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Abstract
This thesis investigates the evidence of active tectonics in Sabah, Malaysia, which is part of
the Borneo Island. The motivation to work on active tectonics of the region directly comes
from the disaster associated with the medium magnitude earthquake that occurred on 5 th June
2015 and devastated a large portion of Ranau region, and caused an unfortunate loss of 18
precious lives. The first step is geomorphic analysis of landforms that is carried out throughout
the region to produce a base map. The standard mapping procedures are adapted, which are
followed by detailed geomorphic, and morphometric analysis where all the major and minor
active landforms are mapped. The geomorphic mapping includes the identification of
topographic breaks, triangular facets, wine-glass canyon, changes in river channels, past fault
scarps, linear valleys, and uplifted / tilted Quaternary to Recent landforms. The data obtained
from geomorphic analysis exercise is digitally processed using ArcGIS software, specifically
the hydrography data plots. Our geomorphic data result reveals a number of active normal
faults, which have also influenced the courses of streams and formed a number of knickpoints,
which are indicators of active movements. This is evident in some of the upstream regions of
rivers namely Sg. Mesilou A, Mesilou B and Mesilou C. These knickpoints are not related to
bedding and are consistent with faulting events. The field visits also reveal a number of normal
faults with NW or SE dipping plane, particularly in Ranau and Kundasang region. All the
mapped faults in field are old faults, and have not disrupted any younger stratigraphic marker,
which clearly indicates that the faults are much older. However, the strike and dip direction of
the old faults is consistent with the normal fault that hosted the June-2015 event, and therefore,
it is possible that the instrumental and historical seismicity in Sabah is related to these faults,
which are formed in response to stresses that are mainly tectonic in origin. The use of Ground
Penetrating Radar (GPR) also suggested a number of normal faults that are mapped in Sabah.
However, the lack of field evidence of fault rupture associated with June 2015 earthquake
suggests that this particular event occurred on a blind fault, which could mean that perhaps
younger events occur on blind faults. And this explains the scarcity of field evidence of
Quaternary to Recent rupturing. The fact that geomorphic analysis shows some of the major
active faults in the region could also mean that such faults are covered with thick sediments,
and have undergone intense erosion because of the dominant weathering effects in tropical
conditions that the region witnesses throughout the year.

I|Page

Table of Content
Abstract ................................................................................................................................ I
Table of Content .................................................................................................................. II
List of Figures ......................................................................................................................V
List of Tables ..................................................................................................................... XI
List of Abbreviation .......................................................................................................... XII
Acknowledgement ........................................................................................................... XIII
Chapter 1 Introduction ......................................................................................................... 1
1.1.

Background ...................................................................................................... 1

1.2.

Research Gap .................................................................................................... 2

1.3.

Aim / Objective................................................................................................. 3

1.4.

Study area ......................................................................................................... 3

1.5.

Topography of the Ranau region ....................................................................... 6

Chapter 2 Literature Review................................................................................................. 7
2.1.

Regional Geology ............................................................................................. 7

2.2.

Northwest Borneo ............................................................................................. 8

2.3.

Geological Field Locations in Sabah ................................................................. 9

2.4.

Common methods used in earthquake study .................................................... 11

2.4.1.

Ground Penetrating Radar (GPR) Survey..................................................... 11

2.4.2.

Morphometric Indices ................................................................................. 13

Chapter 3 Methodology ...................................................................................................... 14
3.1.

Research Methodology .................................................................................... 14

3.1.1.

Morphometric Analysis ............................................................................... 15

3.1.2.

Pre – Fieldwork investigation ...................................................................... 16

3.2.

Ground Penetrating Radar (GPR) .................................................................... 17
II | P a g e

3.2.1.

Survey ........................................................................................................ 18

3.2.2.

Ground Penetrating Radar (GPR) Data Processing ....................................... 20

3.3.

Stream network and Watershed boundaries ..................................................... 21

Chapter 4 Results and Interpretation ................................................................................... 22
4.1.

Geomorphic Mapping and SL index ................................................................ 22

4.2.

Elongation Ratio ............................................................................................. 28

4.3.

Hypsometry Integral ....................................................................................... 30

4.3.1.

Sub – Basin 1 .............................................................................................. 36

4.3.2.

Sub – basin 2............................................................................................... 41

4.3.3.

Sub basin 3 ................................................................................................. 45

4.3.4.

Sub – basin 4............................................................................................... 49

4.4.

Earthquake statistics records ........................................................................... 53

4.5.

Peak Ground Acceleration value for felt earthquake in Ranau (ml ≥ 4.0) ......... 55

4.6.

Field Evidence and GPR survey ...................................................................... 58

4.6.1.

Structural Map ............................................................................................ 59

4.6.2.

Normal Faults ............................................................................................. 60

4.6.3.

Overturned Structures ................................................................................. 66

4.6.4.

GPR survey in Marakau Road ..................................................................... 69

Chapter 5 Discussion.......................................................................................................... 80
5.1

Intraplate deformation in NW Borneo ............................................................. 80

5.2

Tectono – Geomorphic Assessment ................................................................. 84

5.3

Field investigation ........................................................................................... 85

5.1.

Project Limitation ........................................................................................... 87

5.1.1.

Limitation of Google maps .......................................................................... 87

5.1.2.

Limitation of Ground Penetrating Radar (GPR) ........................................... 88

III | P a g e

Chapter 6 Conclusion ......................................................................................................... 89
Reference ........................................................................................................................... 90
Appendix A

Hypsometry Curves ....................................................................................100

IV | P a g e

List of Figures
Figure 1.1 seismological data and major faults overlaid on the satellite images (Modified from
Geomap app, 2018) .............................................................................................................. 4
Figure 1.2 Earthquake distribution and fault plane solution of 5th June 2015 and 8th March
2018 earthquake. .................................................................................................................. 5
Figure 2.1 Earthquake generating fault in Ranau area (Modified after Tongkul, 2015) ....... 10
Figure 2.2 GPR system detects reflected signal and diffraction discontinuities (MALA, 2015)
.......................................................................................................................................... 12
Figure 3.1 The flow chart of the methodology adopted for this study. ................................. 14
Figure 3.2 the labelled components of the GPR equipment. ................................................ 17
Figure 3.3 illustrates the sketch of a GPR 3D survey line. ................................................... 19
Figure 3.4 explains the GPR processing steps. .................................................................... 20
Figure 4.1 depicts the Mt. Kinabalu and its surrounding regions, specifically on Kundasang
and Ranau region. (A) Interpreted Google Image (B) Topographic Profile. ......................... 23
Figure 4.2 the sub – basin of Mt. Kinabalu and its surroundings. The study area and drainages
across the region is illustrated above................................................................................... 24
Figure 4.3 rock types and knickpoints overlaid on the topographic map. ............................. 25
Figure 4.4 the longitudinal profile and SL index of Sg. Mesilou A, B and C. ...................... 27
Figure 4.5 depicts two models with before and after faulting features. The model seems to
accommodate the NW – SE extension, which led to S – SE dipping normal faults. ............. 28
Figure 4.6 the elongation ratio for the study area ................................................................ 29
Figure 4.7 the hypsometry curve of Area 1, 2, 3 and 4. ....................................................... 32
Figure 4.8 the subdued peneplain stage of a basin ............................................................... 34
Figure 4.9 the mature stage of a basin ................................................................................. 34
Figure 4.10 the youthful stage of a basin............................................................................. 35
Figure 4.11 the youthful stage of a basin............................................................................. 35

V|Page

Figure 4.12 the sub – basin 1. ............................................................................................. 36
Figure 4.13 depicts the geomorphic stage of sub basin 1 ..................................................... 37
Figure 4.14 the four main curves in sub - basin 1. ............................................................... 40
Figure 4.15 the sub – basin of Area 2.................................................................................. 41
Figure 4.16 demonstrates the hypsometric curves across sub – basin 2. ............................... 42
Figure 4.17 the four main curves in Area 2 ......................................................................... 44
Figure 4.18 the sub – basin 3. ............................................................................................. 45
Figure 4.19 the hypsometric curves across the sub – basin 3. .............................................. 46
Figure 4.20 the main curves of sub – basin 3. ..................................................................... 48
Figure 4.21 the sub – basin 4. ............................................................................................. 49
Figure 4.22 demonstrates the hypsometric curves across the sub – basin 4. ......................... 50
Figure 4.23 the main curves of Area 4 ................................................................................ 52
Figure 4.24 record of felt earthquake observed in Sabah from 2015 to May ........................ 53
Figure 4.25 record of felt earthquake observed in Ranau from 2016 to May 2017. .............. 53
Figure 4.26 record of earthquake depth in Sabah from 2015 to May 2017. .......................... 54
Figure 4.27 the location of seismic stations across the study area. ....................................... 55
Figure 4.28 demonstrates the field survey around Kundasang and Ranau region. (Modified
from geomap software). ..................................................................................................... 59
Figure 4.29 (1) Un – interpreted field photo. (2) Example of a series of normal faulting with
SE dipping and striking NE – SW. ..................................................................................... 60
Figure 4.30 (Top): Un – interpreted GPR profile of Outcrop A. (bottom): Interpreted GPR
profile of Outcrop A. .......................................................................................................... 61
Figure 4.31 the expected fault plane solution of a future earthquake and the associated model
shows the possible nature of normal faulting with listric component. .................................. 62
Figure 4.32 the evidence of normal faulting formed under NW – SE extension. .................. 63
Figure 4.33 minor and horst graben structure. ..................................................................... 64

VI | P a g e

Figure 4.34 the main normal fault (F1) triggers the horst and graben structure (F2 and F3). 65
Figure 4.35 (left): Un – interpreted section. (Right): interpreted section. ............................. 66
Figure 4.36 GPR profile across Outcrop I ........................................................................... 67
Figure 4.37 illustrate the conceptual model of Outcrop I in Ranau region............................ 68
Figure 4.38 structural map of Marakau area. ....................................................................... 69
Figure 4.39 the GPR survey along Marakau road. ............................................................... 70
Figure 4.40 interbedded sandstone and shale in Marakau area. ............................................ 71
Figure 4.41 the evidence of SW – NE compressional pattern. ............................................. 72
Figure 4.42 Folded structures across the Marakau road ...................................................... 72
Figure 4.43 SE dipping normal faults and minor horst & graben structure ........................... 72
Figure 4.44 Minor normal faulting observed. ...................................................................... 73
Figure 4.45 no obvious structures across this GPR profile. ................................................. 73
Figure 4.46 3D survey of Point 3 along Marakau road. ....................................................... 74
Figure 4.47 steep normal fault with SE dipping at a depth of 1.027m .................................. 75
Figure 4.48 SE dipping normal fault at a depth of 0.818m .................................................. 75
Figure 4.49 steep normal fault with SE dipping at a depth of 1.007m .................................. 76
Figure 4.50 SE dipping normal faults observed at a depth of 0.838m and 1.206m ............... 76
Figure 4.51 SE dipping normal fault observed at a depth of 0.928m .................................... 77
Figure 4.52 3D survey of Point 4 along Marakau road. ....................................................... 78
Figure 4.53 NW dipping normal fault visible at a depth of 0.833m. .................................... 79
Figure 4.54 NW dipping normal fault visible at a depth of 0.853m. .................................... 79
Figure 5.1 Earthquake distribution of 5th June 2015 event and 3D model of normal faulting.82
Figure 5.2 Earthquake distribution of 8th March 2018 event and 3D model of normal faulting.
.......................................................................................................................................... 83

VII | P a g e

Figure 5.3 oblique compression model for NW Borneo region (Modified from Shah et al.,
2018) ................................................................................................................................. 85

Figure A.1 the subdued peneplain stage of a basin. ............................................................100
Figure A.2 the young topography on upstream region and subdues as it moves downstream.
.........................................................................................................................................100
Figure A.3 the subdued peneplain stage of a basin. ............................................................101
Figure A.4 increase in erosional processes as concavity increasing in upstream region. ......101
Figure A.5 variation in denudational process. ....................................................................102
Figure A.6 increase in convexity curve at the middle of the basin. .....................................102
Figure A.7 the subdued peneplain stage of a basin. ............................................................103
Figure A.8 increase in convexity curve at the upstream of the basin. ..................................103
Figure A.9 complex curve in sub – basin area. ...................................................................104
Figure A.10 complex curve in sub – basin area. .................................................................104
Figure A.11 complex curve in sub – basin area. .................................................................105
Figure A.12 young topography with variation in erosional process. ...................................105
Figure A.13 complex curve in sub – basin area. .................................................................106
Figure A.14 complex curve in sub – basin area. .................................................................106
Figure A.15 variation in denudational process in upstream and downstream area. ..............107
Figure A.16 moderately eroded region, forms S – shape curve. ..........................................107
Figure A.17 young topography with slight concavity in upstream region. ..........................108
Figure A.18 increasing concavity, due to high erosion rate. ...............................................108
Figure A.19 old terrain with increasing concavity in downstream region. ...........................109
Figure A.20 the subdued peneplain stage of a basin. ..........................................................109
Figure A.21 complex features in sub – basin area. .............................................................110

VIII | P a g e

Figure A.22 complex features in sub – basin area. .............................................................110
Figure A.23 complex features in sub – basin area. .............................................................111
Figure A.24 steady denudational process. ..........................................................................111
Figure A.25 subdued peneplain stage of a basin. ................................................................112
Figure A.26 young topography with increasing convexity..................................................112
Figure A.27 textbook example of mature basin ..................................................................113
Figure A.28 young topography with increasing concavity. .................................................113
Figure A.29 young topography with slight increase in concavity. .......................................114
Figure A.30 young topography with slight increase in concavity. .......................................114
Figure A.31 steady denudational process. ..........................................................................115
Figure A.32 increasing concavity in upstream region. ........................................................115
Figure A.33 increasing erosional process across this region. ..............................................116
Figure A.34 increasing erosional process across this region. ..............................................116
Figure A.35 increasing erosional process across this region. ..............................................117
Figure A.36 increasing erosional process across this region. ..............................................117
Figure A.37 complex features in sub – basin area. .............................................................118
Figure A.38 young topography with slight increase in concavity. .......................................118
Figure A.39 complex features in sub – basin area. .............................................................119
Figure A.40 increasing erosional process across this region. ..............................................119
Figure A.41 young topography with slight increase in concavity. .......................................120
Figure A.42 increasing erosional process in downstream region.........................................120
Figure A.43 steady denudational process. ..........................................................................121
Figure A.44 young topography with slight increase in concavity. .......................................121
Figure A.45 young topography with slight increase in concavity. .......................................122
Figure A.46 the youthful stage of a basin. ..........................................................................122

IX | P a g e

Figure A.47 complex features in sub – basin area. .............................................................123
Figure A.48 youthful stage of a basin. ...............................................................................123
Figure A.49 increasing erosional process across this region. ..............................................124
Figure A.50 youthful stage of a basin. ...............................................................................124
Figure A.51 increasing erosional process across this region. ..............................................125
Figure A.52 increase in concavity as it moves downstream. ...............................................125
Figure A.53 increasing erosional process as it moves downstream. ....................................126
Figure A.54 youthful stage of a basin with slight concavity. ..............................................126
Figure A.55 young topography with slight denudational variation as it moves downstream.
.........................................................................................................................................127
Figure A.56 young terrain in upstream area, but subdues as it progresses downstream. ......127
Figure A.57 variation in erosional processes with increase in concavity. ............................128
Figure A.58 complex features in sub – basin area. .............................................................128
Figure A.59 increasing erosional process across this region. .............................................129
Figure A.60 complex features in sub – basin area. .............................................................129
Figure A.61 youthful stage of a basin. ...............................................................................130
Figure A.62 increasing erosional process across this region. ..............................................130
Figure A.63 mature stage of a sub – basin..........................................................................131
Figure A.64 steady erosional process. ................................................................................131

X|Page

List of Tables
Table 4.1 The elongation ratio for 6 watersheds boundary across north central zone. ......... 30
Table 4.2 The hypsometric integral of Area 1, 2, 3 and 4 in Ranau and Kundasang region. 33
Table 4.3 The hypsometric integral, curve and its indication on sub - basin 1 ..................... 38
Table 4.4 Hypsometric integral, curve and its indication across Area 2. ............................. 43
Table 4.5 Hypsometric integral, curve and its indication across sub – basin 3. ................... 47
Table 4.6 Hypsometric integral, curve and its indication across sub – basin 4. ................... 51
Table 4.7 Peak Ground Acceleration (PGA) of recent earthquakes in Ranau region. .......... 56
Table 4.8 The velocity recorded by seismic stations in Kota Kinabalu and Ranau. ............. 57

XI | P a g e

List of Abbreviation
Af -------------------------------------------------------------------------------------Asymmetric Factor
Bs ------------------------------------------------------------------------------------- Basin Shape Index
EM -------------------------------------------------------------------------------------- Electromagnetic
Er -------------------------------------------------------------------------------- Basin Elongation Ratio
GDEM --------------------------------------------------------------- Global Digital Elevation Model
GPR ------------------------------------------------------------------------- Ground Penetrating Radar
GPS ------------------------------------------------------------------------ Global Positioning System
HI ------------------------------------------------------------------------------------- Basin Hypsometry
ML -------------------------------------------------------------------------------------- Local Magnitude
Mw ---------------------------------------------------------------------------------- Moment Magnitude
PGA ------------------------------------------------------------------------- Peak Ground Acceleration
RTA ---------------------------------------------------------------------------- Rough Terrain Antenna
RTC --------------------------------------------------------------------------------- Rough Terrain Cart
SL----------------------------------------------------------------------- Stream Length Gradient Index
Smf ---------------------------------------------------------------------------Mountain Front Sinuosity
SRTM ------------------------------------------------------------ Shuttle Radar Topography Mission
TRI -------------------------------------------------------------------------- Terrain Ruggedness Index
USGS --------------------------------------------------------------- United States Geological Society
Vf -------------------------------------------------------- Valley Floor Width to Valley Floor Height

XII | P a g e

Acknowledgement
A special note of appreciation to my supervisors, Dr. Afroz Ahmad Shah, Dr. M. V. Prasanna,
Dr. Nagarajan Ramasamy and Ms. Illiya Amalina for their assistance, guidance and advice for
making this project possible.
My special appreciation to my fellow friends, Mr. Hong Hui Tan and Rajesh Babu Chuncula,
with whom I spent many hours on discussion and exchanging of ideas.
And not forgetting the Malaysian Meteorological Department (MET) for providing me
information related to earthquake and disasters.
I would also like to give my endless gratitude to Faculty of Engineering and Science and
Graduate School for providing full tuition few waiver and National Geographic Society for
providing me the Young Explorer Grant to conduct my research in Ranau, Sabah.
Lastly, this project would not have been possible without the support and understanding of my
family. Both my parents deserve my gratitude, as their understanding have given me the
inspiration to complete this project on a positive note. And not forgetting my grandmother
Madame Tanapakiam for giving me the morale support throughout the whole course and the
project paper.

XIII | P a g e

Chapter 1
Introduction
1.1. Background
Sabah is located in the northwest of Borneo, and the present tectonic setting shows (Fig. 1) that
it is caged by the active plate margins of Indo-Australian plate, the Sunda plate and the
Philippine Sea plate. The historical and instrumental earthquake data (Mooney et al., 2012)
demonstrate that this region is mostly free from earthquakes that could be related to the active
tectonic processes operating at the surrounding plate margins, and it seems possible that this
portion of Sunda plate is tectonically stable (Shah, 2016; Tongkul, 2017; Wang et al., 2017;
Shah et al., 2018). The Mw 6.0 Ranau earthquake which occurred on the 5th June 2015 led to
intense ground shaking, which triggered landslides and rock falls along Mt. Kinabalu that killed
18 people. The main shock was felt at least 300 km away and even affected the residents in
Kota Kinabalu (Wang et al., 2017). However, the occurrence of medium magnitude
earthquakes in this region have revised the need to understand what really causes such events,
and a number of recent studies have shown that plate tectonics could be a key to the ongoing
deformation within the Sunda plate. If this is true, then, we are seeing intraplate earthquakes
(Talwani, 2014; 2016) in this region because certainly the seismicity is not related to the
ongoing subduction that encircles this region (Fig. 1). Although a number of past studies have
tried to explain these complexities (Balaguru et al., 2003; Cullen, 2010; Hall, 2002; 2013;
Hesse et al., 2009; Hinz et al., 1985; Hutchison, 2005; King et al., 2010a; 2010b; 2010c;
Lambiase et al., 2002; Morley, 2009; Sapin et al., 2009; 2011; 2013;) but bulk of these studies
have not produced data on the detailed structural field investigations, and also lack extensive
geomorphic work, which are fundamental to understand the ongoing deformation in the region,
and whether the deformation is in-sequence or out of sequence (Mukherjee et al., 2010a; 2010b;
2013; 2015), and the pattern of deformation is intra or inter-plate related processes
Therefore, this study aims to build the structural and geomorphic framework of Ranau region
with the motivation to map, and understand the active deformation and what causes it; the
questions that are still vigorously debated (Mathew et al., 2015; 2016a; 2016b; Menier et al.,
2017; Wang et al., 2017; Shah et al., 2018).
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1.2. Research Gap
Since the current understanding on active tectonics and earthquakes in Sabah is at a very initial
stage and research involving tectono-geomorphology is slowly accumulating to get a better
picture of the geological and tectonic architecture of the Ranau region (Sandal, 1996; Simons
et al., 2007; Hesse et al., 2009; King et al., 2010a; 2010b; 2010c; Sapin et al., 2013; Hall, 2013;
Wang et al., 2016; Wang et al., 2017; Shah et al., 2018), however, such works are still limited
in extent, and lack field details (Mathew et al., 2015; Shah, 2016; Shah et al., 2018). This is
mainly because the cause of earthquakes in Northwest Borneo is yet to be fully explored,
primarily since all of the seismogenic faults have not been mapped (Shah, 2016; Shah et al.,
2018), and the mechanism of their occurrence remains largely unknown. One of the major
reasons for the lack of extensive studies on the geological investigations is the occurrence of
thick forest cover, and the lack of access to most of the Borneo Island, and importantly the
consensus that this part of Sunda plate is tectonically stable (Tongkul, 2017; Wang et al.,
2017). This has profoundly affected the scientific investigation in the region and the story is
similar to what happened after 2001 Bhuj earthquake that killed more than 11000 people, and
similarly the perception towards tsunamic research changed after the devastating under ocean
earthquake and tsunami of 2004 that occurred in Indian Ocean
The story is exactly similar in Malaysia when an Mw 6 earthquake struck Sabah on 5th June
2015. This suggested that the faults are active and could bring more damage in the near future.
A detailed investigation on the active faults could provide an answer for the earthquake
recurrence in this region. The present study is the first attempt to carry out a Ground Penetrating
Radar (GPR) survey, with detailed tectonic interpretation and mapping of seismogenic faults
in this region.

The principal questions to be answered are:
1) Does the investigation on the active versus inactive faults provides answer for the earthquake
recurrence in this region?
2) Is Ranau tectonically active region, and is it prone to earthquake of Mw = 6 or greater in the
near future?
3) What was the main cause of 5th June 2015 earthquake that occurred in Ranau, Sabah?
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1.3. Aim / Objective
Geological field investigation in Ranau, Sabah are aimed to map the active geomorphic
features, and to measure the displacement on earthquake-generating faults with the following
objective:
a) To map the fault zones across Ranau region with the help of satellite images
b) To identify sub-surface geometry of faults by GPR investigation

1.4. Study area
This research work primarily focuses on Ranau region, Sabah, Malaysia which is located at the
Northwest of Borneo The historical and instrumental earthquake data shows that the Ranau
region has been experiencing small to moderate magnitude earthquakes throughout the history,
and the recorded data shows it (Figure 1.2). The medium magnitude earthquake seem to have
a pattern, and such events occur every 25 years (Tongkul, 2015). What controls this pattern,
and does it really have any scientific meaning is one of the major research questions that needs
to be explored. The earthquake geology of the recent two medium magnitude earthquakes (Fig
1.2) shows that these are nucleated on normal faults (Tongkul, 2015; Shah, 2016; Wang et al.,
2017; Shah et al., 2018), and were the reason for extensive landslides in the region, that includes
a series of rock avalanche that hit the famous tourist attraction the Mount Kinabalu, and
resulted in a loss of 18 people (Tongkul, 2015; Wang et al., 2017). As a result of the earthquake,
more detailed studies begun with an idea of determining the cause of the earthquake generating
faults (Shah, 2016; Shah et al., 2018).
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Figure 1.1 seismological data and major faults overlaid on the satellite images (Modified
from Geomap app, 2018)
Based on Figure 1.1, the regional tectonic map of the region is surrounded by active plate
boundaries of the Sunda, Indo – Australian and Philippines plates. However, the earthquake
focal plane mechanism shows a significant number of earthquakes clustered in and around
Sabah.
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Figure 1.2 Earthquake distribution and fault plane solution of 5th June 2015 and 8th March
2018 earthquake.
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1.5. Topography of the Ranau region
The Ranau area has a low terrain compared to the surrounding area (e.g. Kundasang) which
shows prominent terrain throughout the region. These variations in terrain can be determined
from google maps under terrain mode. The Ranau area is located within an intermontane basin.
Nonetheless, a few intermontane basins are located nearby to the study area and are surrounded
by normal faults such as Marakau fault, Outcrop A and Outcrop F. Besides that, land-use of
the study area are mainly divided into state land and indigenous territory, causing probable
effects on the topography. The thriving economy and constant demand of natural resources in
Borneo has led to an increase in commercial logging, widening agriculture and plantation
developments such as palm oil plantations, are consequently causing a degradation of the
tropical rain forests (Ichikawa, 2007), and eventually rapid erosions of fragile soft rocks
(Yamakura et al., 1995; Mathews et al., 2016a; 2016b).
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Chapter 2
Literature Review
2.1. Regional Geology
Northwest Borneo is located at a triple junction point between the Sunda plate, the Indo –
Australian plate and the Philippines Sea plate. However, the tectonics and structure of
Northwest Borneo has been strongly debated for many years by various researchers (Haile,
1962; Hall, 2002; Hutchison, 2005; Morley, 2009; Hall, 2013; Shah, 2016; Tongkul, 2017;
Shah et al., 2018). The main cause of active deformation in the Borneo Island is yet to be
determined, primarily because it requires detailed field investigation, which are difficult in a
terrain that is inaccessible, and covered in thick forests. However, past studies have taken the
advantage of remote sensing data to explore the topography, geology, and geomorphology of
the region (Shah, 2016; Mathew et al., 2016a; 2016b; Menier et al., 2017; Wang et al., 2017;
Shah et al., 2018). These works have greatly improved the understanding of geology, tectonics,
and gravity related deformation (Banda & Honza., 1996; Hall, 2002; Hutchison, 2005; Morley,
2009; Hall, 2013; Shah, 2016; Tongkul, 2017; Shah et al., 2018) but still a large portion of
work is needed to map and understand the geologic scientific wisdom of this region that will
make way for pinpointing the probable causes of faulting that is ongoing in the region. is
required to map the entire fault zone, and to fully understand the past and the latest slip on the
fault. Furthermore, previous research (Balaguru et al., 2003; Cullen, 2010; Hall, 2002; 2013;
Hesse et al., 2009; Hinz et al., 1985; Hutchison, 2005; King et al., 2010a; 2010b; 2010c;
Lambiase et al., 2002; Morley, 2009; Sapin et al., 2009; 2011; 2013; Simons et al., 2007) have
contributed significant amount of works. However, new field-based studies is required, which
includes dating and sediment provenance studies. The geology of major parts of Northwest
Borneo and causes of magmatism remains largely unknown. Thus, information on crustal
thickness and mantle structure is required to elucidate the geology around Northwest Borneo.
Also, more vital evidences must be provided for the causes of extension, rotation and
upliftment. The links between onshore and offshore studies must be improved for better
understanding of the structural evolution of Northwest Borneo.
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2.2. Northwest Borneo
Different deformation structures across this region is the product of subduction between proto
South China Sea and Borneo (Hinz & Schluter, 1985; Wannier et al., 2011). Thus, the
tectonism is highly associated with strong folding, basement upliftment and wrench faulting
(Darman & Sidi, 2000; Cullen, 2010; Menier et al., 2014). Previous studies have clearly shown
that broad NW-SE trending synclines are observed in the coastal regions while narrow
anticlines are from further inland (Balaguru et al., 2003). Ostensibly, multiple-stage folding
and thrusting sequence is observed (Wang et al., 2016). The active crustal shortening affecting
this region could have reactivated the older extensional fault as younger reverse fault are
observed in the surface as uplifted fluvial terraces (Mathew et al., 2016b). However, the main
structure of Sabah is a well-developed NE-SW trending fold and thrust belt, which indicates
NW-SE compression, attributed to large crustal-scale gravity driven mechanism and the
orogenic collapse of the NW Borneo since 1.9 Ma (Sandal, 1996; Balaguru et al., 2003; Hesse
et al., 2009; Morley, 2009; Cullen, 2010; King et al., 2010a, 2010b; Sapin et al., 2013).
However, Hall (2013) has stated that there is no plate convergence in NW Borneo region and
most deformation along this region is a result of extension. The extension occurred due to rapid
trench rollback, which is marked by the deep regional unconformity (DRU) and gravity gliding
in onshore region (Hall, 2013). On the contrary, the evidence from GPS suggests that shear
deformation is concentrated along Northwest Borneo and does not illustrate any extensional
deformation that supports the idea of gravity driven collapse of the Crocker Range (Mustafar
et al., 2017). Previous research have stated three possible reasons for the present motion of
Northwest Borneo as crustal shortening (Simons et al., 2007; Hesse et al., 2009), gravity sliding
(Sandal, 1996; King et al., 2010; Sapin et al., 2013; Hall, 2013) and localized stress model
(Wang et al., 2017).
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2.3. Geological Field Locations in Sabah
A number of earthquake generating faults have been mapped in Ranau Sabah region, and this
includes the Mensaban and Lobou-Lobou faults (Mohamed, 2012; Yusoff et al., 2016).
However, previous researches have clearly stated that the NW Borneo margin was inactive due
to low seismicity (Sapin et al., 2009). The recent (5th June 2015) earthquake proves that the
Northwest Borneo is seismically active with an average of above Mw 4 on the seismic scale,
despite demonstrating no substantial motion between Central Borneo and Sunda Plate (Menier
et al., 2017; Wang et al., 2017; Shah et al., 2018). These are mostly shallow focused with a
combination of normal, thrust and strike slip fault and suggests the whole region is a destructive
prone region as a result of shallow earthquakes. Other faults includes Perancangan fault, Lahad
Datu faults, Keningau fault, Danum fault, Binuang fault, Tabin fault and Beluran fault (Yan,
2010). In addition, Menier et al. (2017) have provided causes of recent tectonic events in the
study area, which includes subduction of NW Borneo Trough to the present day, regional
compression, extensional settings, convergence of blocks, and far-field stress that can be
directly linked to the recent seismic events.
On the other hand, previous study has postulated that the direction and rate of motion for East
Malaysia (Sabah and Sarawak states) and South Peninsular Malaysia had a major change after
the 2004 Sumatra – Andaman earthquake (Gill et al., 2015). Such an interpretation implies that
a long term post seismic deformation occurred due to the 2004 earthquake. Based on focal
mechanism solution provided by USGS, a normal fault with a near vertical dipping direction
is obvious, which suggests a sudden crustal collapse as normal fault subsidence.
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Figure 2.1 Earthquake generating fault in Ranau area (Modified after Tongkul, 2015)

Based on Figure 2.1, the Lobou – Lobou fault seems to be oriented NE – SW, with a 70°
dipping towards NW (Tongkul, 2015). Also, the length of the fault is approximately 10 km and
displacement is around 0.5 m. However, Wang et al. (2017) stated that the 5th June 2015
earthquake did not rupture the surface, and the surface deformation on Mt. Kinabalu is less
than 3 cm. This indicates that it is an unknown blind fault, it is seismically active and it may
rupture again in the near future.
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2.4. Common methods used in earthquake study
The most efficient methods are morphometric analysis, geomorphic mapping and field
investigation. These methods serve as an important aspect of earthquake studies across the
globe (Malik & Mohanty, 2007; El Hamdouni et al., 2008; John & Rajendran, 2008; Pedrera
et al., 2009; Dehbozorgi et al., 2010; Font et al., 2010; Toudeshki & Arian, 2011; Dar et al.,
2014; Mathew et al., 2016a; 2016b). And, the use of Ground Penetrating Radar (GPR) in such
studies is essential as the geometry of active and inactive faults can be determined (Malik et
al., 2007; Burdette et al., 2012; Mohapatra et al., 2014; Bubeck et al., 2015).

2.4.1. Ground Penetrating Radar (GPR) Survey
GPR is widely used by many geoscientists to identify the geometry of fault scarp (Figure 2.2),
which can be used to study seismic slip (Malik et al., 2007; Burdette et al., 2012; Mohapatra et
al., 2014; Bubeck et al., 2015). And, vital information on colluvial wedges, disrupted and
displaced strata can be observed from GPR (Dentith et al., 2010). It is capable of identifying
topographic features of seismic origin. In addition, the statement above can be further
supported with evidence from Burdette et al. (2012), who carried out a GPR survey to
determine the geometry and displacement of siliciclastic sediments in Apalachicola, Florida.
However, data processing is the most crucial part in order to obtain filtered results for the better
interpretation. Several works have demonstrated that the orientation of the antenna plays a
major role in minimizing the reflection and diffraction caused by the discontinuities (Malik et
al., 2007; Mohapatra et al., 2014). According to Malik et al. (2007), processing methods such
as time – zero correction, band pass filters, finite impulse response filters, auto gain control
and topographic correction must be applied to remove any discontinuities as result of reflection
and diffraction. On the other hand, types of lithological and topographical variations must be
considered as an important factor during the GPR survey. For example, conductive material
must be avoided because it will rapidly reduce the penetration depth of the electromagnetic
wave (EM). Thus, GPR survey has to be conducted through shallow penetration using dry
resistive materials and ideally be free from conductive deposits such as clay (Bubeck et al.,
2015). Malik et al (2007) also stated that the auto gain control is applied for high elevated
regions to improve resolution and topographic correction for normalizing the surface.
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Figure 2.2 GPR system detects reflected signal and diffraction discontinuities (MALA, 2015)
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2.4.2. Morphometric Indices
The use of morphometric analysis in earthquake study is common, especially among
geoscientists. However, previous works have demonstrated that the following indices are
widely used; concavity index (θ), mountain front sinuosity (Smf), stream length gradient index
(SL), valley floor width to valley floor height (Vf), asymmetric factor (Af), basin hypsometry
(HI), basin shape index (Bs), basin elongation ratio (Er) and terrain ruggedness index (TRI)
(Hack, 1973; Bull & Mcfadden, 1977; Rockwell et al., 1984; Keller & Pinter, 2002; Silva et
al., 2003; Peters & Van Balen, 2007; Viveen et al., 2012; Hurtgen et al., 2013; Kale et al., 2014;
Fountoulis et al., 2015; Zygouri et al., 2015). Shyu et al. (2005) stated that the geometry and
slip characteristics of the faults can be determined by observing the deformation patterns of
fluvial terraces via morphometric analysis with 40m resolution satellite imageries. Most of the
indices have been extensively used in faulted regions with high deformation rates (Pedrera et
al., 2009). In addition, these methods were mainly focused on fluvial system and valley
morphology, which seems to prove that the anomalies are produced by tectonic uplift and
erosional processes (Malik & Mohanty, 2007; El Hamdouni et al., 2008; John & Rajendran,
2008; Pedrera et al., 2009; Dehbozorgi et al., 2010; Font et al., 2010; Toudeshki & Arian, 2011;
Dar et al., 2014; Mathew et al., 2016a; 2016b). The anomaly changes along the rivers’
longitudinal profile of NW Borneo was determined using these methods (Sapin et al., 2011;
Mathew et al., 2015; 2016b)
Recent studies show the use of geodetic absolute rates with morphometric indices to evaluate
active tectonics in tectonically unstable regions (Gao et al., 2016). With the advancement of
technology, a great variety of satellite images and digital topographic data (such as Digital
Elevation Models : DEMs ) together with Geographic Information System (GIS) software
enables the geomorphic characteristics of drainages, stream networks and temporal stages of
landscape development to be effectively interpreted (Slaymaker, 2001; Hajam et al., 2013;
Waikar & Nilawar, 2014). In addition, these ideal methods provide an accurate and more
comprehensive understanding of the natural landforms (Tarboton et al., 1991; Dietrich et al.,
1993; Montgomery & Foufoula – Georgiou, 1993; Moglen & Bras, 1995; Tucker, 1996; Sklar
& Dietrich, 1998; Weissel and Seidl, 1998; Synder et al., 2000). Also, these methods have been
applied successfully in locations which have thick vegetation covers such as Borneo Island
(Mathew et al., 2016a; 2016b; Menier et al., 2017).
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Chapter 3
Methodology
3.1. Research Methodology
In this chapter, the detailed methodology of the different analyses is presented and summarised
as follows.

Figure 3.1 The flow chart of the methodology adopted for this study.
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3.1.1. Morphometric Analysis
High resolution satellite images (e.g. SRTM and ASTER GDEM) is analysed under
Geographic Information System (GIS) for the computation of various tectono-morphometric
indices to further understand the patterns of deformation structures in Ranau, Sabah. The four
common geomorphic parameters such as elongation ratio (Schumn, 1956), stream length index
(Hack, 1973), hypsometric integral (Strahler, 1957) and longitudinal profile were used to
elucidate the level of tectonic complexity in the region and also to characterize the rupture ages
and cumulative displacement on faults. The equations used for calculating geomorphic indices
are presented below:
Elongation Ratio: Re = 1.128 × √A / Lb
Where, Re is basin elongation ratio; A is the area of the basin; Lb is the length of the basin.
Stream Length Gradient Index: SL = (∆H / ∆L) / L
Where, SL is stream length; ∆H is change in elevation of the reach; ∆L is the length of the
reach; L is the total length from midpoint to the highest point along the stream.
Hypsometric Integral: HI = (Hmean – Hmin) / (Hmax – Hmin)
Where, HI is hypsometric integral; Hmean is mean elevation; Hmin is minimum elevation; Hmax is
maximum elevation.
Longitudinal Profile: Elevation – Distance Plot
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3.1.2. Pre – Fieldwork investigation
Pre-fieldwork investigation involves examination of satellite images that includes SRTM,
where mapping of geomorphic features such as triangular facets, wineglass canyon,
topographic breaks and fault scarps was achieved (Shah, 2016; Wang et al., 2017; Shah et al.,
2018). Based on the geomorphological mapping, the active features were identified by
investigating the displacement of Quaternary to Recent landforms such as river terraces and
alluvial fans. In addition, the Peak Ground Acceleration (PGA) together with records of low to
moderate earthquakes in Sabah from 2015 to May 2017 (Mw ≥ 4.0) were obtained from
Malaysian Meteorological Department. With the help of Canvas X software, the PGA and
earthquake recurrence dataset was compared with geomorphological features to produce a map
and database of faults that have tectono-geomorphological expression.
The geological field investigation was carried out in February and April of 2017. The locations
visited are shown in (Figure 4.28). A total of 50 outcrops are visited and most of these expose
Miocene rocks that are dominantly sandstone interbedded with shale (Figure 4.29). Prior to the
fieldwork, detailed mapping and tectonic interpretation of Ranau region was conducted to
select the best suitable location for fieldwork. The second phase of this study potentially
concentrates on measuring the displacement on active or inactive faults via GPR (Figure 4.38)
and to identify subsurface deformation across the selected region. The locations for GPR
survey were selected based on the map and database of earthquake generating faults, which
were mapped according to the geomorphological parameters and past records of earthquake
recurrence in this region.
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3.2. Ground Penetrating Radar (GPR)
Ground Penetrating Radar (GPR) was an important aspect in this research. The equipment
consists of five important components. Firstly, the Rough Terrain Cart (RTC) functions as an
encoder, which measures the distance covered by the GPR. Also, it carries the rest of the
components after assembly. The next feature is commonly known as an A/D converter, which
is an Electronic Unit. The purpose of this unit is to act as an interface that converts signals from
analog to digital and vice versa. It also connects to the RTC components, which triggers the
transmitter to transmit a pulse. The main component of the GPR is the control unit, as it serves
as a link to every component through a connection of wires.
Two antennas were used in this research primarily, a 50 MHz unshielded antenna (Rough
Terrain Antenna), and a 500 MHz shielded antenna (Rough Terrain Cart). The 50 MHz was
more consistently used, and it consisted of a single transmitter and receiver. The recorded data
was observed through the monitor, which was used to visualize the sub – surface data while
the survey was ongoing. The components mentioned above are displayed in Figure 3.2. The
processing of the data used in several methods required all the necessary software to be
installed. Further details on data processing are elaborated in the next section.

Figure 3.2 the labelled components of the GPR equipment.
17 | P a g e

3.2.1. Survey
Both 2 – Dimensional (2D) and 3 – Dimensional (3D) surveys were carried out to study the
subsurface environment of the study area. Firstly, proper planning and risk assessment was
done beforehand to ensure the effectiveness and safety of the GPR data collection.
2D survey
2D survey was done along Marakau road, near Paragliding Park and in areas with normal faults.
In order to mitigate the risk, the person who was handling GPR had to wear a safety vest and
push the GPR on the shoulder of the road. Also, it requires two person to handle a GPR to
ensure that the 50 MHz unshielded RTA antenna, which has a ± 2 m flexible tube attached
behind the cart, was always aligned with the GPR’s movement. This is because the antenna
might curve to the side when the GPR is going up or down a slope which may cause inaccurate
dataset. Other than that, it was also to prevent the antenna from drifting to the driving lane. The
person at the back was also in charge of recording the GPS location in the beginning and ending
of the survey line. However, the most important aspect is that the GPR locations must be
recorded at the last antenna of the RTA, as it was the receiver antenna. This was to ensure the
accuracy of the locations of the survey line shown on a map.
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3D Survey

Figure 3.3 illustrates the sketch of a GPR 3D survey line.
The 3 – Dimensional survey was conducted on many waypoints, which are located in Marakau
road. However, this particular survey required pushing the GPR on the side of the road as well
as across it. Similar safety procedures as the 2D survey were needed, therefore extra planning
was required for the process. The most suitable survey line for the 3D data acquisition was to
have them parallel to the strike of the fault plane as well as perpendicular to it. In this case, the
strike of the fault was 209, thus five lines were made across the road with a measured azimuth
of 209 with one of the line being behind the fault plane as a reference point. These lines have
an interval of 10 meters between one another. The layout of the survey line is displayed in
Figure 3.3. In addition, to make the survey more effective in the field, all the lines were planned
before carrying out the GPR survey and each of the lines were marked clearly on the field. One
of the main challenges in this survey was that the side of the road was not wide enough to lay
out the 50 MHz antenna. Therefore, the 3D survey was conducted with 500 MHz antenna only,
which is limited to only 5m penetration depth.
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3.2.2. Ground Penetrating Radar (GPR) Data Processing
The Mala Radexplorer software was used to process GPR dataset. This is a commercial
software which requires a USB dongle to start the software, which was provided along with
the program.

Figure 3.4 explains the GPR processing steps.
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3.3. Stream network and Watershed boundaries
Stream network and watershed boundaries were generated using hydrology tools under the
spatial analyst function. The most important step before initiating is Georeferencing the
satellite image to WGS 1984. The following step involves the use of Fill tool, which will help
to remove any voids and filling sinks. From here, the Flow Direction is applied to show the
steepest direction from the grid cells, followed by the Flow Accumulation tool. This tool helps
to accumulate grid cells that are draining to any specific cells in the Digital Elevation Model
(DEM). However, if the attribute table for flow accumulation is not available, it must be built.
This process is essential as the recorded data on stream network will be stored here. To build
an attribute table, Data Management tools is selected and followed by raster properties. After
creating the attribute table, stream can be generated with the aid of the Stream Link tool, which
assigns a unique number to each stream segment in the raster format. After this step, the Stream
Order tool is selected to organize the stream network in order. The following step is using the
Stream to Feature tool. This step is vital because it converts from raster format to polyline
feature class. Therefore, by converting to a different class, the Flow Length tool can be used to
measure the flow distance from each grid cell to downstream segment of Digital Elevation
Model (DEM). By completing the previous step, the drainage basin can be created with the
Basin tool. This particular tool connects the grid cells with the same features to form a drainage
basin. The final step of stream generation is creating the watershed boundary. This feature
converts from raster format to polygon.
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Chapter 4
Results and Interpretation
4.1. Geomorphic Mapping and SL index
The formation of knickpoints is one of the key geomorphic indices that are used to map the
active geomorphic features related to tectonic or gravitational forces (Malik & Mohanty, 2007;
El Hamdouni et al., 2008; John & Rajendran, 2008; Pedrera et al., 2009; Dehbozorgi et al.,
2010; Font et al., 2010; Toudeshki & Arian, 2011; Dar et al., 2014; Mathew et al., 2016a;
2016b). The work presented below shows that a number of knickpoints locations are mapped
in the study area (Figure 4.3). For example, multiple knickpoints along Sg. Mesilou are related
to SE dipping normal fault (Kinabalu Park Fault) that we have mapped and such a configuration
coincides with the knickpoints along the upstream region of Mesilou B (Figure 4.3). The
evidence from geomorphic mapping suggest most of the normal faults in Ranau and Kundasang
region display E – SE dipping with N – S or NE – SW trend (Figure 4.1). A number of channels
are offset along the faults, which varies from few centimetres to kilometres. For example, the
Mesilou B shows deflected stream along the Kinabalu Park Fault. However, the deflection of
Sg. Mesilou is not consistent across the faulting region, and this implies that a number of
reactivation events may occur. Also, we have mapped a few triangular facets, which represents
the remnant of old faults. The intermontane basins in Ranau region shows the evidence of NW
- SE extension which led to normal fault subsidence (e.g. Marakau Fault) (Fig 4.1). Ostensibly,
most of the basins are concentrated along the eastern part of Mt. Kinabalu and, this proves that
most extension occurred mainly along this region.
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Figure 4.1 depicts the Mt. Kinabalu and its surrounding regions, specifically on Kundasang
and Ranau region. (A) Interpreted Google Image (B) Topographic Profile.
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Figure 4.2 the sub – basin of Mt. Kinabalu and its surroundings. The study area and drainages
across the region is illustrated above.
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N

Figure 4.3 rock types and knickpoints overlaid on the topographic map.
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Figure 4.4 the longitudinal profile and SL index of Sg. Mesilou A, B and C.
Based on Figure 4.4, the knickpoints along River A and C seems to occur at an elevation of
between 1000 and 2000 m while River B is between 2000 and 3000 m. However, the evidence
of normal faulting along the upstream region of River B is remarkable as such landform
displays a huge displacement on SE direction, which accommodates almost 600 m movement
on the hanging wall (red box on River B profile). This particular normal fault appears to be
steeply dipping and coincides with the geomorphic mapping. Therefore, our findings provide
some insights into the evidence of normal faulting across Mt. Kinabalu and its surroundings.
Based on Figure 4.2, the mainshock and aftershock of 5th June 2015 earthquake occurred in
similar areas, possibly related to the mapped faults.
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Figure 4.5 depicts two models with before and after faulting features. The model seems to
accommodate the NW – SE extension, which led to S – SE dipping normal faults.
To further validate our findings, a descriptive model with S – SE dipping normal faults are
shown in Figure 4.5. Such model presents NW – SE extension along River B, with clear
faulting expression, triangular facets and knickpoint. Also, the regional evidence shows similar
faulting style across the eastern section of Mt. Kinabalu areas as illustrated in Figure 4.1.

4.2. Elongation Ratio
The level of tectonic complexity across north central zone was determined using the area and
length of the basin. Morphometric analysis was carried out in the respective locations, which
are tectonically unstable and experience frequent recurrence of earthquakes. The elongation
ratio calculation shows that sub – watersheds that are less than 0.7 are subjected to tectonic
activity.
Elongation ratio of watershed boundary:
a) (< 0.7) – Highly elongated
b) (0.7 to 0.8) – Slightly elongated
c) (0.8 to 0.9) – Oval
d) (0.9 to 1.0) – Circular
However, Ranau and Kundasang are located in a slightly elongated region, which implies that
these regions experience lesser tectonic activity compared to highly elongated regions. On the
contrary, such an interpretation seems inadequate and obscured because Ranau and Kundasang
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region frequently experience intraplate earthquakes around Mt. Kinabalu (Tongkul et al., 2017;
Wang et al., 2017).

2.0 ≤ Mw ≤
4.0 ≤ Mw ≤
4.0
6.0

Figure 4.6 the elongation ratio for the study area
Based on Figure 4.6, 6 watershed boundaries were studied using the elongation ratio method.
This however shows that most intraplate earthquakes are clustered in and around NW Borneo,
specifically in Basin 6. This particular basin is surrounded by a range of earthquakes, which
includes the 5th June 2015 and 8th March 2018 events.
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Table 4.1
The elongation ratio for 6 watersheds boundary across north central zone.

Watershed Elongation Ratio

Indication

Intensity of tectonic activity

No.
1

0.693

Highly elongated

Very High

2

0.869

Oval

Low

3

0.697

Highly elongated

Very High

4

0.667

Highly elongated

Very High

5

0.814

Oval

Low

6

0.772

Slightly elongated

High

The intensity of deformation seems very peculiar across this region as it demonstrates lesser
tectonic activity in an area where earthquake occurs frequently. However, other basins such as
1, 3 and 4 illustrates very high intensity and these basins are surrounding the Mt. Kinabalu
region as portrayed in Figure 4.6

4.3. Hypsometry Integral
From the hypsometric curves of upstream region, it can be observed that the selected regions
reflect both concave and convex curves. In certain parts of the location, it exhibits an S – shaped
curve. Within this localized tectonic framework, we are able to demarcate the elevation and
area of the sub – basins to elucidate the level of erosion across this region. The hypsometry
curve below reflects the age and level of tectonic complexity, which might provide a solid
evidence for the prevalence of intensive deformation and frequent recurrence of intraplate
earthquakes. Thus, the analysis was carried out in areas which are considered tectonically
unstable and frequently experiencing low to moderate earthquakes.
HI for selected regions:
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a) Values close to 0 indicates the region is old and highly eroded
b) Values close to 1 indicates the region is young and slightly eroded

Figure 4.7 Map of tectonically unstable areas in Ranau and Kundasang
Hypsometric analysis was selected in areas where the majority of earthquake recurrence occurs.
The four major areas can be further sub – divided into 12 basins to elucidate the complexity of
the region. Most of these hypsometry curves were correlated with faulted regions to conclude
our evidence on geomorphic mapping across this region. However, there is a clear variation in
the shapes of the curve, which implies the changes in boundary conditions shows a mixed of
deformation that have shaped the current topography of the study area.
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Figure 4.7 the hypsometry curve of Area 1, 2, 3 and 4.
Based on Figure 4.7, it can be observed that Area 1 reflects concave curves, which clearly
indicates old and highly eroded regions. On the contrary, Area 3 and 4 attains a convex and
complex hypsometric curve. This can be attributed to young and slightly eroded region. The
data clearly demonstrates an upliftment trend across the eastern part of the study area. But it
does not provide any constraint on the location of active faulting. Moreover, Area 2 seems to
have acquired an S – shaped curve, which signals to a moderately eroded region. The upstream
region of the area seems to be concave and progressively changed to convex as it moves
downstream.
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Table 4.2
The hypsometric integral of Area 1, 2, 3 and 4 in Ranau and Kundasang region.
No.

Hypsometric Integral

Curve

Indication

1

0.365

Concave

Old, highly eroded region

2

0.460

S - shape

Moderately eroded

3

0.538

Convex

Young, slightly eroded region

4

0.487

Convex

Young, slightly eroded region

According to Table 4.2, the rate of erosion across the region is identified. It clearly
demonstrates the stages of geomorphic development (youthful, mature, subdued peneplain
stage, variation in denudational processes) (Strahler, 1957). In the study area, three stages of
erosion cycle development were determined. Mainly, youthful stages are identified across Area
3 and 4, while mature and subdued peneplain stage were concentrated in Area 1 and 2. The
comparison between different hypsometry curves provides the changes in the initial stage of
slope prior to its watershed development.
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Area 1
1.2
1

Elevation

0.8
0.6
0.4

0.2
0

0

0.2

0.4

0.6

0.8

1

1.2

Area

Figure 4.8 the subdued peneplain stage of a basin
Area 2
1.2
1

Elevation

0.8
0.6
0.4
0.2
0
0

0.2

0.4

0.6

0.8

1

1.2

Area

Figure 4.9 the mature stage of a basin
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Area 3
1.2
1

Elevation

0.8
0.6
0.4
0.2
0
0

0.2

0.4

0.6

0.8

1

1.2

1

1.2

Area

Figure 4.10 the youthful stage of a basin.
Area 4
1.2
1

Elevation

0.8
0.6
0.4
0.2

0
0

0.2

0.4

0.6

0.8

Area

Figure 4.11 the youthful stage of a basin.
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4.3.1. Sub – Basin 1

Figure 4.12 the sub – basin 1.
Area 1 was sub – divided into 16 equal grids to explain the variation in denudational processes
within the basin. The 200 m x 200 m subdivision provides various geomorphic stages across
the region, mainly dominated by concave and complex curves which shows the subdued
peneplain stage of the basin.
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Figure 4.13 depicts the geomorphic stage of sub basin 1
Our tectono - geomorphic assessment provides robust evidence of a wide variety of geomorphic
stages within the sub - basins. However, there are clear variations in the shape of the basin as
portrayed in Figure 4.13 (sub – basin graph). Accordingly, complex features seem to be
experiencing variation in denudational processes as well as topography. Rapid change of
elevation in relatively short distance might illustrate its irregular form. This interpretation
implies that it could be tectonically controlled. On the contrary, two convex curves were
identified and it appears to form youthful at initial stage and subdues progressively as it moves
downstream.
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Table 4.3
The hypsometric integral, curve and its indication on sub - basin 1
No.

Hypsometric Integral

Curve

Indication

A

0.246

Concave

Old, highly eroded region

B

0.519

Convex

Young, slightly eroded region

C

0.359

Concave

Old, highly eroded region

D

0.380

Concave

Old, highly eroded region

E

0.403

Complex

Variation

in

denudational

in

denudational

process
F

0.374

Complex

Variation
process

G

0.390

Concave

Old, highly eroded region

H

0.272

Concave

Old, highly eroded region

I

0.506

Complex

Variation

in

denudational

in

denudational

in

denudational

process
J

0.421

Complex

Variation
process

K

0.401

Complex

Variation
process

L

0.438

Convex

Young, slightly eroded region

M

0.489

Complex

Variation

in

denudational

process
N

0.388

Concave

Old, highly eroded region

O

0.493

Complex

Variation

in

denudational

process
P

0.417

S – Shape

Moderately eroded
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Based on Table 4.3, the sub – basins of Area 1 exhibits various topographic landforms, which
could be a direct evidence of complex deformation across this region. It appears to form
variations in denudational process, which might provide an insight into tectonic processes of
north central zone. However, S – shape curve was identified towards the downstream area,
which suggests mature basin that are moderately eroded.
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Figure 4.14 the four main curves in sub - basin 1.
Figure 4.14 shows concave and complex curve contributes to 87.5 % of the area, such
interpretation implies variations in boundaries conditions that lead to different geomorphic
stages across the region. In addition, convex and S – shape curves covers about 12.5 % and
6.25 % of the area, which is minimal in comparison with concave and complex curves.
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4.3.2. Sub – basin 2

Figure 4.15 the sub – basin of Area 2.
Based on Figure 4.15, the areas are equally sub – divided into 16 grids (200m x 200m). The
highest elevation across this area is 2062 m, which is located nearby the Kundasang region.
However, the hypocentres seem to have occurred at an elevation of between 1800 – 1900 m.
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Figure 4.16 demonstrates the hypsometric curves across sub – basin 2.
Mainly controlled by convex and concave curves. Within the localized tectonic framework,
erosion is occurring rapidly which led to a high percentage of concavity and complex features
across this region.
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Table 4.4
Hypsometric integral, curve and its indication across Area 2.
No.

Hypsometric Integral

Curve

Indication

A

0.429

Convex

Young, slightly eroded region

B

0.411

Concave

Old, highly eroded region

C

0.401

Concave

Old, highly eroded region

D

0.273

Concave

Old, highly eroded region

E

0.374

Complex

Variation

in

denudational

in

denudational

in

denudational

process
F

0.391

Complex

Variation
process

G

0.442

Complex

Variation
process

H

0.403

Concave

Old, highly eroded region

I

0.218

Concave

Old, highly eroded region

J

0.472

Convex

Young, Slightly eroded region

K

0.461

S – shape

Moderately eroded

L

0.542

Convex

Young, slightly eroded region

M

0.571

Convex

Young, slightly eroded region

N

0.539

Convex

Young, slightly eroded region

O

0.527

Convex

Young, slightly eroded region

P

0.430

Concave

Old, highly eroded region
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Based on Table 4.4, the area appears to be topographically young and slight erosion can be
seen towards the downstream region. In contrast, higher elevation areas are dominated by both
concave and complex curves, which indicates a variation in denudational process. Such a
variation occurs specifically in centre of the area. However, our findings suggest that
earthquake hypocentres in Area 2 occurred on a mature basin and possibly explains the
complex nature of inactive and active faulting across the area.

Figure 4.17 the four main curves in Area 2
According to Figure 4.17, the majority of the area is mainly controlled by concave and convex
curve, which is about 75% of the area. Such interpretation implies that variations in erosional
processes can form different features within the region. Ostensibly, the complex structures
seem to be dominating 18.75% of the area, which is relatively high for such curves. From
observation, the complex features tend to form lesser in areas with high percentage of young
topographic terrain.
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4.3.3. Sub basin 3

Figure 4.18 the sub – basin 3.
Based on Figure 4.18, the areas are equally sub – divided into 16 grids (200 m x 200 m). The
highest elevation across this area is 2815 m, which is located away from Kundasang and Ranau
region. However, the hypocentres seem to be located at an elevation of between 2600 and 2800
m.
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Figure 4.19 the hypsometric curves across the sub – basin 3.
Based on Figure 4.19, Area 3 is controlled by young topography with slight erosion. This seems
peculiar as previous studies have postulated that the entire region is experiencing rapid erosion
rate (Mathew et al., 2016a; 2016b; Menier et al., 2017). However, it proves that within a
localized framework we can expect various complex features in response to regional scale
structures.
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Table 4.5
Hypsometric integral, curve and its indication across sub – basin 3.
No.

Hypsometric Integral

Curve

Indication

A

0.397

Concave

Old, highly eroded region

B

0.357

Concave

Old, highly eroded region

C

0.395

Concave

Old, highly eroded region

D

0.414

Concave

Old, highly eroded region

E

0.390

Complex

Variation in denudational
process

F

0.483

Convex

Young,

slightly

eroded

region
G

0.512

Complex

Variation in denudational
process

H

0.413

Concave

Old, highly eroded region

I

0.568

Convex

Young,

slightly

eroded

region
J

0.406

Concave

Old, highly eroded region

K

0.412

Concave

Old, highly eroded region

L

0.538

Convex

Young,

slightly

eroded

slightly

eroded

slightly

eroded

region
M

0.491

Convex

Young,
region

N

0.640

Convex

Young,
region

O

0.343

Complex

Variation in denudational
process

P

0.445

Convex

Young,

slightly

eroded

region
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Table 4.5 illustrates the erosional stages in response to various tectonic movements. It appears
to be topographically young, which suggest slight erosion across this region. However, the
upstream area is old and highly eroded owing to climate perturbations. With such variation in
denudational process, we are able to demarcate the earthquake distribution and erosional
features within this tectonic framework. However, the earthquake distribution across Area 3
suggest differently, as it shows topographically young features with slight erosion. Therefore,
the results seem consistent with regional hypsometry curves.

Figure 4.20 the main curves of sub – basin 3.
Figure 4.20 clearly demonstrated that the sub – basin of Area 3 is consistent with regional
hypsometric curves. The entire region is mainly controlled by convex curves (topographically
young), which is about 43.75% of the total area. However, the complex features are unusually
high in areas which are dominantly controlled by young terrains. Owing to climatic
perturbations, we can expect relatively high percentages of concavity across this region.
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4.3.4. Sub – basin 4

Figure 4.21 the sub – basin 4.
Based on Figure 4.21, the areas are equally sub – divided into 16 sections (200m x 200m). The
highest elevation across this area is 1392m, which is located nearby to the Kundasang and
Ranau region. However, the earthquake hypocentres seem to have occurred at an elevation of
between 1200 and 1300m.
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Figure 4.22 demonstrates the hypsometric curves across the sub – basin 4.
The area mainly consists of young and slight erosion regions, which is about 37.5% of the area.
However, the complex features are relatively high, especially in a topographically young area,
which covers about 25%. In contrary, there is no clear pattern of geomorphic stages across this
region and it appears to be scattered. Owing to high rate of concavity curves, the sub – basin
seems to have formed in old and highly eroded regions as well.
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Table 4.6
Hypsometric integral, curve and its indication across sub – basin 4.
No.

Hypsometric Integral

Curve

Indication

A

0.513

Convex

Young, slightly eroded region

B

0.573

Convex

Young, slightly eroded region

C

0.328

Concave

Old, highly eroded region

D

0.276

Concave

Old, highly eroded region

E

0.350

Complex

Variation

in

denudational

process
F

0.458

Convex

Young, slightly eroded region

G

0.522

Convex

Young, slightly eroded region

H

0.226

Concave

Old, highly eroded region

I

0.415

Complex

Variation

in

denudational

in

denudational

process
J

0.399

Complex

Variation
process

K

0.363

Concave

Old, highly eroded region

L

0.368

complex

Variation

in

denudational

process
M

0.608

Convex

Young, slightly eroded region

N

0.362

Concave

Old, highly eroded region

O

0.469

S – shape

Moderately eroded

P

0.492

Convex

Young, slightly eroded region
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The sub - basin 4 has undergone various geomorphic stage, owing to variations in denudational
processes. It appears to be highly controlled by young topography, which are consistent with
regional hypsometry curves. The pattern of earthquake distribution across this region seems to
be correlated with regional features. However, our findings in Kundasang and Ranau area
provides robust evidence of old faulting, possibly reactivated as normal fault in response to Mt.
Kinabalu upliftment (Wang et al., 2017). This interpretation seems sound as the geomorphic
mapping suggests likewise, therefore it may provide a better understanding on the tectonic
landforms in and around the central north zone of Sabah.

Figure 4.23 the main curves of Area 4
Figure 4.23 provides conclusive assumption on geomorphic stages across sub – basin of Area
4. It is mainly dominated by concave and convex curves, which is about 68.75% of the total
area. On the other hand, the complex features forms are unusually high in this area, which is
peculiar as such features tend to form lesser in areas with high percentage of young topographic
terrains.
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4.4. Earthquake statistics records
Record of Felt Earthquake in Sabah from 2015 until May 2017 (ml
≥ 4.0)

Number of Events

4
3

2
1
0
4

4.2

4.3
4.4
4.8
Local Magnitude (ml)

5.1

6

Figure 4.24 record of felt earthquake observed in Sabah from 2015 to May
2017.
Record of Felt Earthquake in Ranau from 2016 until April 2017
(ml ≥ 2.0)

Number of Events

4
3
2
1
0
2.1

2.3

2.4

2.5

2.6

2.7
3
3.2 3.3
Local Magnitude (ml)

3.4

3.6

4

Figure 4.25 record of felt earthquake observed in Ranau from 2016 to May 2017.
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Record of Earthquake depth in Sabah from 2015 until May 2017
(ml ≥ 4.0)

Number of Events

6
5

4
3
2
1

0
9

10

13.4

16.5

19.1

23.1

Depth (km)
.
Figure 4.26 record of earthquake depth in Sabah from 2015 to May 2017.
Based on statistical records, the 5th June 2015 earthquake in Sabah is the only recorded
earthquake which measures Mw 6. However, the scale of felt earthquakes in Sabah varies
across this region as most aftershock display between Mw 4 and 5. According to Figure 4.24,
the Mw 4 earthquake occurred at least 3 three times within a period of 2 years, which is unusual
for an area like Sabah, specifically in the Ranau and Kundasang region. To further validate the
results, detailed records of felt earthquakes in Ranau was shown in Figure 4.25. The
spatiotemporal distribution of intraplate earthquakes mainly indicate a reading of Mw 2.6 and
3, which occurred at least three times over the 2 years span. Also, most of the earthquakes tend
to form at a shallow depth of 10km. Due to this, the ground deformation and rate of shaking
increases abundantly across this region. Therefore, we can classify Ranau and Kundasang
region as seismically active despite being away from active plate boundaries.
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4.5. Peak Ground Acceleration value for felt earthquake in Ranau (ml ≥
4.0)

KKSM – University Malaysia
Sabah, Kota Kinabalu
KKM – Kota Kinabalu, Sabah
RNSM – Ranau, Sabah

Mw: 6.0
Depth: 9km

Figure 4.27 the location of seismic stations across the study area.
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Table 4.7
Peak Ground Acceleration (PGA) of recent earthquakes in Ranau region.
Date

Station

Magnitude(ml)

Depth(km)

5/6/2015
5/6/2015
5/6/2015
5/6/2015
6/6/2015
12/6/2015
12/6/2015
17/6/2015
17/6/2015
23/6/2015
23/6/2015
26/7/2015
26/8/2016
26/8/2016
26/8/2016

KKM
KKM
KKM
KKM
KKM
KKM
RNSM
KKM
RNSM
KKM
RNSM
KKM
KKM
RNSM
KKSM

6
4
4.2
4.3
4.8
5.1
5.1
4
4
4.3
4.3
4.4
4
4
4

9
23.1
10
19.1
10
10
10
10
10
13.4
13.4
10
16.5
16.5
16.5

Acceleration(cms¯²)
Z
-53.2973
2.52644
1.18972
1.18972
-3.42902
-11.05342
-41.19528
3.29378
-12.84584
4.90294
-10.5938
2.19422
-0.5243
-15.00576
-0.5243

N
-132.36958
-11.1524
3.6848
3.6848
-12.52832
47.45846
-68.33246
-13.42208
9.61086
-20.37322
15.99752
6.23574
-0.3724
-15.19294
0.2548

g - value
E
-121.55724
9.7804
-4.87354
-4.87354
-14.16394
43.37382
79.8063
8.62008
-10.62712
16.33268
9.52364
-7.87528
0.40376
15.50084
0.3724

Z
-0.054385
0.002578
0.001214
0.001214
-0.003499
-0.011279
-0.042036
0.003361
-0.013108
0.005003
-0.01081
0.002239
-0.000535
-0.015312
-0.000535

N
-0.135071
-0.01138
0.00376
0.00376
-0.012784
0.048427
-0.069727
-0.013696
0.009807
-0.020789
0.016324
0.006363
-0.00038
-0.015503
0.00026

E
-0.124038
0.00998
-0.004973
-0.004973
-0.014453
0.044259
0.081435
0.008796
-0.010844
0.016666
0.009718
-0.008036
0.000412
0.016123
0.00038

From Table 4.7, it is obvious that the highest recorded PGA is during the 5th June 2015
earthquake, which measured at Mw 6 in the Ranau region, based on the information provided
by Kota Kinabalu seismic station. It is located at least 200 km away from the epicentre. Any
nearby seismic stations could have recorded much higher PGA than (Kota Kinabalu) KKM
station. Earthquake related data was available from the seismic stations, immediately after the
5th June 2015 earthquake. Such urgency is necessary as detailed study is required to record
ground deformation data across the region.
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Table 4.8
The velocity recorded by seismic stations in Kota Kinabalu and Ranau.
Date

Station

Magnitude(ml)

5/6/2015
5/6/2015
5/6/2015
5/6/2015
6/6/2015
12/6/2015
12/6/2015
17/6/2015
17/6/2015
23/6/2015
23/6/2015
26/7/2015
26/8/2016
26/8/2016
26/8/2016

KKM
KKM
KKM
KKM
KKM
KKM
RNSM
KKM
RNSM
KKM
RNSM
KKM
KKM
RNSM
KKSM

6
4
4.2
4.3
4.8
5.1
5.1
4
4
4.3
4.3
4.4
4
4
4

Velocity (cm/s)
Z
0.89
0.04
0.02
0.02
0.06
0.18
0.69
0.05
0.21
0.08
0.18
0.04
0.009
0.25
0.009

N
2.2
0.19
0.06
0.06
0.21
0.79
1.14
0.22
0.16
0.34
0.27
0.1
0.006
0.25
0.004

E
2.03
0.16
0.08
0.08
0.24
0.72
1.33
0.14
0.18
0.27
0.16
0.13
0.007
0.26
0.006

Perceived
shaking

Potential
Damage

remarks

Light
Weak
Not felt
Not felt
Weak
Weak
Weak
Weak
Weak
Weak
Weak
Weak
Not felt
Weak
Not felt

None
None
None
None
None
None
None
None
None
None
None
None
None
None
None

SW of KKM
SE of KKM
NW of KKM
NW of KKM
SW of KKM
NE of KKM
SE of RNSM
SE of KKM
NW of RNSM
SE of KKM
NE of RNSM
NW of KKM
SE of KKM
SE of RNSM
NE of KKSM

From the information above, the highest velocity across the region is recorded during the 5th
June 2015 earthquake, which experienced light shaking and no potential damage in Kota
Kinabalu. The shaking intensity was enormous in the Ranau and Kundasang region, as it
triggered rock falls along the Mt. Kinabalu area. It seems that intense shaking occurred in SW
in the KKM seismic stations. However, the aftershocks of 5th June 2015 earthquake posed no
threat, as most of the recorded data experienced weak shaking and no potential damage. The
new seismic stations in Ranau area is helping geoscientist to understand more on the potential
damage and acceleration data. Such interpretation seems to be accurate because the variation
between the stations can be observed clearly.
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4.6. Field Evidence and GPR survey
A series of ~SE dipping normal faults (outcrop A) are mapped (Figure 4.29) in the field. These
faults have displaced and the displacement varies from few centimeters to meters (Figure 4.32)
shows such examples, and GPR investigation is carried out to map the subsurface geometry of
the faults. It appears to correlate with the GPR survey and even found new faults in the GPR
profile (Figure 4.30). The faults in the GPR profile seems to have formed a horst and graben
structure on the NW section of the profile and as it proceeds to SE direction, it begins to form
a listric fault. Moreover, a minor horst and graben structure was observed in outcrop F. This
particular structures appear to have NW and SE dipping directions, which accommodate NW
– SE extension. The uplifted section (horst) has an antithetic nature. However, these structures
are linked to a major normal fault with SE dipping direction. On the other hand, folded beds in
this region appear to have SSE dipping direction with ENE – WSW striking trend. This
provides vital information on the compressional trend. Also, overturned features such as
recumbent and more complicated folding structures was observed with NE – SW trend.
Therefore, the structures have undergone high compressive intensity which led to a 90°
rotation. This interpretation implies that it could have initially formed either as an anticline or
syncline with NE – SW compressional trend. The distance between each fold is very short and
this suggest it could have formed under local compression.
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4.6.1. Structural Map

Figure 4.28 demonstrates the field survey around Kundasang and Ranau region. (Modified
from geomap software).
From the field evidence, a series of faults and overturned features are observed. This particular
structures exhibits a complex nature of faulting which accommodates NW – SE extension and
NE – SW compression. Such interpretation implies it could have formed under two different
tectonic events or localized event that formed in a single movement as a result of simple shear
mechanism (Shah et al., 2018).
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4.6.2. Normal Faults
Outcrop A ( Latitude: 05.956 Longitude: 116.608)

Figure 4.29 (1) Un – interpreted field photo. (2) Example of a series of normal faulting with
SE dipping and striking NE – SW.
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F1

F2

Figure 4.30 (Top): Un – interpreted GPR profile of Outcrop A. (bottom): Interpreted GPR
profile of Outcrop A.
Based on Outcrop A, it is obvious that the normal faulting formed under NW – SE extension,
with NE – SW striking and dipping SE. However, it appears to dip steeply on the surface and
shallower as it moves sub – surface. The evidence of normal fault with listric components can
be observed via GPR profile. Also, a horst and graben structure is observed on the NW section
of the GPR profile. The faulted structures are observed up to a depth of 5m.
The normal fault is located in Kundasang region, which is nearby to the epicentre of many
aftershocks. In order to understand the tectonism of this area, local structures must be examined
in detail, which includes normal faulting as portrayed in Figure 4.29. The displacement of F1
(1.3m) and F2 (1.2m) normal fault shows that timing of such structures is the same.
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Figure 4.31 the expected fault plane solution of a future earthquake and the associated model
shows the possible nature of normal faulting with listric component.
The structural model on Outcrop A shows horst and graben structure with NW and SE dipping
direction. Our study reveals the localized structures are tectonically controlled by extensional
domain which accommodates NW – SE extension. However, the expected fault plane solution
from field evidence suggests that SE dipping normal faults are common across this region.
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Outcrop F (Latitude: 05.98842 Longitude: 116.68874)

Figure 4.32 the evidence of normal faulting formed under NW – SE extension.
As illustrated in Figure 4.32, the field evidence in Ranau and Kundasang region exhibits a
complex nature of faulting where extensional domain seems to structurally control the localized
event. The evidence of normal faulting across Outcrop F shows subsidence of region, which
explains the occurrence of major normal fault (F1) with SE dipping direction. Moreover, a
minor horst and graben structure formed in response to the movement of major structures. The
major fault (F1) seems to be dipping SE with an orientation between 50° and 60°. However,
displaced block is not obvious due to the seismic induced landslides of the 5th June 2015
earthquake.
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Outcrop F (Horst and Graben structure)

30cm

Figure 4.33 minor and horst graben structure.
The uplifted section or horst clearly shows the evidence of conjugate set or antithetic fault by
its opposite dipping direction. A series of faulting is observed on the right section of the horst
structure, which demonstrates a possibility of more than one event in this outcrop. These
particular structures can be observed in one section of the horst while the other does not display
any evidence of conjugate or antithetic set. However, there are two possibilities for such
structures, firstly it could be related to major fault (F1) or minor fault (F2). It seems consistent
with F2 structures as the scale of faulting is very minor. The tectonic model for Outcrop F is
illustrated in Figure 4.34
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Figure 4.34 the main normal fault (F1) triggers the horst and graben structure (F2 and F3).
The remarkable faulted structure we have mapped shows a clear textbook example of horst and
graben structures. Therefore, it is unlikely that non – tectonic forces produced such landforms.
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4.6.3. Overturned Structures
Outcrop I (Latitude: 05.91875° Longitude: 116.60534°)

Hammer: 30cm
Figure 4.35 (left): Un – interpreted section. (Right): interpreted section.
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Figure 4.36 GPR profile across Outcrop I

A classic example of compression related structures such as folding and overturned features
was observed in Outcrop I (Figure 4.35). Also, the sub – surface information was obtained
from the 2 – Dimensional (2D) GPR survey. The evidence of reverse faulting (A in Figure
4.36) can be observed across the profile. It seems to be dipping NW with striking trend of NE
– SW. Moreover, the fault is visible up to a depth of 4.392m. However, the intensity of
deformation on folded sedimentary rocks seems to be increasing towards the SW direction as
it coincides with the NE – SW compressional pattern. In addition, our findings suggest the
entire area has undergone rotation as a result of intensive deformation. The Figure 4.37 below
illustrates the possible nature of block rotation across Outcrop I.
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Not to scale

Figure 4.37 illustrate the conceptual model of Outcrop I in Ranau region.
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It is obvious that the folding structures across this region has been rotated. But we are unable
to determine the direction of rotation, which allows us to provide two options. From the GPR
profile, no obvious structures were found. Therefore, the cartoon model was created to
elucidate on such structures. Within this tectonic framework, various overturned structures and
some complicated folding are also observed. This particular structures implies localized events
may provide an idea of regional scale structures.

4.6.4. GPR survey in Marakau Road

Figure 4.38 structural map of Marakau area.
The GPR survey was carried out via 2 – Dimensional (2D) and 3 – Dimensional (3D) methods,
which provided a robust evidence of faulting and folded beds. However, it can be further
supported with the evidence of normal faulting, which dips approximately 63° NW (Shah,
2016; Wang et al., 2017). Based on the field evidence, nearby outcrops are found to be dipping
63° SW. Such results imply that the beds are controlled by the Marakau fault, which explains
the similar dipping angle. In addition, the region seems to be mainly dominated by serpentinite
and metasandstone as illustrated in Figure 4.38 . The change in boundary can observed, and it
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appears to be dipping 54° NW. Within localized tectonic framework, the structures exhibit a
complex nature of faulting where it accommodates NW – SE extension. This interpretation is
sound as the field evidence around Ranau and Kundasang area shows similar extensional
pattern in response to major structures, which are complimented by the recent GPS data in a
fixed NW Borneo reference frame where some stations show NW – SE extension motion
(Mustafar et al., 2017). However, the localized map shows the earthquake distribution across
this region. The available seismological dataset shows some low magnitude earthquakes in the
study area, and these are mainly related to normal faulting.

Figure 4.39 the GPR survey along Marakau road.

Based on Figure 4.39, five waypoints was chosen to conduct 2 – Dimensional (2D) survey to
determine any deformation structures that could be related to Marakau fault. The evidence of
faulting is obvious in Point 2 and 4, where it appears to have formed under NE – SW extension.
However, the major fault mainly shows normal slip with NW dipping plane and striking NE –
SW, which truncates the metasandstone.
On the other hand, our finding postulated the folding patterns across this region seems to
accommodate NE – SW compression, which can be observed in Point 1 and 3. Field evidence
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suggests that the folded beds are dipping NW or SE and striking NE – SW (Rahim and Musta,
2015), which are correlated with the GPR dataset. Such results demonstrate that the area is
tectonically controlled by N – S or NE – SW compressional force.
Outcrop B (Latitude: 05.91478 Longitude: 116.67197)

Figure 4.40 interbedded sandstone and shale in Marakau area.
Based on outcrop above, the folding is obvious on the left section of Figure 4.40. However,
this shows NE – SW compressional trends across Marakau area and it appears to correlate with
the GPR profile (Figure 4.41, Figure 4.42, Figure 4.43, Figure 4.44 and Figure 4.45) which
shows similar trending direction.
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Point 1

Figure 4.41 the evidence of SW – NE compressional pattern.
Point 3

Figure 4.42 Folded structures across the Marakau road

Point 2

Figure 4.43 SE dipping normal faults and minor horst & graben structure
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Point 4

Figure 4.44 Minor normal faulting observed.
Point 5

Figure 4.45 no obvious structures across this GPR profile.
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3D survey of Point 3

Figure 4.46 3D survey of Point 3 along Marakau road.

Based on Figure 4.46, five 3D survey lines 8m long were considered to determine the
deformation pattern across Marakau road. Each lines are separated by 10m interval along the
first survey line. Our findings suggest that each survey line shows the evidence of minor normal
faulting (Figure 4.47 and Figure 4.48) across the folded beds. This results are comparable with
other previous works by Rahim & Musta (2015). However, most of the faults (Figure 4.49,
Figure 4.50 and Figure 4.51) are observed at a depth of 1m, which implies the deformation is
close to surface. Also, some of the faults display steep dipping (e.g. Point 3A and 3C). The
normal faults appear to be dipping SE with NE – SW striking trend. This contradicts with the
Marakau fault, which dips NW and accommodates NW – SE extension. In addition, extension
across folded beds implies the beds are collapsing in NW direction.
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3A

Figure 4.47 steep normal fault with SE dipping at a depth of 1.027m
3B

Figure 4.48 SE dipping normal fault at a depth of 0.818m
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3C

Figure 4.49 steep normal fault with SE dipping at a depth of 1.007m
3D

Figure 4.50 SE dipping normal faults observed at a depth of 0.838m and 1.206m
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3E

Figure 4.51 SE dipping normal fault observed at a depth of 0.928m
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3D survey of Point 4

Figure 4.52 3D survey of Point 4 along Marakau road.

Figure 4.52 illustrates four 3D survey lines with varying length, progressively increasing by
1m from the starting point 4A. Each of the survey line was separated by 10m interval along the
first survey line. However, due to unavoidable circumstances only two survey points were
retrieved. From the available dataset, normal fault with NW dipping direction (Figure 4.53 and
Figure 4.54) was observed approximately at a depth of 0.9 m, possibly related to localized
events. Such interpretation implies minor faulting across Marakau road could be linked to
extensional events, which is consistent with the occurrence of major faults across this region.
Such minor structures across the folded region explains the extensional features to be relatively
younger and could be linked to nearby seismicity. The evidence of normal faulting as an
earthquake generating fault is obvious across this entire area. However, lack of field evidence
suggest that this may be due to frequent occurrence of landslides along the Marakau road.

78 | P a g e

4C

Figure 4.53 NW dipping normal fault visible at a depth of 0.833m.
4D

Figure 4.54 NW dipping normal fault visible at a depth of 0.853m.
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Chapter 5
Discussion
5.1 Intraplate deformation in NW Borneo
The occurrence of intraplate earthquake in the Northwest Borneo has initiated interest in
research community to understand the occurrence of earthquakes in Borneo (Tongkul, 2015;
2017; Shah, 2016; Wang et al., 2017; Shah et al., 2018). The work presented here shows
multiple evidence of normal faulting in Ranau region, but, all these fault belongs to an older
fault systems, and no evidence of recent faulting has ever been reported from the region (Wang
et al., 2017), and we were also unable to observe the displacement of younger stratigraphic
markers. This is interesting because it could mean that active faulting in this region is mostly
occurring on blind faults, which have no surficial expression. However, the previous
geomorphic works have demonstrated a number of active fault systems do exist in the region,
and those are reported to have formed during the Holocene to Recent times but are now
completely buried under the sediments due to the accelerated rates of erosion in the tropical
environment (Hall, 2002; Mathew et al., 2016a; 2016b; Menier et al., 2017). The work
presented herein suggest that some of the old fault systems could have been reactivated because
the evidence of Holocene to Recent surface rupturing is not observed, and instead a number of
old faults are reported in Sabah previously, and herein (Shah, 2016; Wang et al., 2017; Shah et
al., 2018). The geomorphic analysis and field based studies that are carried out in Kundasang
and Ranau region to fully comprehend the structural details of previous and recent faulting
episodes. Most of the field locations are in the vicinity of the famous tourist destination in
Sabah, the Mt. Kinabalu, which is a granite, and the June 2015 earthquake (Figure 5.1) occurred
on a normal fault that runs under it. The ~NE-SW strike of the fault ruptured the ~10 km depth
patch of the fault system that dips ~NW (Shah, 2016). Moreover, the recent 8th March 2018
(Figure 5.2) earthquake also seems to have ruptured a similar fault, which indicates active
extension in the region. The Mw 5.2 has either ruptured the same faults as on 5th June 2015 or
SE dipping normal faults. However, it seems more consistent with NW dipping plane. In
addition, the clustering of earthquake hypocentres within NW Borneo is very prominent and
reflects the occurrence of a major fault system (Shah et al., 2018). Earthquake records from
Sabah region demonstrates active seismicity since 1897, which is related to both shortening
and extensional regime (Wilford, 1967; Leyu et al., 1985; Lim, 1985; 1986). These particular
areas are dominated by both NW – SE extension and NE – SW compression event. Within this
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tectonic framework, we can conclude that extension in Kundasang and Ranau areas strongly
backs a tectonics origin and is responsible for the intraplate earthquakes in NW Borneo.
Therefore, this work substantiated the oblique compression model of Shah et al (2018).
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Figure 5.1 Earthquake distribution of 5th June 2015 event and 3D model of normal faulting.
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Figure 5.2 Earthquake distribution of 8th March 2018 event and 3D model of normal faulting.
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5.2 Tectono – Geomorphic Assessment
Morphometric analysis across this region suggested rapid erosion, tectonic movements and
climatic perturbations as changes to topographic landforms in NW Borneo (Mathew et al.,
2016a, 2016b; Menier et al., 2017). Such analysis is required especially in regions like Borneo
Island, which is covered with thick vegetation and intensive weathering. Our studies mainly
focus on areas which are tectonically unstable such as Kundasang and Ranau. A variety of
morphometric methods were used, specifically on SL index, elongation ratio, and hypsometric
integral. Each analysis provided a different set of results that discusses on spatiotemporal
distribution of intraplate earthquakes and pre – existing structures in Mt. Kinabalu areas. The
SL index clearly demonstrates the effects of geological process along the longitudinal profile
of Sg. Mesilou A, B and C. Knickpoints along those rivers coincides with pre – existing faults,
which might be related to recent earthquake events. However, the dataset from elongation ratio
suggest that this is mainly on Basin 6. It indicates that tectonic activity is relatively lesser in
areas with earthquake recurrence and shows the surrounding regions as tectonically unstable.
To further validate our findings, hypsometric integral was carried out to understand erosional
processes across this region. This clearly shows that the eastern portion of Mt. Kinabalu
displays young topography with slight erosion, while western portion display both old and
mature landforms. And, inconsistency of hypsometric curves shows complex geological
processes. Presence of near - vertical major slope breaks along Sg. Mesilou B exhibits
remarkable differential uplift process. Moreover, the 5th June 2015 and 8th March 2018
earthquakes mostly likely ruptured a pre – existing normal fault and possibly occurred on the
same fault line. This study reveals that the seismicity is mainly because of reactivation of
ancient fault lines in response to sudden sub – crustal collapse due to oblique compression or
present – day plate boundary forces. Such interpretation implies the NW Borneo as tectonically
active and unstable. Therefore, we argue that the NW or SE dipping normal fault is associated
with a major left lateral strike slip fault, which extends for more than 900 km long (Figure 5.3)
(Shah et al., 2018).
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Figure 5.3 oblique compression model for NW Borneo region (Modified from Shah et al.,
2018)

5.3 Field investigation
Understanding the deformation pattern in Kundasang and Ranau region is important because it
suggests a strong structural control, which could be related to recent earthquake events. The
tectonic system across this area remains uncertain due to the occurrence of both extensional
and compressional settings. However, the major structures in NW Borneo is a well – studied
NE – SW trending fold and thrust belt to the west of Sabah (Sandal, 1996; Hesse et al., 2009;
Morley, 2009; Cullen, 2010; King et al., 2010a, 2010b; Sapin et al., 2013), that indicates NW
– SE compression. This is attributed to large crustal scale gravity driven mechanism and the
orogenic collapse of NW Borneo since 1.9 Myr (Sapin et al., 2013). But the recent recorded
GPS data does not illustrate such movement across this region (Mustafar et al., 2017).
The presented work herein demonstrates the evidence of folding, reverse faulting and normal
faulting in Ranau region via GPR. Based on the folded structures, evidence of NE – SW
compression was determined while normal faulting suggest NW – SE extension across this
area. However, the timing of deformation is unknown, this is primarily due to lack of sediment
dating methods. The normal faults in Outcrop A shows listric nature of faulting, where it can
be observed in sub surface as well. The GPR clearly demonstrates the evidence of horst and
graben structures (Outcrop A and F). All this structural features is following the NW – SE
extensional trend. Also, the 5th June 2015 earthquake occurred on similar extensional trend,
therefore this indicates any deformation structures with such pattern is most likely to be active
currently. This is because most of the mapped structures are located relatively close to the 5 th
June 2015 earthquake hypocenters. Also, Mt. Kinabalu sits on top of the fault, which shows
evidence of subsidence in this area. The discovery of large scale landslides and traces of old
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normal faults suggests a possibility of some old extensional fault lines? That might have
reactivated during the recent earthquakes. Most importantly, we were unable to find the surface
rupture / break of the 5th June 2015 earthquake, however it proves the possibility of a blind fault
(Wang et al., 2017).
Folded sedimentary sequence was observed in South of Ranau region (Figure XX). The
structures exhibits NE – SW compressional trend, which coincides with the bedding directions.
The discovery of overturned structures (outcrop I) strongly lends support to a tectonic origin
compared to gravity driven mechanism. However, the timing of deformation is unknown. Field
evidence clearly shows that the intensity of deformation is increasing towards the SW of Ranau
region. Such observation implies the compressive force is greater in that direction and complex
folding like recumbent can be expected in SW of Ranau region. The folded structures in
Outcrop I have undergone high compressive stress that led to 90° rotations. It could have
initially formed either as an anticline or syncline. Also, some amount of thrusting and reverse
faulting was identified via GPR section, but most likely to be inactive. However, this faults are
not related to the 5th June 2015 and 8th March 2018 earthquake because it occurred on a normal
fault.
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5.1. Project Limitation
This research serves as an optional future reference on the GPR survey and tectonomorphometric analysis in Ranau region. Data collected in this localities can assist in similar
research in the near future. Previously, GDEM and STRM have been generally used for
topographic and terrain imagery while GPR has been carried out to identify subsurface
deformation. This study however, utilizes GPR and GDEM for the purpose of identifying
earthquake generating faults and determine its displacement in the Ranau region.

5.1.1. Limitation of Google maps
The freely available Google satellite data are widely distributed across the globe and are being.
used by many researchers for different purposes, primarily because it is easy to obtain, free of
cost and better visualization of scientific data at certain times (Butler, 2006; Benker et al.,
2011). However, most of the Google satellite data is lacking in accuracy information and image
processing methods (Potere, 2008) and this remains a major challenge in mapping of lush green
rainforest such as Borneo Island. On the other hand, previous studies have raised this concern
and shown that the accuracy of information obtained from Google maps could be vastly used
by many geoscientist in remote sensing studies in near future (Butler, 2006). Also, freely
available Google maps provides a much better platform to map geomorphic landforms such as
triangular facets, topographic breaks, displaced ridge axes, deflected drainages and fault
rupture scarps (Schumm, 1956; Yeats et al., 1997; Burbank and Anderson, 2001; Wang et al.,
2017; Shah and Malik, 2017). Therefore, the scientific community and Google developers
should work together to make the freely available dataset better and more robust to ensure
better visualization and dissemination of scientific data (Butler, 2006).
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5.1.2. Limitation of Ground Penetrating Radar (GPR)
Some limitations were encountered during the Ground Penetrating Radar (GPR) survey.
Firstly, uncontrollable weather during the survey affected the effectiveness of the GPR. To
avoid such circumstances, the weather forecast was regularly checked prior to the fieldwork.
Also, inaccessible outcrops due to the logging activity was a major issue, as this limits the
pathway to transport GPR equipment. However, alternative access to the outcrop was found by
checking the area while ensuring the pathway is safe to transport the equipment. The GPR
equipment which includes the Fibre Optic wires are fragile, thus the possibility for the
equipment to be damaged are high. Moreover missing parts could disrupt the GPR survey
altogether. To prevent such matters, the equipment is well maintained by checking all the parts
and testing the GPR before conducting the actual survey.
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Chapter 6
Conclusion
Understanding the occurrence of intraplate earthquake in Sunda plate remains a challenge and
particularly in regions which are considered tectonically very stable. The notion of this is
vigorously debated on post 5th June 2015 earthquake that caused significant damage and loss
of life (Wang et al., 2017). The geomorphic, geologic, and structural mapping reported herein
clearly demonstrate that Sabah region is tectonically active. Although the geomorphic analysis
indicates the presence of active tectonic fault scarps, however, such evidence are not observed
in the field locations (Mathew et al., 2016a; 2016b; Menier et al., 2017; Wang et al., 2017).
The evidence of old normal faults are almost everywhere but the lack of Holocene to Recent
breaks, which includes the June 2015 event, suggests either the faulting is blind or the evidence
of past events have been erased in the tropical conditions of the Island. The GPR survey further
illustrates the presence of old fault system in the region. Regionally, the ~NW-SE extension is
currently occurring in the region, and it seems the deformation is controlled at depth by the
major strike-slip fault (Shah et al., 2018) that runs through the backbone of the Island. This
means that the deformation is a product of oblique convergence, and if that is true, then this
part of Sunda plate is undergoing active extension, and since the region is not influenced by
the nearby subduction systems therefore this kind of deformation is related to intra-plate
deformation process. The origin of such forces is not clear yet but it could originate from the
Palawan trough, which may be actively subducting (Wang et al., 2017).
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Appendix A Hypsometry Curves
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Figure A.1 the subdued peneplain stage of a basin.
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Figure A.2 the young topography on upstream region and subdues as it moves downstream.
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Figure A.3 the subdued peneplain stage of a basin.
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Figure A.4 increase in erosional processes as concavity increasing in upstream region.
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Figure A.5 variation in denudational process.
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Figure A.6 increase in convexity curve at the middle of the basin.
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Figure A.7 the subdued peneplain stage of a basin.
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Figure A.8 increase in convexity curve at the upstream of the basin.
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Figure A.9 complex curve in sub – basin area.
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Figure A.10 complex curve in sub – basin area.
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Figure A.11 complex curve in sub – basin area.
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Figure A.12 young topography with variation in erosional process.
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Figure A.13 complex curve in sub – basin area.
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Figure A.14 complex curve in sub – basin area.

106 | P a g e

Area O
1.2
1
0.8
0.6
0.4
0.2
0
0

0.2

0.4

0.6

0.8

1

1.2

Figure A.15 variation in denudational process in upstream and downstream area.
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Figure A.16 moderately eroded region, forms S – shape curve.
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Figure A.17 young topography with slight concavity in upstream region.
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Figure A.18 increasing concavity, due to high erosion rate.
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Figure A.19 old terrain with increasing concavity in downstream region.
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Figure A.20 the subdued peneplain stage of a basin.
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Figure A.21 complex features in sub – basin area.
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Figure A.22 complex features in sub – basin area.
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Figure A.23 complex features in sub – basin area.
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Figure A.24 steady denudational process.
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Figure A.25 subdued peneplain stage of a basin.
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Figure A.26 young topography with increasing convexity.
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Figure A.27 textbook example of mature basin
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Figure A.28 young topography with increasing concavity.
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Figure A.29 young topography with slight increase in concavity.
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Figure A.30 young topography with slight increase in concavity.
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Figure A.31 steady denudational process.
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Figure A.32 increasing concavity in upstream region.
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Figure A.33 increasing erosional process across this region.
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Figure A.34 increasing erosional process across this region.
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Figure A.35 increasing erosional process across this region.
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Figure A.36 increasing erosional process across this region.
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Figure A.37 complex features in sub – basin area.
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Figure A.38 young topography with slight increase in concavity.
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Figure A.39 complex features in sub – basin area.
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Figure A.40 increasing erosional process across this region.
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Figure A.41 young topography with slight increase in concavity.
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Figure A.42 increasing erosional process in downstream region.
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Figure A.43 steady denudational process.
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Figure A.44 young topography with slight increase in concavity.
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Figure A.45 young topography with slight increase in concavity.
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Figure A.46 the youthful stage of a basin.
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Figure A.47 complex features in sub – basin area.
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Figure A.48 youthful stage of a basin.
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Figure A.49 increasing erosional process across this region.
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Figure A.50 youthful stage of a basin.
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Figure A.51 increasing erosional process across this region.
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Figure A.52 increase in concavity as it moves downstream.
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Figure A.53 increasing erosional process as it moves downstream.
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Figure A.54 youthful stage of a basin with slight concavity.
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Figure A.55 young topography with slight denudational variation as it moves downstream.
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Figure A.56 young terrain in upstream area, but subdues as it progresses downstream.
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Figure A.57 variation in erosional processes with increase in concavity.
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Figure A.58 complex features in sub – basin area.
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Figure A.59 increasing erosional process across this region.
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Figure A.60 complex features in sub – basin area.
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Figure A.61 youthful stage of a basin.
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Figure A.62 increasing erosional process across this region.
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Figure A.63 mature stage of a sub – basin.
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Figure A.64 steady erosional process.
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