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Abstract

Geomorphological landforms of the oceanic trenches, their formation and variation of the geometric
shapes is a question of special importance to the scientific community in marine geology. The actuality
of this question has significantly increased since the beginning of the rapid development of the IT tools
and methods of the advanced data analysis, yet its understanding remains patchy. Since the majority of
the oceanic trenches are located along the margins of the Pacific Ocean, it plays a central role for their
analysis and understanding their formation oceanic trenches.

Specific geological conditions, presence of the tectonic subduction zones, vast territory of the Pacific
Ocean with complex circulation system, extension of the ’Ring of Fire’, a seismically active belt of the
earthquakes and volcanic, make the trenches of the Pacific Ocean highly sensitive to the factors affect-
ing their formation which cause variations in their geomorphic shape forms. In this context, the most
representative indicators of the variations in the deep-sea trenches are geological and tectonic factors,
such as dynamics of lithosphere crust affecting speed and intensity of plates subduction, magnitude and
frequency of the submarine volcanoes causing active sedimentation.

Nowadays, studying marine geological phenomena and complex processes by programming and
scripting has been a powerful method. Rapid development of the advanced methods of data analysis
presented such effective tools as GMT, Octave/MATLAB, R and Python. It is particularly efficient when
applied to the massive amounts of marine geological data. Big data processing by advanced scripting is
a crucial approach, as algorithms of libraries give access to the accurate and rapid data analysis [373].
Specific information about distant and hard-to-reach deep-sea trenches can be gained for precise visual-
ization and analysis of their submarine geomorphology from local to regional and global scales.

However, despite all the efforts, there is a lack of uniformity in studying deep-sea trenches, a shortage
of systematic mapping of the Pacific trenches and a lack of understanding of the geomorphological
variation between the trench profiles in different parts of the ocean: southern and northern, eastern and
western, and their response to the geological and tectonic local settings in the places of formation.

Therefore, this dissertation develops a systematic approach to monitoring and comparative analysis of
the geomorphological shape forms of the deep-sea trenches formed under specific geological and tectonic
conditions along the margins of the Pacific Ocean. The study area encompasses Pacific Ocean, and
more specifically, includes 20 selected target trenches: Aleutian, Mariana, Philippine, Kuril-Kamchatka,
Middle America, Peru-Chile, Palau, Japan, Kermadec, Tonga, Izu-Bonin, New Britain, San Cristobal,
Manila, Yap, New Hebrides, Puysegur, Hikurangi, Vityaz and Ryukyu. These are the major trenches of
the Pacific Ocean and, therefore, the most representative for the geomorphological modelling.

This dissertation identifies tectonic plates formation, slab subduction, historical geological develop-
ment, earthquakes and submarine volcanoes as the primary types of impact factors affecting trenches
formation. Secondary factors include ocean currents, sedimentation and biota contributing to the sed-
imentation. Seafloor geomorphology in hadal trenches is strongly affected by a variety of factors that
necessarily affect the shape of their landforms. Using data modelling, the shapes of the profiles tran-
secting the trenches in an orthogonal direction were compared and analyzed in order to highlight the
differences and variations in their geomorphology.

ix



Summary Abstract of the Doctoral Thesis Contents

The objective of this PhD study is to perform a geomorphological classification of the shape forms
of the trenches through ordering them into groups base don the common characteristics of the trenches’
landforms in plan and attaching labels to these groups. Following geomorphological profile shape types
have been identifies and trenches are classified into seven types: U-formed (in plan), V-formed (in plan),
asymmetric, crescent-formed, sinuous-formed, elongated, cascade-formed. For each type (U, V, asym-
metric and so on) characteristic steepness sub-types are identified: strong, very strong, extreme, steep,
very steep. Valley slopes are classified as follows: very high, high, moderate, low, based on the curvature
degree. Size and valley slope classes are analyzed in the context of physical environment and tectonic
and geological development of the area of trench formation.

Technical aim of this PhD study was to experiment with and extend current methods of geospatial
modelling for geomorphological classification of the submarine landforms of the trenches. Using meth-
ods of the advanced data analysis is crucial for the precise and reliable data processing, since understand-
ing seafloor landforms can only be based on the computer-based data modelling due to their unreachable
location. The selection of the methodology, tools and algorithms is explained by research objectives and
goals. The specifics of the marine geology consists in the high requirements towards data processing.
Datasets were processed, computed and analyzed in semi-automatic regime by Machine Learning (ML)
approaches, using advanced algorithms of data analysis and effective visualization through application
of the advanced programming tools and Generic Mapping Tools (GMT) scripting toolsets.

This dissertation presents an automated workflow enabling large-scale profile cross-sectioning aimed
at transect geomorphological mapping, quantitative comparative analysis and classification of the 20
trenches of the Pacific Ocean. The methodology of the GMT includes algorithms of sequential scripting
for the cartographic visualization and mapping, automatic digitizing of the cross-section transect profiles,
and geomorphic modelling of the trenches. In total 50 modules of GMT scripting toolset were trained
on extensive datasets collected from 20 trenches across the whole region of the Pacific Ocean. Using
high-resolution bathymetric datasets (General Bathymetric Chart of the Oceans (GEBCO), ETOPOI1 and
Shuttle Radar Topographic Mission (SRTM)), sample transects of the trenches were modeled, analyzed
and compared. Variations in shape forms, steepness and curvature were analyzed by computed models
for each trench. The tables were converted from QGIS plugins to Python libraries and R packages, and
from GMT to Octave via AWK languages.

The results revealed variation in the shape and steepness of the submarine geomorphology in 20
trenches of the Pacific Ocean. A strong correlation between the geomorphic profile shapes with geolog-
ical factors and level of tectonic activities (earthquakes, volcanism, speed of tectonic plate subduction)
and the scale of trench steepness, curvature and shape unevenness is confirmed and analyzed. Geomor-
phological structure of the trenches and dynamics of the tectonic plates subduction are analyzed and
assessed at each trench regionally (north, south, west and east Pacific).

The novelty of the study consists in presented systematic classification and comparative modelling
of the geomorphic profiles of the deep-sea trenches by means of the sequential usage of the advanced
scripting toolsets. Technical innovativeness consists in a combination of GIS, GMT, Python, AWK, R
and

The actuality of this dissertation lies in its strongly multi-disciplinary nature demonstrating a com-
bination of the following approaches: 1) systematic multi-source geospatial data analysis; 2) statistical
data modelling and processing by libraries of the Python and R, AWK and Octave/Matlab; 3) geological
literature analysis; 4) cartographic mapping and modelling by GMT shell scripts and visualization in
QGIS. The dissertation contributes to the studies on

Technical scripts used for advanced statistical analysis are presented in full in the Appendix A for
future replication and reproducible analysis in other trenches of the World Ocean.
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Document Outline

The content of dissertation: 104 maps, 101 Figures, 13 Tables, 40 listed equations, 937 cited refer-
ences, in total 436 pages. The structure consists of 10 main chapters:

* Chapter I: Introduction summarizing the scope, goal and aim of the research. Background section
presents research focus and object (20 hadal trenches). Existing works are reviewed and discussed,
research gap identified, problem formulated. Research objective gives the direction of the study
divided by general objective (geospatial analysis) and specific objective (technical approaches).
Research questions and hypothesis underline the introductory chapter. Abbreviations are intro-
duced in the List of Acronyms.

* Chapter 2: Study Area (trenches of the Pacific Ocean). It gives a review of each of the 20 trenches
of the Pacific Ocean presenting study area, geographic and geological settings, depicts geomorphic
features of the trenches based on the existing research.

* Chapter 3: Methodology and Data. It describes used data, workflow of the GMT, R, Python,
AWK and Matlab scripting algorithms. The functionality of the applied tools is discussed, graph-
ical output presented as graphs, diagrams and charts. Mathematical algorithms used in statistical
data modelling and Geographic Information System (GIS) are presented and listed in the List of
Equations. Tables summarizing statistical approaches and methods are presented in the List of
Tables. Graphs and Maps are listed in the List of Figures and List of Maps. Full programming
codes are provided in the Appendix A. Advanced solutions of GMT toolset enabling high quality
mapping by various cartographic techniques are discussed and described.

* Chapter 4: Results of the work: classification and comparison of the geomorphology of the 20
hadal trenches used by GMT, R and Python statistical methods. The results are presented as a
series of the thematic maps of geological and geophysical visualization of the 20 trenches of the
Pacific Ocean and their geomorphic modelling.

* Chapter 5: Discussion obtained in this research and discusses findings in geostatistical analysis
by R and Python. Besides, this chapter provides a detailed interpretation of the results suggesting
impact factors affecting trench formation.

* Chapter 6: Conclusion on the undertaken research. It concerns the effects of the impact factors
that influence geomorphic structure of the ocean trenches. In a global summary, it reflects the per-
spectives of the geostatistical analysis in marine geology, using GMT and programming languages
in marine geology. The dissertation ends by providing recommendations for further studies and
discussing perspectives and further outlook for similar research.



Chapter 1

Introduction

HE focus of this dissertation is oceanic trenches, the deepest areas of the Earth. Specifically, study

object are 20 deep-sea trenches located along the margins of the Pacific Ocean (Fig. 1.0.1), Tab.

1.1.1. Worldwide, deep-sea ocean trenches are mostly formed in the locations of the subduction

zones of plate, along which lithospheric tectonic plates subduct one under another. Geomorphological
shape of the deep-sea trenches is highly variable (V-shaped, U-shaped, elongated to upside-down-ridge-
like, circular-like, arcuate, symmetric of irregular: left- or right-sided), which is often related to the

prevailing tectonic plate movements, geologic regime and substrate.
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Due to the specific geological conditions, oceanic trenches have unique structure and features formed
as a result of the complex process. Morphologically presented as long, narrow, steep-sided depressions
in the ocean bottom, trenches typically occur in the maximum oceanic depths, ca 7,300 up to > 11,000

Bathymetry of the Pacific Ocean and land topography
ETOPO Global Relief Model 1 arc min resolution grid

TO'E 120°E 130°E 140°E 180°E 160'E 170'E 1807 170°W 160°W 150°W 140°W 130°W 120°W 110°W 100°W S0'W  BO'W  70'W
TO'H I = __e— s i - = =
BO'N

TN
G0N

50°N = 50N

407N L g
20N 30N
200N

10N

]

40's TR | a0s

|
50'8
505 : 608
70's H— " - i} 708

110°E 120°E 180'E 140E 180°E 160°E 1700 180° 170°W 1B0°W 150°W 140°W 130°W 120°W 110°W 100°W S0'W  BOW  TO°W

50°5

Mercator Cylindrical Projection. Scale (km)
EEIRT 2019 Jul 08 16:38:03 @ 0 1000 2000 3000

T GRMEEC WAFFNG 1001

Map 1.0.1: Pacific Ocean: bathymetric map of the seafloor



Introduction Chapter 1. Introduction

m. There is a range of the factors influencing trench structure and formation: bathymetry, geography,
geology and tectonics with complex interconnections among these determinants. The is focused upon
comparative analysis of variability in geomorphological structure, classification of the cross-section pro-
files and formation of the 20 deep-sea trenches. The work continues investigations of the geology of the
Pacific Ocean and highlights interplay between geomorphic, geological, tectonic and volcanic factors
affecting submarine landform formation.

Remote location and complex bathymetry necessarily arises a need for the ML GIS approaches to
visualize, model and map seafloor at such depths, to visualize and compare the geomorphology of the
trenches and to assist in the development of the effective cartographic methods, technical tools and
accurate datasets for submarine mapping contributing to our better understanding of the seafloor. This
dissertation focuses on the comparative analysis of the submarine geomorphology of the trenches located
in the Pacific Ocean by means of data processing, visualization mapping and modeling through GMT
shell scripting, R and Python languages.

According to the International Hydrographic Organization (IHO) classification, trenches are ’long
narrow, characteristically very deep and asymmetrical depressions of the sea floor, with relatively steep
sides’ [272]. The innovativeness of the work consists in the multi-disciplinary approach combining
GIS analysis and statistical methods of R which contributes towards studies of ocean trenches, aimed
at geospatial analysis of big data. Modelling patterns of the correlation between the geomorphic and
geological features of the seafloor of the trenches is critical for proper ocean modelling.

Mapping deep-sea trenches has always been constrained both by their remote location and by a lack of
high-quality bathymetric datasets on the seafloor. However, converging Earth observation advances (e.g.
GEBCO, 1 Arc-Minute Global Relief Model of Earth’s topography (ETOPO1) datasets) and Information
Technology (IT) technologies enable accurate mapping and modelling of the least reachable objects of
the seabed over wide areas of the seafloor in hadal trenches. Utilization of the statistical approaches for
comparative analysis of the trenches geomorphology enables to compare variations between their shape
form and highlight different submarine landforms.

Rapidly developing IT methods has revolutionized seafloor mapping, enabling to collect contextual
information for visualization of the bathymetry and thereby established the knowledge base for marine
geo-science. Current dissertation contributes towards advancing of the marine geo-science through report
detailing of the mapping of oceanic trenches.

In this framework, following key questions were addressed: which depths of the seafloor are the most
repetitive for each of the trenches and how can knowledge on geological and tectonic settings be used
to explain variations in their geomorphology. Large study area and limited datasets available to perform
the study determined that these questions had to be answered through mapping and characterization of
the cross-section modelling performed via GMT, QGIS, Python and R.

The geomorphology of the oceanic trenches has been mapped and visualized insufficiently detailed
comparing to the terrestrial areas the Earth, due to the complex submarine relief and the technical diffi-
culties of seafloor observations. However, rapid development of new cartographic techniques, advanced
methods of data modelling and visualization contributed to the progress in mapping and interpretation
of the submarine geomorphology. Deep-sea trenches are mostly present a V- or U-shape in their cross-
section profiles, yet can be more complex in form: trough-form, asymmetric, oblique, displaying riverine-
like geometric system in a plain 2D (Fig. 4.12.1 and Fig. 4.17.1), oblique or 3D view (Fig. 2.11.5 and
Fig. 2.16.2). Generally, trench geomorphology vary in slope steepness, curvature and depths.
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1.1 Background

1.1.1 Submarine geomorphology

ceanic trenches present a complex system with highly interconnected factors: geology (sediment

thickness and tectonics including tectonic plates), bathymetry (coordinates, slope angle, depth val-
ues in the observation points) [400]. There are various geodynamic processes that influence tectonic rift
dynamics and structure as well as and rifted margin geomorphology. Currently, the interest towards the
geodynamics, the drivers and consequences of these processes was implemented as a key target goals
of the oceanographic research in China [117]; [118]. Knowing and proper understanding of the driving
factors affecting the ocean ecosystems gives an understanding of the possible dynamics, accumulation
and location of the target ocean resources that are crucial for the economic development.

Geomorphological evolution of the oceanic trenches in the Pacific Ocean is largely controlled by a

variety of factors including geological settings, tectonic plate movements [180], [202], [432], geophys-
ical processes [580], [221], [666], submarine volcanism [589], [433], inducing intensity of sedimenta-
tion [400] and marine biological factors contributing to the sediment supply. Earlier studies on oceanic
trenches highlighted relationship between the geomorphic patterns of the deep-sea channels, submarine
fans and their topography related to the mid-ocean ridge tectonics, volcanism and dynamics, for instance
of the Philippine back arc [542]; [90]; [181]; [221]; [220], as well as earthquakes and gravitation [498].

Geological features: World map. Central meridian at 180", Pacific Ocean

E E

Map 1.1.1: Pacific Ocean: geologic map of main structures, GMT

The seafloor of the trench presents a background for all geological, oceanological and geochemical
processes that are necessarily reflected in its shape. Understanding bathymetry of the ocean is crucial
for the marina geological research. As noted by [132], the distribution of elevations on the Earth or
hypsography is highly uneven. The majority of depths is occupied by deep basins (4—6.5 km) covered
with abyssal plains and hills, while seafloor with ranges 2—4 km depth mostly consists of oceanic ridges
and in total cover about 30% of the total ocean seafloor. Finally, the shallow areas and continental
margins with 2 km depth and shallower cover only the least amount of area: 15% of the seafloor [508].
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Finally, valley, scamounts, and submarine canyons are only the minor features of the seafloor. Given the
importance of the deep-sea areas, study of trenches geomorphology with regards to the bathymetry is
clear.

Table 1.1.1: Summary of the statistics on the 20 deep-sea trenches of the Pacific Ocean

No| Name Max. depth (m) ~ Length (km) Width (km) |
1| Aleutian 8,109 3,400 59 |
2| Mariana 11,022 2,550 59 |
3| Philippine 10,540 1,320 65 |
4| Kuril-Kamchatka 10,542 2,900 59 |
5| Middle America 6,669 2,750 34 |
6| Peru-Chile 8,065 5,900 64 |
7| Palau 8,080 700 47 |
8| Japan 8,513 800 59 |
9| Kermadec 10,047 1,200 88 |
10| Tonga 10,882 1,375 78 |
11| Izu-Bonin 9,810 2,800 82 |
12| New Britain 9,140 335 70 |
13| San Cristobal 9,020 742 64 |
14| Manila 5,400 648 76 |
15| Yap 8,946 500 45 |
16| New Hebrides 7,600 1,200 34 |
17| Puysegur 6,300 835 65 |
18| Hikurangi 3,750 342 95 |
19| Vityaz 6,000 413 47 |

20| Ryukyu 7,790 2,250 38 |

This dissertation aims at geomorphological modelling, systematic mapping, spatial analysis and clas-
sification of the 20 oceanic trenches of the Pacific Ocean (Tab. 1.1.1). There are many attempts un-
dertaken to understand, to what extent and how do the geophysical movements in the subduction zones
affect the trench geomorphology, deformation and migration, [136]; [169]; [203]; [257]; [490]. Gen-
eral concepts and understanding of the functioning and current problems in research directions of the
deep-sea trenches were implied in the current thesis.

The actuality of the studies of the ocean seafloor cannot be underestimated. Recent progress in mod-
elling and predicting earthquakes and tsunamis in Pacific ocean are base don the data analysis applied
for submarine regions [335]. For example, using global datasets of broadband and long-period seismo-
grams, recorded as a time series ranging 2006-2014 from Incorporated Research Institutions for Seis-
mology (IRIS), a clear descendance in the morphology of the Pacific Plate was detected, which becomes
flatten at the base of the upper mantle [137]. Moreover, application of the geodynamics data related to
the tsunami, its possible reasons and consequencs, are presented recently reporting that the shallowest
reaches of plate boundary subductions host substantial slips that generate large and destructive tsunamis
[273]. Attempts towards studies of the ocean geomorphology, dynamics and intercorrelation between
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various factors affecting its functioning are given by various research, [531]; [535]; [521]; [516].

1.1.2 Seafloor spreading

eafloor spreading creates an axial rift and corrugated hills. Spreading ridges are formed by nearby

faults where subduction of the cooled tectonic plate into the mantle causes creation of the deep
ocean trenches usually accompanied by earthquakes. Subduction of the cooled plate into the mantle
causes creation of the deep ocean trenches and here major earthquakes and tsunamis originate.

Tectonic plates boundaries, rotation poles, steps, slab contours, global seafloor fabric and magnetic lineation picks

3019 May 27 105649 ket [V oquaal-aren peendocylingdrical pros

Map 1.1.2: Pacific Ocean: tectonic structures and main lineaments on the seafloor, GMT. [376]

There are 20 deep-sea trenches of the Pacific Ocean (Tab. 1.1.1), including major and minor ones. The
classification of the tectonic plate boundaries according to their cross-correlation with the kinematical
and geometrical properties of the plate boundaries should reflect their geodynamics. Previous works
discussed a problem of the slab movement around the trench [180]; [183]; [239]. Bathymetric patterns
of the seafloor of the Pacific Ocean (1.0.1) show more complex and deep structure in its western part.
The geologic structure of the Pacific Ocean has a complex character (Fig. 1.1.1), [376]. Global seafloor
fabric, magnetic lineation picks, slab contours and tectonic plates boundaries are presented on Fig. 1.1.2.

1.1.3 Historical milestones

he history of the studies of ocean geomorphology is being constantly developing throughout the 20™
century until now. The chronology of the landmark research include, for instance: [121]; [233];
[673]; [235]; [3]; [314]; [205]; [42]. Understanding a variety of landforms in submarine geomorphology
is a very complex task that ideally include a combination of the multi-disciplinary approaches: spatial
data visualization, geostatistical analysis, geological modelling, etc.
The question of the formation and structure of the ocean trenches has long attracted science [543];
[551]. A variety of research has been done in various aspects of the trenches: bathymetric measurements,
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to assess the volumes of mineral resources in the abyss, analysis of the pelagic and biotic communities,
predicting earthquakes location and frequencies. Nowadays, sound statistical methods are elaborated as
important additions for traditional GIS methods of geospatial analysis of the deep ocean trenches.

20" century is notable for systematic ocean exploration using Remote Sensing (RS) methods, Quantum
GIS (QGIS) tools for data processing and a variety of the ML tools for data post-processing and statisti-
cal analysis. Many attempt of seafloor mapping and monitoring exist so far [84]; [271]; [354]; [574] and
the advances in marine seafloor mapping are constantly developing. Mapping submarine geomorphic
features and understanding factors of their variability centers several important components in the devel-
opment of marine geology. 1%, support spatial marine observations and management; 2", supporting
environmental monitoring of the oceans; 3™, generating knowledge of the Earths shape; 41, economic
monitoring and evaluation of the natural resources in the deep ocean that has a strategic aim of planning.

Rapid recent development of the IT technologies in 21% century enabled to analyze geological and
oceanological stream data in large quantities which facilitates the studies of the marine geomorphology.
In 21% century, the advantages of the application of modern IT technologies for marine geology in-
clude, above all, the possibility to apply programming languages for data analysis. A multi-disciplinary
approach includes GIS geospatial analysis, algorithms of the data analysis provided by the scripting
libraries of high-level programming languages, such as Python and R.

In the last 2 decades along with recent progress of the programming and ML, many research presented
applications of Python and R. By testing functionality of packages, algorithms and methods, these works
challenged data science and brought about a new field of study in geosciences. However, examples of
the geological studies on ocean trenches mostly focus on slab subduction and tectonic plate movements
[219]; [58]; [304]; [221]; [61]; [256]; [163], yet insufficient use of the programming applications, and
mostly apply GIS methods [164]; [509]. Therefore, in marine geology domain, despite obvious impor-
tance of the linkage between GIS and programming languages, enough case studies are not yet available.
Current thesis contributes to fill in this gap.

1.1.4 Importance

dvanced data computing and processing by a combined approach of the advanced scripting tools

for data analysis (GMT, Python, R, Matlab, AWK) in marine geology is a promising dynamically
developing extension of the existing traditional GIS. Shell scripting and programming languages enable
to deal with massive amounts of the geological data. Batch processing of big geological datasets is
possible through applying ML methods from the IT domains. Number of use cases in processing big
data sets in the marine geology is increasing since they are produced in a machine-generated stream at
cruise as output of sampling series massive as data arrays and captured streams of video and imagery.

The advantage of the numerical computing by programming languages lies in its effectiveness for the
marine geology, specifically, its effectiveness and functionality when processing with big datasets. The
ML tools are highly effective for processing arrays and tables containing data of thousands of samples.
Correlation between various parts of the submarine geomorphology is very complex. For example, there
are proven correlations between geographic locations of the trenches, shapes, geophysical settings and
submarine geomorphology [539]; [650]; [297]; [304]; [305].

The value of the big data in marine geology is indisputable nowadays since larger datasets increase
reliability and precision. However, the question is not about the need for the massive data processing
and their storage but in ~ow to manipulate effectively with big structured datasets, which ML algorithms
and methods to apply for stream data processing in marine geology. Effective answer to these questions
is given by programming algorithms that enable to process data arrays by complex approaches. As
demonstrated in this dissertation, graph-based analysis of the geological data models by GMT, Python,
R and Matlab with table reshaping by AWK enable to process data as a stream through shell scripting.
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1.2 Research problem

he problem of proper understanding of the deep-sea areas in the ocean seafloor lies in its unreach-

able location. As noted by [290], there is a need to evaluate and proper understanding seafloor
geomorphology for marine resource management. However, current knowledge on ocean functioning
is relatively scarce. At the same time, modeling ocean seafloor is critical for the precise bathymetric
mapping. The majority of the methods of ocean modelling have overlooked the Python programming
approach for statistical analysis where large data sets are being processed by a set of the embedded
mathematical algorithms.

Various papers reported problems of deep ocean slab dynamics, tectonics, [S77]; [240], deep ecosys-
tems functionings and development [634]; [586]; [111]; [103]; [635]. Many attempts have been made so
far to study correlation between factors involved in trench formation. However, there are certain limita-
tions in these studies caused by the study object: submarine trenches are the least reachable land form
on the Earth that require application of advanced numerical modelling.

Besides, submarine erosion occurring within the main channel of the trench and adjusting slope areas,
plays important role in sculpting geomorphology of the trenches. Due to their physical inaccessibility,
oceanic trenches are distinct from other objects on the Earth. Various studies are reported on the geo-
logic variations of the trench involving uneven distribution of various geomorphic phenomena across the
seafloor [544]; [208]. Amongst these, the question of how the trench shape varies and what are the fac-
tors affecting its geomorphology is the most challenging in view of the importance of the deep segments
for the whole ocean environment. The distribution of elevations on the Earth or hypsography is highly
uneven. The majority of the depths is occupied by deep basins (4-6.5 km) while relatively few areas are
covered by shallow zones. At the same time, a considerable pool of resources is hidden by the ocean
depths which explains the actuality of the ocean research for the national economies.

Limitations in marine geological studies are imposed by the high cost of the marine expeditions.
Using available open source geodata sets removed this problem by the use of low-cost geospatial data
and their processing in GIS and open source programming language R and Python. Similarly, Python
based statistical set of statistical libraries, such as Numerical Python (NumPy), Scientific Python (SciPy),
Statistical Models (StatsModels), and Matplotlib present effective low-cost and easily available method
for the marine oceanological data processing and modelling. Multiple approaches and GIS methods have
been used so far to model ocean seafloor, the most unreachable part of the Earth. These include: RS-
echo sounding [688], Conductivity-Temperature-Depth profiler (CTD) technique [704], acoustic meth-
ods, continual profiling with single-beam systems and bottom coverage capability, multi-beam swath-
mapping systems, computer based modeling.

Regional studies of the marine geology of the trenches across the Pacific Ocean, [46]; [67], modelling
and predictions made upon analysis of the geophysical settings of various trench, produced by these
investigators were instrumental in understanding current issues of the marine geological studies. The
concepts of these reports on seafloor spreading, tectonic slab subduction, continental drift, and plate
tectonics in the Pacific Ocean were analyzed in the current research.

Understanding deep connections between various factors of the ocean trenches gives a key to proper
modelling of the location of the mineral resources and prognosis of the dynamic processes, e.g. earth-
quakes. Studies of such complex objects require numerical approach. Solutions proposed by the ad-
vanced data processing proved to be effective tool for the analysis of the data sets in marine geology.
For instance, linking raster datasets and geologic data on tectonic spreading lineaments with seafloor
processes eventually shaping present bathymetric forms, it is possible to interpolate geomorphology pat-
terns to the large scale to provide a framework in which a detailed seafloor mapping can be performed.
Therefore, the importance of the precision in numerical computing for marine geology cannot be under-
estimated.
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1.3 Research gap identification

his dissertation aimed to fill the gap in classification and systematic mapping of the deep-se trenches

of the Pacific Ocean. Technically, the gap consists in lack of multi-disciplinary research combining
programming and Earth sciences research by demonstrating the advantages of the programming lan-
guages (e.g. Python, R, AWK) in marine geology. This work introduces application of such advanced
data analysis applied to studies of the submarine geomorphology. Novelty of this approach consists in
highlighting functionality of the high-level languages, Python and R, and applicability of the ML algo-
rithms in marine geology, doing a step apart from the use of traditional GIS.

Methodologically, this dissertation contributed to fill in the gap in the fields by connecting ML anal-
ysis in marine geological data analysis with geomorphological analysis, gradient modelling and classifi-
cation. Technical application of GMT, Python and R was performed to identify key algorithms assisting
in geomorphological analysis. It advanced methodological testing of combination of several program-
ming languages with GMT in marine geology with a case study of 20 trenches of the Pacific Ocean.
Algorithms applied for the marine geological data set enabled to gain insights into the seafloor geomor-
phology. Statistical methods and advanced ML graph-based data analysis has a broad applicability to
similar research aimed at modelling landform variations.

Practical purpose of this dissertation is to test statistical libraries of Python and R for geospatial data
analysis, modeling and visualization and GMT shell scripting for geomorphological modelling. Effective
and precise plotting demonstrates indisputable advantages of the ML in geology. Application of the
programming significantly increases precision, speed and effectiveness of the data analysis. Accurate
cartographic visualization of the datasets is crucial for proper classification, highlighting correlations
and detecting dependancies such as geology, bathymetry, oceanography, tectonics. Precise mapping by
means of GMT is strongly recommended for further application in marine geological studies, especially
for analysis of geomorphology of the oceanic trenches.

Rapid development of methods in geospatial data processing recently grown in marine geology. How-
ever, use of high-level programming languages still require special focus and attention as lacking com-
prehensive introduction of the ML algorithms. Current state of research in geology includes methods
supported mainly by GIS. While some work fragmentary include Python scripts as plugins embedded in
GIS, relatively few works use programming in full [680]. On the other hand, supporting GIS methods by
computer modelling contributes significantly towards understanding of the ocean trenches.

Hence, this dissertation has both scientific and practical implications for understanding spatiotem-
poral rates of the interplay between various factors affecting submarine structure of the trenches of the
Pacific Ocean. Geomorphic modelling and comparative assessment of the bathymetry between major
deep-sea trenches of the Pacific Ocean based on the automatic cross-section transecting and analysis of
their geological, geophysical and tectonic settings, enables to highlight differences between their local
structure and to visualize how their morphology vary in different segments.

The relationship between submarine geomorphology, bathymetry and tectonic settings of the trenches
can be derived by comparing geomorphic features (e.g. slope steepness) and geological conditions (sedi-
mentation) [400]. Variations in structure of the submarine geomorphology have origin in the palaeologic
geological time caused by the variety of impact factors [671]. To evaluate relationships between factors
affecting morphology of the trench, methods of the advanced modelling and statistical analysis can be
applied [302]; [702]. Examples of the studies on correlation between various factors influencing ocean
functioning are presented [547]; [666]; [205]. They aim to analyze the interconnections between geology,
sedimentation and ocean landforms using available methods.
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1.4 Research objective

1.4.1 General objective

* To analyze variations in geomorphological shape of the submarine geomorphology in 20 deep-sea
trenches of the Pacific Ocean.

* To perform classification of the geomorphological types of the 20 deep-sea trenches based on their
geometric properties, distinctness and similarities

The thesis aims at the analysis of the variation of the geomorphology of the 20 trenches of the Pacific
Ocean in their various segments based on the applied statistical analysis supported by GMT, Octave,
Python and R libraries.

1.4.2 Specific objectives

* To visualize and map local geological properties of the 20 deep-sea trenches based on the available
datasets

* To visualize and map geophysical properties (marine free-air gravity and geoid model) of the 20
deep-sea trenches based on the available datasets

* To use methods of the advanced programming algorithms (Python and R) in order to receive mod-
els of the correlation between geological factors and trench geomorphology

* To apply GMT modules to systematically model cross-section identical profiles for 20 trenches for
geomorphological comparative monitoring of their geometry

» To perform statistical analysis of the bathymetry for the 20 respective trenches, along the margins
of the Pacific Ocean.

Combined application of the advanced tools of data analysis (Python, R, GMT, Octave, AWK) for the
data analysis and modelling reveals a significant unevenness in the geomorphology in trenches along the
margins of the Pacific Ocean, and a correlation between the geological factors affecting its structure.

1.5 Research questions

’Fis study answers three questions aimed to describe and characterize variations and perform classifica-

tion in the geomorphic types of the 20 tenches located along the margins of the Pacific Ocean, using
advanced methods of data analysis (GMT, R, Python, AWK). To systematically record the cross-section
profiles of the trenches and assess their geological, tectonic, geographic, oceanological and bathymetric
settings, a combination of the statistical methods, GIS and programming were applied [417]. Hence, the
research questions of this dissertation are as follows:

» Are deep-sea trenches distinct in geomorphology with varying in-situ geological and geographic
conditions along the margins of the Pacific Ocean?

e What are the factors affect the geomorphology of the trenches and which of them are the most
influencing ones ?

* What classification of the geomorphic shape forms in plan (orthogonal) view can be suggested for

the trenches of the Pacific Ocean ?
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1.6 Hypothesis

For research question 1 the Hypothesis Ho claims: geomorphic types of the deep-sea trenches are

not distinct from each other and independent with varying geographic location along the margins
of the Pacific Ocean, which means Hol: ul = y2 = u3 = ... = un. The alternative Hypothesis Ha
claims the opposite statement: geomorphic types of the deep-sea trenches are distinct from each other
and vary according to their geographic location (NSWE) along the margins of the Pacific Ocean, Hal:
pl # u2 # 3 # ... un.

For research question 2 the Hypothesis Ho claims: geophysical, geological, bathymetric and geodetic
information extracted from the attribute features of the GIS layers may explain interplay between the
geomorphic variations of the selected hadal trenches located in the Pacific Ocean, which contains all
aspects of interconnections of mentioned above geospatial factors, which means Ho2: ul = u2 = u3 =
... = un. The alternative Hypothesis Ha claims the opposite statement: information on geophysical
and geological settings of the trenches cannot be used for the comparative mapping and analysis of the
geomorphology of the trenches, because they do not provide enough thematic information and correlation
to discriminate types of the submarine landforms, Ha2: ul # u2 # u3 # ... # un.

For research question 3 the classification of the trenches has been performed based on the compara-
tive analysis of the similarities and distinctiveness between the geometric shape forms and steepness by
profiles. Central hypothesis of this research is: factor variables of geological origin or geospatial factors
(i.e., geodetic location of the segments of the trench and tectonic properties of the underlying plates)
explain variations of the geomorphology of the deep-sea trench. Hence, the hypothesis considered in the
research objective where a set of the geological settings was explored by a GIS dataset.

A statistical testing by R and Python has been used used to compare between various factors and
geomorphic responses of the trenches, whether they are geomorphologically distinct and at least one
pair of factors (slope steepness, geographic location, depths, tectonic plates, closeness of the submarine
volcanoes, slope aspect) is statistically different and affecting trench geomorphology. One sample data
set covers environmental factors of the trenches (i.e., geology, tectonics, geodetic features (descriptive
statistical data on depths across the profiles), geospatial locations, sediment thickness [400] and active
volcanism in the nearby area. Second sample data set is aimed to prove the hypothesis and perform
comparative analysis on geomorphic and geological domains.

Variations of the factors affecting trench geomorphology is assumed to be normal as well as the
equality of the statistical variances. The hypothesis testing was carried out using the ANOVA statistical
test. The ANOVA test was performed by R library {car}. Thus, the key hypotheses of the research will
be tested to prove whether the results of the research are accurate, reasonable and correct. The results
have been interpreted on homogeneity of variance by means of one - way ANOVA tests. Since the
p-value is < the significance level 0.05, there are significant differences between the groups of tectonic
factors affecting trench formation. Tukey multiple pairwise comparisons test enabled to perform multiple
pairwisecomparison between the means of groups and shown 95% familywise confidence level of the
results.

In contrast to the traditional existing approaches, the hypothesis of this dissertation presents improve-
ments on the marine geological data processing and interpretation methods by applying advanced meth-
ods of data analysis and visualization: a combination of GMT cartographic scripting toolset and program-
ming languages Python, R, Octave and AWK. Developed methodology enabled to model submarine ge-
omorphology, allowed assessment of variations between their shape, and estimation of factors affecting
trench formation by complex interplay of the geospatial factors.
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1.7 Technical approach

M ain technical tools of this research is open source GIS toolsets and programming languages: R, Python,
Octave, AWK. Choosing right statistical methods for the seafloor modelling is a crucial step in
planning research. Available data may vary depending on current research scope, be it structure of
the sedimentary cover of the ocean trench, geometric features of the deep horizons (angle steepness),
waves velocity characteristics as reflected by rock density, submarine earthquakes, deep ocean currents.
Methodological approach require careful reflection of the data set and goal of the statistical analysis.

Marine geology data processed by the R and Python libraries present data models on the topography
of the ocean floor and environmental variables. Such data available online as free GIS layers in vector
and raster formats were used in current research. Ocean research methodology is based on application of
various GIS with specific tools for geospatial rater of vector data processing. Both commercial ArcGIS
and open-source Geographic Resources Analysis Support System (GRASS GIS) or QGIS are suited
for the seafloor study, processing attribute data of the biological and geological resources of the hadal
trenches, geophysical fields and tectonic plates [393]. The diversity of the scientific tasks and need to
study various aspects of the trench structure recorded as objects in the machine system, led to the creation
of the specialized geological and geophysical methods, GIS and different equipment and tools.

Although use of traditional GIS is generally recommended, programming presents more powerful
tool for geospatial data processing, sometimes overlooked. Open source tools of Python, R, AWK and
Octave were used extensively to set up the processing scripts enabling rapid and reproducible analysis.
Python and R, are highly suitable for the statistical analysis in geosciences, as having powerful statistical
and math libraries, highly effective for scientific computing and used in current research.

The proposed approach of the combined data analysis by GMT, QGIS, R and Python for geospatial
and statistical analysis enabled accurate and efficient computation and modelling of the large datasets in
marine geology. Challenge in the assessment of the geological big datasets (several thousand of sampels)
concerns the difficulty in manual identifying a correct algorithms in the computations and analysis of data
distribution. The necessity to apply a precise ML algorithms recently increased in geographic sciences
with respect to the importance of choosing effective method for data visualization and computation. The
solutions to these problems are provided by Python’s Pandas data frames: optimizing data structure,
selecting correct parts from the data frame (columns, rows in data arrays), plotting.

In its geospatial part, this dissertation presents a GMT based automated workflow enabling large-scale
profile cross-sectioning aimed at transect mapping in 20 trenches. It starts with cartographic mapping
using high-resolution datasets (GEBCO, SRTM_15) and ends with automated cross-sectioning aimed
at comparative analysis and classification of the geomorphic shape forms of the trenches. In total 50
modules of GMT scripting toolset were trained on extensive datasets collected from 20 trenches across
the whole region of the Pacific Ocean.

This dissertation presents a computer-based approach by advanced data modelling. Classic approaches
of the GIS mapping and other tools of geoinformatics [179], [133], RS, navigation charts and data mod-
elling by cross-sections, [657]), statistical modelling by R and packages, e.g. dplyr, ggplot2, PMCMR,
car [616]. Of these, GMT shell scripting and statistical modelling of the oceanological data sets by R
and Python languages are the most cost-effective tools for studies on submarine geomorphology.
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Chapter 2

Trenches of the Pacific Ocean

2.1 Kuril-Kamchatka Trench

Kuril-Kamchatka Trench (KKT) is an oceanic trench with depths more than 5000 m, located on the
border of the Sea of Okhotsk located in the Far East, north-west Pacific Ocean (Fig. 2.1.1).

Kuril-Kamchatka Trench area
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Map 2.1.1: Kuril-Kamchatka Trench and the Sea of Okhotsk: bathymetric map [418]

Geographically, the KKT continues south-eastwards from the coast of the Kamchatka Peninsula, in
parallel to the Kuril Island chain, and meets Hokkaido Island. Geologically, the KKT presents a boundary
of the large subduction zone of the Pacific tectonic plate under the Okhotsk tectonic plate [58], which
causes irregularity in its bathymetric shapes and geomorphic structure. The submarine geomorphology
of the seafloor underlying the KKT is formed as a result of the complex interplay between the geological
substrate, water column and a range of the geophysical processes and phenomena [398]. As a result,
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the variations in the distribution of the geomorphic landforms in the trench were caused by a continuous
effect of various factors through the whole history of the trench formation.

The Sea of Okhotsk is a semi-enclosed sea, connected in terms of bathymetry with the Pacific Ocean
through the Bussol and Krusenstern straits [527]. The Sea of Okhotsk is not isolated, has maximal
depths of 3374 m. It has deep-sea straits to the NW Pacific Ocean, the deepest of which are the Bussol
with depths reaching 2300m [71], (Map 2.1.1). The Sea of Okhotsk is connected with with the Pacific
Ocean hydrologically through the Bussol Strait. The upper water masses of the KKT region are strongly
influenced by the currents in opposite directions: the Oyashio coming from the Arctic southwards into
the Pacific Ocean and the Kuroshio coming from the South China and flowing in northeast direction [45].

KKT is characterized by a geometrically long narrow, elongate, deep and asymmetrical depression of
the seafloor with steep slopes. Together with Aleutian Trench, it presents contiguous complex covering
area of 254, 740km? [225]. The KKT is distributed along Kuril island arcs and Eurasian continent masses,
developed in the association with an island-arc system where Pacific tectonic plate subducts below the
North American and Okhotsk plates. The Okhotsk plate represents a region of active grabens lying
southwards of a chain of small sedimentary basins in the Cherskii Mountains [656]. The geomorphic
and topographic patterns of the land area of Kamchatka Peninsula are influenced by the climate and
glaciological effects (glacier cirques) [33]. The KKT is divided by the Bussol Strait into southern and
northern parts. Because geologic factors differ in northern and southern parts of the trench, it affects its
geomorphology.

Southern part of the Greater Kuril Chain includes the large Kunashir, Iturup, and Urup islands con-
stituting the islands-arc-trench system. This part is confined to the northwestern Pacific subduction zone
[315]. The topographic and geomorphic features of the trench in its northern part are different from those
located further southwards near the group of the seamounts.

Coastline and major boponymy of the Kuril-Kamchatka area Bathymetric contour of the Kuril-Kamchatka Trench area
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Map 2.1.2: Kuril-Kamchatka Trench. Miscellaneous projections in GMT, [418]

Specific distinction of the KKT is its division into two parts: northern and southern segments sep-
arated by the Bussol Strait [398]. The geological settings of the study area is characterized by high
seismicity, repeated earthquakes, and tectonic instability caused by plate subduction. Geological fac-
tors differ in northern and southern parts of the trench, which naturally affects its geomorphology. The
comparisons on the northern and southern parts of the KKT seafloor are not assessed within the pub-
lished literature. Therefore, the novelty of this study is a contribution towards the regional analysis of
the geospatial variation of the trench geomorphology in its southern and northern parts. The formation
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of the hadal trench is affected by the impacts of local geological and geophysical settings varying along
the trench.

The tectonic properties of the KKT mutually affect both land and submarine geomorphology. Thus,
as noted by [597], the location of the KKT at the meeting place of active Kuril-Kamchatka and Aleutian
arcs causes the coastline of the Kamchatka Peninsula to be affected by strong tectonic activities. Frac-
ture zones have variable influence on the uplift of the Kamchatka Peninsula. Geomorphic consequence
include raise of the multi-level, highly uplifted marine terraces displaced along the active tectonic faults.
Furthermore, the tectonic movements cause the uplift of the coastal sediments [597].

KKT belongs to the Chilean tectonic subduction type, which has a gentle subduction dip advancing
at a speed of ca. 2 cm yr-1 and inter-seismic elastic shortening of 1-2 mm yr-1 [128]. Strong lateral
velocity in the shallower mantle wedge accounts for both the compressional subduction tectonics and
back arc compression in the KKT. This results in the seismic-velocity anomalies in the mantle under the
KKT, as shown on the tomographic images by [761]. Despite the age of the Pacific Plate, there is no
sharp variation of the age on the seafloor along the KKT [617], and the old Pacific Plate is rejuvenated
at the north of the KKT around the Meiji Guyot seamount.

Compaosite averlay of the 3D topographic mesh model on top of the 21 geoid contour plot
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Map 2.1.3: Kuril-Kamchatka Trench: 3D-topographic mesh map. Source: [418]

The Kuril-Kamchatka subduction zone, a part of the circum-Pacific 'Ring of Fire’, forms northern
part of the Kuril-Kamchatka volcanic arc in the North-West Pacific Ocean [602]; [206], [398]. The
subduction rate of the Pacific plate beneath the Eurasian Plate is ca. 79 mm yr-1 [129]; [57] or 8-9 m per
century along the KKT [568]. This causes high seismic and volcanic activities, making this region one
of the most tectonically active, seismic regions of the world. More specifically, one of the most active
volcanic arcs in the world is located on the eastern coast of Kamchatka [203]; [600]. A number of studies