the accumulated sediments
(Fig. 1). The Lesser Antilles is composed of a series of volcanic islands in the
form of arc extending northward at 850 km (Fig. 2). Fig. 3 illustrates the geoid
model of the Caribbean Sea basin. The sediment thickness in the Caribbean Sea
is up to 4-5 km (blue areas, Fig. 4). About half of the upper layer is presented
by loose sediments, according to Lisicyn (1974). The largest sediment sources
in the Caribbean Sea include the Magdalena River, the largest river discharging
sediments in the basin with the rate of sedimentation 560 t km? year!) (Carib-
bean Sea Ecosystem Assessment Team 2007), and rivers of the Orinoco Basin
(Gomez 1996). As can be seen in Fig. 4, the thickness of sediment layer increases
in the area of the Lesser Antilles (orange to red areas, Fig. 4). The specific data
distribution shows that the sedimentation is higher on the Atlantic Ocean side up
to 5-8 km thickness (light green “plume” from the Lesser Antilles) decreasing
from their Caribbean Sea side to 3—4 km of layer thickness. In the Puerto Rico
Trench, the thickness of sediment layer increases to 4 km (blue colors, Fig. 4),
rapidly decreasing up to 500—-1,000 m in the open areas of the Caribbean Sea
(dark blue color, Fig. 4). The Cayman Trough demonstrates middle values of the
sediment thickness reaching up to 3 km of thickness layer.

The free-air Faye gravity anomalies spatially vary in the Caribbean Sea: in
the Venezuelan Basin, the values are about —20 mGal, in the Colombian Basin,
they differ from —4 to +26, in the Yucatan Basin — about —6 mGal (light green
areas, Fig. 5). A very large negative Faye free-air gravity anomalies (up to —380
mGal) are confined to the Puerto Rico Trench (dark blue areas, Fig. 5) and south
of Cuba at the north-eastern part of the Cayman Trough (blue areas, Fig. 5).
Extremely low gravity anomaly in the Puerto Rico Trench has also been proved
in previous studies (ten Brink 2005). The axis of the Faye gravity anomaly in
general coincides with the axis of the Puerto Rico Trench and the “borders”
of the Cayman Trough, but is slightly moved to the slope of the island arc of
the Lesser Antilles (orange to red colors corresponding to the values of above
100 mGal, Fig. 5). This can be explained by the inclined position of the deep
fault along which the Puerto Rico Trench is formed. Repeating the geometric
shape form of the arc of the Lesser Antilles, the zone of Faye gravity negative
anomalies moves then southward to the Barbados Ridge, rising from the southern
end of the Puerto Rico Trench axis, which emphasizes the structural geologic
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relationship between them. Further studies detailing geophysical setting in the
Caribbean region can be found in the literature (Couch, Woodcock 1981; Roobol
et al. 1983; Calais, Mercier de Lepinay 1991; Pinet 1976). Regional studies, for
instance, report positive Bouguer anomalies, suggesting a relatively thin conti-
nental crust and a lack of isostatic balance in the basin of the north Columbia
(Case, MacDonald 1973).

Fig. 6 and 7 show the resulting transects of the seafloor geomorphology of
the Puerto Rico Trench and Cayman Trough, the Caribbean Sea. Both Puerto Rico
Trench and Cayman Trough are notable comparing to other trenches, due to its
specific trough-shaped irregular form. For instance, other trenches, e.g. Mariana,
Kuril-Kamchatka Vityaz, Vanuatu, Izu-Bonin (Lemenkova 2020a, 2020b), have
V- or U-shaped cross sections. The cross-section of the Cayman Trough (Fig. 7)
is not typical for trenches. This may be a consequence of sediment cover masking
the original bathymetry developed as a typical trench during earlier stages by
subduction processes. As pointed by Harris and Macmillan-Lawler (2017), the
age of the lithosphere plays a key role in the seafloor morphology. The ocean
trench is a notable geomorphic feature of the “mature” category of the ocean
seafloor (with the age of over 8 MA). The “mature” ocean basins are character-
ized by a thick sediment layer (ca. 940 m), high concentration of seamounts,
presence of the deep-sea trench and large areas occupied by a continental rise
(around 20%). Other factors reflected in structural variations along the Trough,
suggested by Granja Brufia et al. (2009), include overburden of the asymmetrical
thrust belt and variability of the crust.

The GlobSed-based isopach map displays relative greater sediment thick-
ness of up to 3—4 km in the Cayman Trough and Puerto Rico Trench (Fig. 4).
Nevertheless, even if the V-form typical for the oceanic trench is absent in both
cases, the Puerto Rico Trench is classified as a trench in submarine geomorphol-
ogy and the Cayman Trough is sometimes referred to as “trench” yet more often
as “trough” (Perfit, Heezen 1978; Rosencrantz et al. 1988; Rosencrantz, Mann
1991). Both terms were also used indistinctly for the Muertos depression located
to the south of the Hispaniola and Puerto Rico islands (Granja Bruiia et al. 2009).

The Puerto Rico Trench and Cayman Trough present a geomorphology
formed in the process of the oceanic plates subduction. The maximum depth of
the Puerto Rico Trench is —8,497 m according to the GEBCO digital bathymetric
model with a grid spacing of 15 arc-seconds. This is an asymmetric structure,
where slopes show tendency to be steeper and lower in its northern part and
gentle but higher in the southern part (Fig. 6A and B). The inner trench wall is
composed of a variety of rocks, such as marble, calc-schist, mica-schist, green-
schist, amphibolite, magnesian schist and serpentinite, while the dredge from
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Puerto Rico Trench and Cayman Trough: histograms on depths
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the outer wall (oceanic side) shows tholeiitic basalts, serpentinite and deep-sea
sediments (Perfit et al. 1980). The geomorphology of the segment extending
along the southern side of the Puerto Rico Trench (67.5°W and 19.90°N to
64.1°W and 19.82°N) is characterized by a gentle profile curvature (around 14°



130 POLINA LEMENKOVA

slope steepness, Fig. 6). It has a clearly asymmetric form of both flanks due to
faults and tectonic movements: the Caribbean Plate is moving eastward, while
the North American Plate is moving westward.

The specifics of the asymmetry of the trench slopes is connected with the
plate tectonics in this region, which can be illustrated by the variations in the
velocity of plate movements: while the North American and South American
plates have a low motion rate (Patriat et al. 2011), the Caribbean plate moves
faster, at 18-20 mm/yr in the eastward direction (DeMets et al. 2000). This
motion is slightly oblique to the plate boundary in Hispaniola, almost parallel
to the Puerto Rico Trench, then its direction gradually becomes perpendicular
to the trench in east and south direction in the Lesser Antilles. Thus, the Puerto
Rico Trench is constrained by the highly obliquely convergent plate subduction
in the north and by the left-lateral strike-slip fault in the south. This can cause
the subsidence of its outer and inner walls and illustrate variations in bathymetry
of the trench in its various segments.

The Cayman Trough extends a distance of ca. 1,600 km, has 120 km in
width and 5 km in depth (Fig. 7). Topographically, the Trough extends south-
westwards from the Windward Passage (74°W), separating Cuba and Hispaniola
from the Gulf of Honduras (87°W). Geologically, the Cayman Trough separates
the Cayman Ridge from the Nicaraguan Rise (Fig. 2). Its floor is composed of
mafic and ultramafic rocks (Perfit, Heezen 1978). The bottom morphology is
leveled here and the cross-sections are typical for the trough. The depths in the
Cayman Trough are greater than in the Yucatan basin with the maximal depth
at 8,239 m according to the GEBCO data modelling. Comparing to the Puerto
Rico Trench, it is wider in a cross-section profile and has a leveled morphology
due to the high sedimentation in the selected segment (80.0°W and 17.70°N to
78.5°W and 19.50°N, Fig. 7). The Trough has an asymmetric profile in a cross-
section with a steeper slope in its northern flank (about 57°) and gentler (16°)
in the southern one (Fig. 7A and B).

The histograms in Fig. 8 demonstrate the depth distribution frequency for
the segments of the Puerto Rico Trench (Fig. 8A) and the Cayman Trough (Fig.
8B). The analysis for each cross-section profile indicates, based on the summa-
rized data, the following results. For the Puerto Rico Trench, the most repeti-
tive depth values are clearly located in a bin with a range of —5,200 to —5,400
m (680 samples) followed with a large gap by the intervals within depths from
—-5,000 to —6,000 m: intervals of —5,000 to —5,200 m (268 samples), —5,500 to
—5,750 m (173 samples) and —5,750 to 6,000 m (100 samples). All other depths
values are very insignificant comparing to the depth of 5,000 to —6,000 m (more
exactly, all values from —5,000 m to 0 do not exceed 100 samples in each bin).
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Thus, the most representative bathymetric data range for the Puerto Rico Trench
1s between —5,000 and —6,000 m.

As for the Cayman Trough, the data variations have completely differ-
ent character. In contrast with the Puerto Rico Trench having a clear peak, the
Cayman Trough has a bimodal depth distribution frequency. At first sight, it is
clear the two peaks correspond to the two intervals: 1) —3,250 to —1,000 m; and
2) =5,250 to —3,500 m. The remaining data can be considered as insignificant
as located on the slopes and crossing the submarine ridges. The most frequent
bathymetric data for the Cayman Trough correspond to the bins of —4,750 to
—5,000 m (398 samples) and —2,750 to —3,000 m (387 samples). In general, the
data for the depths in a larger interval of below —1,000 m (142 samples) and
ending with —6,000 m (95 samples) reflect the best performance in a topographic
profile of the Cayman Trough.

In the context of regional analysis of topographic variations, the comparison
of the statistical analysis demonstrates relatively wide character of data distribu-
tion for the Cayman Trough: a lot of data are “located” in this interval (—1,000
to —6,000), while the Puerto Rico Trench demonstrates a steeper decrease in
depths reaching its peak between —5,000 to —6,000 m, as mentioned before.
A comparison of descriptive statistics about depth frequency distribution be-
tween the structures of the Cayman Trough and Puerto Rico Trench shows that
mean values (red line in both subplots, Fig. 8) reach their highest values in the
quadrant between —3,000 to —4,000 m, and —5,000 to —6,000 m for the Puerto
Rico Trench. The extended report includes the least median of squares (LMS)
regression line, the L1 scale of the mode, i.e. central tendency and dispersion
of the bathymetric data. The data comparison includes the LMS regression line
estimator (a green line in the subplots in Fig. 8).

When comparing the least squares regression methods, the LMS is a more
robust approach which uses the median of the squared residuals of the bathy-
metric data for estimation and corresponds to the narrowest strip covering about
half of the observations (Rousseeuw 1984). Specifically, the highest values of
the LMS for the Puerto Rico Trench (8.5%) is noted for the interval of —5,500
to —6,100 m, while the Cayman Trough has a peak at 5.9% at the depth values
from —3,800 to —3,900 m. The median of the dataset (blue line in the subplots)
shows the highest value (5.8% of all observations in a dataset) for the depths
-3,300 to —3,500 m for the Cayman Trough and 7.5% of the data pool for the
depths in the interval —5,400 to —5,600 m. The data distribution is illustrated by
the bars showing the actual variability and frequency in a dataset.

The probability of the distribution of a bathymetric observation as a ran-
dom variable against its mean shows the geomorphological asymmetry. Here the
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Puerto Rico Trench demonstrates a unimodal distribution with positive skewness
with the “tail” of the data pool on the right side of the distribution (the data
above the —5,000 m on the subplot A). The Cayman Trough shows two peaks
(4,250 to —=5,250 m and —2,500 to —3,250 m). The skewness of the data shows
undefined deviations from the mean, since the small “tails” of the data pool are
visible in both extreme negative data (below —6,000 m) and in the shallower
areas (less than —1,000 m).

DISCUSSION

The presented research has demonstrated that complex processes are in-
volved in geomorphological evolution of the oceanic seafloor and generating
oceanic trenches and troughs. These include both geophysical processes that
generate rock uplift and complex tectonic and geological processes that move
and replace the rock. The processes interact in a complex way to generate com-
posite bathymetry of the ocean seafloor. Based on the results, the major drivers
of basin geomorphic evolution are tectonics (tectonic plates subduction, rates and
direction), volcanism (intensity and repetitiveness) and sedimentation (which is
expressed in sediment thickness of the seafloor). Tectonics actually gives rise to
the Caribbean Sea basin in the first instance and continue governing its progress
through the geologic evolution, which resulted in the formation of the Puerto
Rico Trench and Cayman Trough through a complex process of plate subduction.

As pointed by Micallef et al. (2018), the main geomorphic expression of
tectonism characterizing ocean basins is the percentage area of deep ocean trench,
reflecting the subduction of oceanic crust along active margins. Trench area is
correlated with the area of troughs in the ocean basins (Harris, Macmillan-Lawler
2017) which is explained by the fact that trenches partially infilled with sediment
are in some cases transformed into troughs. This points out at the important cor-
relation between the troughs and trenches in geomorphological classification of
the submarine landforms. Indeed, comparing the presented geomorphology of
the Puerto Rico Trench (Fig. 6) and the Cayman Trough (Fig. 7), the difference
between their structure and forms are evident. The detected positive seismic
anomalies under the Lesser Antilles and Puerto Rico are interpreted as remnants
of Atlantic lithosphere subduction which confirms 1,100 km of tectonic conver-
gence at the Lesser Antilles island arc during the past ~45 Myr (van Benthem
et al. 2013). The North America lithosphere is subducting westward along the
northeastern boundary of the Caribbean plate (Calais et al. 1992). This results
in a formation of the northern Lesser Antilles slab which has a curved (amphi-
theater-like) geometry, which is continuous with the Puerto Rico slab along the
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NE plate boundary. The Puerto Rico slab, in turn, is brought in by Eocene to
present westward subduction at the Lesser Antilles island arc (Schell, Tarr 1978).

Calais et al. (2016) have recently shown a remarkable plate boundary seg-
mentation in the northeastern Caribbean with variations in different parts of the
region: Caribbean—North America plate boundary shows an along-strike transition
from plate boundary to normal subduction in the Lesser Antilles, Puerto Rico shows
oblique subduction with no strain partitioning, and area further west in Hispaniola
shows oblique subduction and collision with strain partitioning. As a result, the
differences in tectonic processes are mirrored in the submarine geomorphology of
the oceanic seafloor. Variations of sediment flux and silicic lavas can also illustrate
the tectonic models of the Caribbean evolution: in the western part of the central
Puerto Rico, located further from the perpendicular subduction of the Caribbean
spur of the mid-Atlantic Ridge, the heat flow is lower and produced limited crustal
melting, while the sediment flux was comparatively elevated (Jolly et al. 2008).
The impact of the volcanism and tectonics on geomorphology is reflected in the
occurrence of various submarine landforms, such as oceanic trenches, mid-ocean
spreading ridges, rift valleys and seamounts (Lemenkova 2018). Thus, seamounts
are formed mainly along spreading ridges, situated nearer to the centre of the rift
valley, located over the thinnest ocean crust (Wright, Rothery 1998).

CONCLUSIONS

Since the late 20" century, along with the rapid development of automatiza-
tion, methods of numerical data modelling, data processing and progress in com-
puter science, geologists have turned to the use of numerical models as a means
of exploring the richness of the linkages between the geological processes and
geomorphological landforms. The automatization necessarily mirrored in the
development of the cartographic methods supported by the machine learning and
statistics (Langlois, Phipps 1997; Schenke, Lemenkova 2008; Tsoulos, Stefanakis
2005; Klauco et al. 2013a, 2013b; Tobler 1975, 1980; Lemenkova et al. 2012;
Lemenkova 2019d). Along with the increased speed and memory size of comput-
ers, cartographic modelling have become more capable of treating the real-world
complexity of the geological and geographic phenomena by discretizing space
and time into smaller bites, operating with various data sources and formats,
overlaying layers and performing complex statistical analysis of geospatial data
(Thomas 2001; Lindh 2004; Lemenkova 2019¢, 2019f; Sanders 1989; Klauco
et al. 2014, 2017).

Computer-based modelling in cartography allows understanding in a quan-
titative sense the linkages among the geological and geophysical processes that
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result in modern topography of the seafloor. As demonstrated, the GMT provided
a set of thematic geological and geophysical maps of how geological setting of
the Caribbean Sea basin affected the formation of the submarine geomorphic
landforms such as the Cayman Trough and the Puerto Rico Trench. Comparison
of these maps with digital bathymetric models allows to perform a multivariable
study on geological processes and geophysical conditions of the basin that are
reflected in the submarine landforms, and contributes to the questions of how
a particular submarine landform was formed and, in turn, how it is reflected in
the modern geophysical fields. Embedding knowledge of ongoing geological and
tectonic processes in a GMT scripting framework enables to increase our flawed
understanding of these complex geological processes.

This paper analyzed the spatial pattern of bathymetric, geological and geo-
physical features of the Caribbean Sea and especially two regional structures
— the Cayman Trough and the Puerto Rico Trench, and provided examples of
depth frequency distribution based on arrays of geomorphological cross-sections.
Geological and topographic maps were designed to illustrate the evolution of the
individual landforms of the Caribbean Sea (faults, fracture zones, distribution
and directions of depressions, elevations, seamounts, orogenic belts, ridges),
cross-section models are aimed at demonstrating variations in the seabed mor-
phology of the submarine landforms. Each of the maps was generated using
a corresponding GMT script requiring a set of GMT modules. The goal of the
presented research, including cartographic mapping, geomorphological modeling
and statistical plotting, was to derive insights into the functioning of the many
processes that contribute to generate submarine geomorphology of the Caribbean
Sea of the Atlantic Ocean.
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