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Abstract: We use freely available Google satellite data, instrumental seismicity, fault plane solutions,
and previously mapped structural and geological maps to identify new fault zones in central Borneo.
We have mapped a number of ~NW-SE trending dextral strike-slip faults and ~NE-SW to ~N-S
trending sinistral strike-slip fault zones. The geomorphic expression of faulting is shown by the
well-developed triangular facets, fault rupture scarps, truncated sedimentary beds, topographic
breaks, displaced ridges, deflected streams, faulted Plio-Pleistocene volcanic deposits, and back-tilted
Holocene to Recent sedimentary deposits. Some of the mapped faults are actively growing, and
show text-book examples of dextral and sinistral offset, which ranges from ~450 m to tens of km.
The dextral strike-slip fault systems are clearly developed in the central and eastern portions of
Borneo where they cut through the folded sedimentary sequences for >220 km. The ~NE-SW to
~N-S trending sinistral strike-slip faults are dominantly developed in the eastern portion of central
Borneo for >230 km. The geomorphic expression of faulting is clear and the fault scarps are ~SE
facing for the sinistral fault system, and ~NE facing for the dextral fault system. The age of the
faulting is constrained by the cross-cutting relationship where the fault cuts through Plio-Pleistocene
volcanic deposits for >30 km, which suggests a neotectonic nature of faulting. The strike-slip fault
systems that we have mapped here provide the first geomorphic evidence of large-scale strike-slip
faulting in Borneo and suggest the presence of a major sinistral strike-slip fault that runs for >900 km
through the center of Borneo, and forms a backbone onto which most of the mapped structures root.
The mapped structures clearly suggest that plate tectonic forces dominantly control the geological
structures that we have mapped and support the regional oblique convergence that is oblique with
respect to the major trend of the Crocker Range, which forms the spine of the Borneo Island.
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1. Introduction

Fifteen years ago, the bulk of the geological setting of Borneo Island was poorly known because
of inaccessibility to its dense tropical rainforest. This has changed with the advancement of technology,
particularly with the freely available satellite data which provide a digital platform to conduct
geological studies in the region [1-15]. A great variety of satellite data and high-resolution satellite
imagery enable geologic, geomorphic, and tectonics investigators to acquire such data over smaller
or large areas and gain a more comprehensive understanding of the Earth’s dynamic nature of
landforms [16]. This methodology reduces the limitations of traditional geological mapping in an area
that is politically complex or inaccessible [17-19]. The thick cover of rainforests throughout the
regions in Borneo makes it difficult to map it by using high-resolution images, and thus the freely
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available Google terrain view provides a much better platform to map geomorphic landforms on
a scale significant to our work (e.g., [14,15,19-27]). The study area occupies the central and eastern
portion of the island (Figures 1 and 2), which has not been explored previously at a large scale, as is
done here [17]. It lies south of previously mapped regional faults zones (e.g., Baram Line and Tinjar
Line), which have not been mapped onshore [28-30]. These lines are considered as the key elements
in shaping the geological and tectonic evolution of Borneo Island [31]; however, little work has been
done to trace the extent of such “lines” on land (Figure 2). The role of these lines in the shaping of the
architecture of Borneo Island thus remains largely unknown [30], and below we have tried to resolve
this problem to some extent by mapping large scale faults on land.
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Figure 1. (A) The regional tectonic setting of Borneo, and the location of significant earthquakes and
volcanoes in the region. (B) The available earthquake fault plane solutions that are plotted on the
satellite image. The earthquakes around the study area are mostly strike-slip. The world population
data are plotted on the satellite image and it highlights the pockets of dense population and their
vulnerability to earthquake hazards. Map is created in GeoMap App.
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Figure 2. Geological and structural setting of Borneo (modified after [14]). The rectangles show the
location of the study area.

Furthermore, although Borneo is located away from major plate boundaries, there are indications
of ongoing deformation [32], as shown by the occurrence of earthquakes in the region, mostly on the
NW portions of the island [15,17,18,32]. The recent earthquake that occurred in Sabah, a region located
in the northern part of Borneo, has truly shaken the SE Asian population because it was not expected to
happen. A significant number of researchers were equally surprised because of the damage it caused.
The medium-sized magnitude earthquake struck Sabah on 5 June 2015 (Figure 1A), and this event
is regarded as the biggest recorded earthquake in the history of the region, and it is reported that 18
people lost their lives [15]. Thus, our motivation is to improve what is known about the geological
structures of the study region via mapping of the geomorphic features on a regional scale by using the
freely available satellite data. This will be the first such large scale structural mapping in the region,
and the aim is to build a better structural framework of Borneo, and to relate the mapped structures to
the regional tectonics and to understand the gravity versus tectonic deformation of the region: what
causes the occurrence of active normal faulting in NW Borneo and thrust and fold belt offshore Sabah
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(Figures 1 and 2) is largely unclear (e.g., [15]), and previous models have called for both gravitational
and tectonic forces (e.g., [15]).

2. Regional Tectonic Setting

Borneo is part of the Sunda plate, and it is caged by the Phillippine sea plate and the
Indo-Australian plate [1,3,31,33]. The entire Island is oriented ~NE-SW in contrast to the western
portions of the Sunda plate which are oriented ~NW-SE (Figure 1A). Previous studies have offered
some explanation for this, and it is suggested that Borneo Island has rotated in a counter-clockwise
motion, which possibly started somewhere in the Mesozoic (~65 Ma) and it is still active [3,9,10,34].
The regional geological map (Figure 2) shows the older rock outcrops are mostly exposed in the
eastern portions of the island and the relatively younger rocks dominantly occupy the western portions
(Figure 2). The presence of ophiolites in the NW portions of the island possibly suggests a SE-directed
subduction zone, which has led to the formation of the present-day suture zone [30]. The ~NW verging
thrusts belt along which ophiolites are exposed probably reflects the ~NE-SW trend of the subduction
zone. A number of these ophiolite outcrops are mapped in the eastern part of Sabah, East Malaysia [35]
and these are interpreted to reflect the obduction of an old oceanic crust of a Proto-South China Sea or
of the Celebes Sea [1,17]. Several strike-slip faults cut through the island and some of these structures
continue offshore (Figure 2). Some of the prominent faults that have been previously mapped are:
Adang fault, Lupar Line, Tatau Mersing Line, Tinjar Line, Baram Line, and Long Aran Witti Kinaya
fault [14,28,30]. Out of these, the ~NNE-SSW trending Aran Witti Kinaya fault (AWKEF) is the major
structure that shows the abrupt truncation of geological units, and it also cuts through an array of
strike-slips faults (Figure 2). This suggests that the strike-slip faults are younger than the AWK fault.
However, the bulk of these faults have not been mapped in any detail, including the AWK fault zone,
and therefore, below, we provide firsthand information on the extent of faulting in central Borneo, how
deformation is distributed on a regional scale, and what possibly controls it at depth.

3. Instrumental Seismicity

The available Instrumental earthquake data from the National Centers for Environmental
Information (NCEI) and United States Geological Survey (USGS) Advanced National Seismic System
are plotted on shaded relief images (Figure 1). The significant earthquakes and volcanoes are
also plotted (Figure 1A), and this includes the June 2015 Ranau earthquake. The clustering of
earthquake hypocenters around Borneo Island reflects the occurrence of major plate boundaries
(Figure 1). The distribution of earthquakes on Borneo is scarce, with small clusters in and around NW
portions. The available centroid moment tensor solutions of earthquakes largely show normal and
strike-slip movement on fault planes (Figure 1B), and this suggests continuous movement on faults,
which could mean that the region is undergoing oblique extension (see our results and discussion
section). The earthquake data have not been corrected for depth and location, which means that there
could be some errors in the horizontal and vertical locations of earthquake points. We have plotted
the world population data on the satellite image and this highlights the pockets of dense population
and their vulnerability to earthquake hazards and what type of faults are expected to contribute to the
earthquake hazards (Figure 1B).

4. Methodology

Remote sensing techniques are very useful in the mapping of geologic, geomorphic, and landuse
patterns [19,36-39]. Past studies have extensively demonstrated the strong applicability of satellite
data in the mapping of active tectonic landforms. Such mapping becomes a very vigorous active
fault mapping technique when combined with fault plane solutions, structural, geologic, and geodetic
data [14,19-27]. Borneo Island is ornamented with a beautiful cover of lush green rain forest that
makes it difficult to use high resolution Google images [17]. Therefore, we have extensively used
the Google terrain mode where topographic features are easy to map. Our mapping uses standard
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procedures as outlined in the reference cited above. The various geomorphic features [15,19,40-42]
are identified, which include triangular facets, fault rupture scarps, topographic breaks, displaced
ridge axes, deflected drainages, faulted young volcanic landforms, uplifted and back-tilted Holocene
to Recent sedimentary deposits, and actively growing folds. We use geomorphic mapping to interpret
the fault plane solutions which are created in a freely available structural geology software known as
FaultKin 7 [43].

Limitation of Google Maps

The freely available Google satellite data are extensively used for research and other purposes
primarily because it is free of cost, easy to use, and allows significant visualization and dissemination
of scientific data [44-46]. However, its developers have disclosed limited accuracy information and
descriptions of image processing methods involved, which remains a major obstacle [45] and that has
not been studied thoroughly. Some studies have raised this concern and demonstrated that the vertical
and horizontal accuracy of data from the Google Earth terrain mode, which uses SRTM (Shutter Radar
Topographic Mission) elevation data, could be used in future remote sensing studies [44]. They have
suggested that Google developers and the scientific community should work together to make the
data more robust and transparent [44].

5. Results and Interpretation

5.1. Tectonic Geomorphology

A broad region of strike-slip faulting is mapped here (Figures 3-11), where distinctive drainage
deflections are a characteristic feature of most of the region that is investigated (Figures 3-9 and
Figure 11). Most of the rivers are deflected by faults, and these deflections often reflect both left and
right lateral offset across faults; for example, Ranjang River shows this throughout (Figures 3 and 4).
Broadly, two major fault trends are mapped, and these are ~NNW-SE trending dextral strike-slip faults,
and ~NE-SW to ~N-S trending sinistral strike-slip faults. The ~NW-SE trending dextral strike-slip
faults have deflected streams and ridges and the stream offset varies from <450 m to >1700 m, while the
ridge offset varies from a few kilometers to >5 km (Figures 3-9 and Figure 11).
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Figure 3. Google satellite terrain image shows the location of some of the selected regions in Borneo

where faults have been mapped. The details are in subsequent figures.
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The deflection of rivers is not consistent throughout the length of the faults, and this may suggest
a number of reactivation events along faults. The fault plane is either dipping ~NE or ~SW (Figure 4).
The ~SW dipping fault plane is expected to host an earthquake with a minor amount of reverse slip.
However, if the fault is ~NE dipping, then the expected earthquake will have a minor amount of
normal slip along with the dextral strike-slip (Figure 4D). We interpret the fault as ~NE dipping that
has a normal component (Figure 4C,D).
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Figure 4. (A) Un-interpreted Google terrain image. (B) Evidence of dextral strike-slip faulting.
(C) Cartoon shows the possible dip and dip direction of faulting. (D) The expected fault plane
solution. The large river seems to have a sinistral offset but it is actually following the extent of dextral
offset of the fault that cuts through the ridge for ~5.7 km.
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Additionally, our mapping and geomorphic expression of faulting throughout the region is more
consistent with the ~NE dipping fault plane (Figure 4D). The ~NW-SE trending dextral strike-slip
faulting is clearly shown by the ~1 km offset of the ridge axis (Figure 5). The sinistral strike-slip faults
are not clearly visible in this portion but become clearly traceable further east (Figures 5-11).
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Figure 5. (A) Un-interpreted Google terrain satellite image. (B) Example of clear dextral strike-slip
faulting, and poorly developed nature of sinistral strike-slip faulting in this region. (C) Cartoon shows
the possible dip and dip direction of faulting. (D) The expected fault plane solution.

The two major trends of the mapped faults interact and form characteristic rhomb-shaped
landforms (Figure 6B). The dextral strike-slip faults offset ~NE-SW trending sinistral strike-slip faults,
and this seems to suggest a relatively younger age. The sinistral strike-slip fault dips either ~NW or
~SE (Figure 6C,D).
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Figure 6. (A) Un-interpreted Google satellite image. (B) Shows evidence of Rhomb-shaped landforms
that are directly related to strike-slip faulting. (C) Cartoon shows the possible nature of faulting where
dextral-strike slip faults have a component of normal dip-slip and sinistral faults have a component of
reverse slip. Also shown are the expected earthquakes on these faults (D).

~SW dipping sinistral strike-slip fault
ith minor component of reverse slip.

Our mapping and geomorphic expression of faulting, however, is more consistent with a NW
dipping fault plane with a minor amount of reverse slip (Figure 6). This is mainly based on the
topographic expression of faulting and the presence of ~SE facing triangular facets (Figure 6).
The overall pattern of faulting via geomorphic landforms becomes clear and obvious further east
(Figures 7-11), where geomorphic expression of thrusting is clearly visible for hundreds of kilometers
(Figures 3-11).
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Figure 7. (A) Un-interpreted Google terrain image. (B) Evidence of not so well developed
Rhomb-shaped landforms that are directly related to strike-slip faulting. The disrupted topography is
clearly visible. (C) Cartoon shows the possible nature of faulting where dextral-strike slip faults have
a component of normal dip-slip and sinistral faults have a component of reverse slip. Also shown are
the expected earthquakes on these faults (D).

It seems that the slip along the mapped faults is more oblique towards the Eastern central part
where folding is also common (Figures 3-11). The sedimentary beds are clearly truncated by the fault
(Figure 10), and the ridges are completely broken and preserve evidence of sinistral shear. The faults
seem to originate from the main trunk of the major sinistral fault system that possibly originates from
Sabah, Malaysia, and forms a fanning pattern of faulting. A variety of geomorphic features are visible
throughout the extent of the fault, and this includes enéchelon ridges that clearly show the sinistral
shear on them.



Geosciences 2018, 8, 156 10 of 21

F ey ez
f;.-;r-\l;i
ol (3
o |G R

114 59°E[F =

~NW dipping oblique sinistral strike-slip fault
that is associated with some amount of
reverse slip

Figure 8. (A) Un-interpreted Google terrain image. (B) Shows evidence of ~NW dipping thrust faults,
and strike-slip faulting. The prominently developed triangular facts have carved rock beds that ~dip
NW, and only ~NW dipping beds are clearly visible. (C) Cartoon shows the possible nature of faulting
where sinistral faults have a component of reverse slip. Also shown are the expected earthquakes on
these faults.

The lack of high resolution data and the presence of thick forest cover has hindered our detailed
mapping where we could have measured the deformed fluvial landforms in much more detail;
for example, uplifted river terraces or any other young geomorphic landforms. Currently, we are
in the process of acquiring the Malaysian government’s permission to visit some of these regions to
undertake a comprehensive geological field operation. However, with these limitations in mind, we
have mapped and produced a map of faulting where various geomorphic landforms are mapped on

a regional scale. This is the first large-scale map which shows the extent of faulting on a regional scale
in Borneo.
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Figure 9. (A) Un-interpreted Google satellite image. (B) Evidence of clearly visible strike-slip faulting
with two prominent traces that run oblique to each other. The topographic breaks, triangular facets,
and drainage deflections are clearly traceable. (C) Cartoon shows the possible nature of faulting where
dextral-strike slip faults have a component of normal dip-slip and sinistral faults have a component of
reverse slip. The expected fault plane solution is also shown.
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Figure 10. (A) Un-interpreted Google terrain image and (B) shows interpreted image. The evidence of
truncated sedimentary beds by a major sinistral strike-slip fault where material is transported from
~north to ~south. The folding indicates a possible fault-bend fold geometry at depth, and a component
of reverse slip along with strike-slip faulting. The reverse faults are fanning at the fault tip of the
major fault, which indicates compression with strike-slip. (C) The expected fault plane solution and
the associated cartoon show the possible nature of faulting where sinistral strike-slip faults have
a component of reverse slip.

The mapped faults shown here clearly suggest that some of the faults have pierced through
Holocene to Recent sedimentary deposits (e.g., Figure 11); however, we strongly feel that a detailed
geological field investigation is required to exactly measure the extent of any recent activity along these
faults. The geologically recent offset along the smaller streams is hard to measure from the available
satellite images, and this is one of the major hurdles in mapping of the active nature of faulting in
Borneo (e.g., Figure 11). The instrumental earthquake data suggest that some of the faults are active
(Figure 1) and this includes a few strike-slip events around the study area (Figure 1B).
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However, the lack of typical seismicity associated with an active orogen and the absence of larger
topographic, geomorphic, or stream offset could suggest that most of the faults are inactive in the
central portion of the island, are having large recurrence intervals, or are slowly slipping. But the
presence of Plio-Pleistocene volcanic deposits that are cut by the fault system in eastern portions of the
island (Figure 11) clearly show the active nature of faulting, thus demanding work on the ground.
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Figure 11. Un-interpreted Google terrain images are shown on the left and interpreted on the right.
Clear evidence of left-lateral strike-slip offset along channels is widespread. (A) One such example
where river channels are offset, and the fault cuts through the river and causes its deflection (B).
Similarly the river channels and ridges are pierced by faults (C), and the offset is quite large (~22 km)
(D). The Plio-Pleistocene volcanic deposits (E) are cut by faulting (F), and this indicate neotectonic
movements along the mapped left-lateral strike-slip fault system.

Furthermore, our geomorphic mapping of landforms reveals that the fluvial channel patterns
have been extensively modified by the two major strike-slip fault trends and such changes are obvious
throughout the region (Figures 3—12). This has formed a unique crisscrossing geomorphic landscape
of Borneo as most of the streams follow the two trends of the major fault systems (Figures 4-9).
The ~straight river valleys are carved along faults and different slip on faults throughout the geological
history of these valleys have produced zigzag patterns. Interestingly, the Bakun Hydroelectric Dam is
one of the largest dams in the region and is capable of providing power supply not only to Sarawak,
but also to neighboring countries such as Brunei and Kalimantan, Indonesia. The Dam sits on faults
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(Figure 3), and ideally the water load can impose stress on the faults; however, the quantification
of strain and whether the water load has the potential to reactivate some of the faults via induced
seismicity remains to be investigated, and such a topic is beyond the scope of the present regional
mapping work. The clear evidence of left lateral strike-slip faulting is prominent in the eastern portion
of the study area (Figure 11). The slip on the fault varies from ~22 km to ~450 m. The large left-lateral
offset recorded by the river (Figure 11D) is measured on the Google image. The river follows the
strike of the fault, which is clearly visible. The fault has a small component of oblique slip, which is
shown by the occurrence of uplifted and subsided regions (Figure 11). Additionally, based on the
geomorphic expression of faulting, we think the fault is dipping ~NW, and thus it is has a component
of thrusting with strike-slip. However, we are not sure about the recent movement on the fault at this
region because although the river is clearly deflected and consistent with left-lateral offset, we are
unable to find the smaller offset along the younger streams. So, it is possible that the large offset is
not related to the actual fault slip, but the river has followed the trace of the fault. However, further
southwest, the recent evidence of faulting is very clear and convincing (Figure 11F). This puts a strong
constrain on the timing of the fault system because the Plio-Pleistocene volcanic deposits are cut by
the fault, thus suggesting the active nature of faulting (Figure 11F).
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Figure 12. Un-interpreted Google satellite terrain images are shown on the left and evidence of folding
is shown on the right. Broadly, two major folding events are recorded by the folded rocks, and these are
associated with ~NNW-SSE (A-D) to ~NW-SE (E F) and ~NE-SW (G,H) trending fold axes. Some of
the folds are truncated by faults and are plunging ~northward (B,D). Examples of ~NW-SE (E,F) and
~NE-SW (G,H) trending fold axes that are controlled by faulting.
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5.2. Regional Folding

Three fold systems have been detected based on different trends of the fold axes: NNW-SSE,
NW-SE, and NE-SW (Figure 12). The ~NNNW-SSE trending fold axes (Figure 12A,B) are marked based
on the changing dip direction of the sedimentary beds, and the folds are plunging towards north.
A series of faults are also folded, and these faults are mostly thrust faults, and the sedimentary beds
are clearly truncated by the fault system where the folding seems to have initiated (Figures 3 and 8§,
Figures 9 and 10). The presence of truncated beds confirms that faults merge with the master fault
at depth, on which most of the deformation is concentrated (see below). Throughout the region,
the mapped folds (Figure 12) seem to have developed simultaneously with faults.

6. Discussion

6.1. Tectonic Geomorphology and Fault Controlled River Patterns of Borneo

Our study area falls south of the Baram line, and further south of the Tinjar line [29,30].
These “lines” are considered regional faults zones, but the geomorphic evidence of faulting onshore
is lacking [17,30], and therefore our work is the first attempt to map the onshore equivalent of these
lines and similar structures to understand their nature and significance on a tectonic scale. The faulted
landforms that we have mapped (Figures 3-11), together with the seismological data, show that this
region has experienced oblique compression (shown by strike-slip faulting), and that is still active
today. The pervasive nature of ~NE dipping dextral and ~NW dipping sinistral strike-slip faulting
is a clear indicator that this region is undergoing oblique compression that possibly originates from
the current ~NW-SE directed horizontal forces, which may be associated with the active compression
along the Palawan trough or elsewhere (Figure 2). The characteristic river deflections, drainage
patterns, and topographic breaks are some of the key elements of tectonic geomorphology that we
have mapped here. Previous works have shown that crustal deformation and landscape patterns
are linked via tectono-geomorphology and various geomorphic features, for example, topographic
breaks, escarpments, discontinuities, and changes along river courses and drainages [41,42,47]. This is
particularly true for rivers, which are very sensitive indicators of changes that can be tectonic or
climatic in origin [41,47,48]. Thus, rivers are very crucial tools to map and estimate the tectonic
adjustments that a region has witnessed over the geological timescale [41,42,47,48]. The strike-slip
faults mapped in this study have literally caused some of the rivers of Borneo Island to form distinctive
zigzag patterns and such deflections are nicely preserved by older rivers, and Rajang River is one such
spectacular example (Figures 3 and 4) of that. The curvilinear path carved by the river is witness to the
continuous movement on the faults that this river follows. It is not an antecedent river and instead
it is directly controlled by the faulting pattern in Borneo. An initial examination of the offset along
the river seems to suggest a sinistral offset, but in reality, the river follows the extent of dextral offset
of the fault that cuts through the ridge system for ~5.7 km (Figure 4). Thus, the remarkable faulted
landforms that we have mapped herein show some evidence of Holocene to Recent activity and this
makes it a characteristic feature of intra-plate faulting. The ubiquitous occurrence of faulted landforms
and the large extent of faulting suggest a tectonic origin.

6.2. Strike-Slip Faults Are Related to Plate Tectonic Forces

Our mapped dextral and sinistral strike-slip faults are clearly developed in the central and
eastern portions of Borneo and have cut through the folded sedimentary sequences for >230 km,
and preserve evidence of recent movement where some faults cut through Plio-Pleistocene volcanic
deposits (Figure 11). The ~NW dipping sinistral strike-slip fault system (Figures 6—11) has either
developed simultaneously with the dextral system as conjugate faults, or has formed after the event
that led to the formation of the dextral fault system. The fact that (Figure 6B) ~NW-SE oriented dextral
faults displace the ~NE-SW oriented sinistral faults shows that sinistral faults are relatively older or
that these faults are slowly slipping.
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The presence of regional folds (Figures 1 and 12) and the widespread occurrence of strike-slip
fault systems leads us to interpret Borneo Island as a classic example of oblique convergence where
strike-slip faulting is accompanied by a small component of dip-slip movement. The lack of larger-scale
slip on both the dextral and the sinistral fault systems suggests that such faults could be related to local
or regional forces but are not possibly linked to large scale tectonic structures [30]. However, it seems
that the extrusion tectonic model [49] is applicable to Borneo because such a model argues that dextral
faults are expected in Borneo as a continuation of escape tectonic structures on which most of Asia
has been transported [50] and it continues today. Thus, our mapping suggests that the strike-slip fault
system with two polarities that we have mapped in Borneo should either be related to the regional
tectonics or to the extrusion tectonic of SE Asia. We strongly feel that non-tectonic forces may not
produce the scale of faulting that we have mapped above.

Further, the faults that we have mapped show a pattern that resembles a larger curvilinear
sinistral-slip fault that should run through the backbone of the island, and could shoulder most of the
deformation that we have mapped above. The presence of a larger plunging fold (Figure 12B) suggests
a strong structural control, and possibly indicates a fault-bend-fold geometry at depth. This is further
justified by the presence of truncations where sedimentary beds are clearly truncated by the major fault
that possibly originates in Sabah, Malaysia, and runs for >900 km throughout the extent of the island
(Figure 13). This major fault is possibly responsible for the June 2015 and March 2018 earthquakes
in Sabah that occurred on a ~NW dipping normal fault (Figure 13D). The June 2015 earthquake has
generated a lot of interest in understanding the cause of deformation in the region [15]. The occurrence
of normal fault-related earthquakes in Sabah (Figure 13) suggests extension, and what exactly is
causing this extension remains unclear (e.g., [15]). Previous models (Figure 13) have either attributed
the active deformation to gravitational forces or tectonic forces, or both [15,51-54]. The fact that
active fold and a thrust belt exist and are growing offshore Sabah indicates ~NW-SW directed crustal
shortening, and similar structures exist onshore that indicate ~NW-SE directed extension. This could be
explained by a large gravitational slide, which brings material from onshore Sabah via normal faulting,
and piles it up on offshore structures via thrusting (e.g., [51,53]). This requires a large-scale décollement,
which could be shale under pressure, onto which material could be transported. The major problem
with this model is the fact that that normal faulting earthquake events (Figure 13A) with ~NW dipping
fault plane mean that the Mt. Kinabalu Granite is actively subsiding because it lies on the hanging
wall block of the Crocker fault system that generated the Mt. Kinabalu earthquake in 2015 (Figure 13).
However, past geological studies have suggested that Mt. Kinabalu Granite has been exhumed since
its crystallization some 5-6 Ma [54]. Similarly, the hypocentral depth of two earthquake events that
occurred in Sabah (Figure 13D) ranges from 13 to 10 km. These structural details are difficult to explain
simply by gravitational collapse (e.g., [15]). Similarly, neither the basement involving the shortening
model nor the localized stress model is able to explain the extent and scale of faulting that we have
mapped (Figure 13). The fault mapped by us (e.g., [15,55]) is instead arguably evidence of a major
sinistral strike-slip fault system that might explain the existence of extension in NW Borneo, and this
could be responsible for the large scale pattern of faulting that is mapped in Borneo, and therefore, we
propose that the tectonic forces are largely responsible for deformation in Borneo that ~NW-SE directed
regional oblique compression is driving the deformation seen in Borneo (Figures 13 and 14). Our work
suggests that the deformation in Borneo Island is strongly controlled at depth by a major structure that
we think is a large scale sinistral strike-slip fault. Such a major structure possibly originates in Sabah
and perhaps extends further north. The fault resembles a typical major sinistral strike-slip fault that
has created a tectonic topography where the central portion of the fault zone is relatively straight and
forms an array of enéchelon ridges (Figures 13 and 14), and prominently developed horsetails at the
tips of the major fault. The patterns of folding, faulting, and the overall topography are consistent with
the major sinistral fault that runs through the center of the island (Figure 14). Thus, we strongly argue,
based on geomorphic mapping (shown above), that the topographic expression of the island and
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its structural framework are tectonically controlled, which can be explained by oblique convergence
(Figure 14).

Gravitational-driven model

Deep Water Fold Sabah Continental
and Thrust Belt Shelf

e —— @ ~——

Upper Mantle

E Basement-involved shortening model

NW Deep Water Fold Sabah Continental
ok and Thrust Belt Shelf
me e —
10 km s — @ T
20 km
30 km Upper Mantle

Localized stress model

Localized vertical

NwW Deep Water Fold Sabah Continental stress from high
ik and Thrust Belt Shelf topographic load.
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m Oblique compression model (see Fig.14 for details).
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Figure 13. (A) Gravitational model in which faulting in NW Borneo is associated with vertical forces
(gravity). (B) Another model involving basement shortening where thrusts verge towards ~NW and
are linked to horizontal forces related to plate tectonics. (C) Localized stress model in which faulting is
associated with vertical forces due to granite (modified after [15]). (D) Oblique compression model
from our study. The figure is modified after [15].
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Figure 14. (A) Shows a tectonic model for the formation of structures that are mapped herein. A large
sinistral fault that runs ~through the center of Borneo Island could possibly explain the observed
topography, geomorphology, structures, and geology of the region. The oblique convergence model
fits well with the mapped and observed structures (B), and strongly backs a tectonic origin rather than
a purely gravity driven deformation. The recent GPS data supplement this model.

7. Conclusions

The strike-slip fault systems mapped here are on land confirmation that regional stresses in
Borneo are oblique with respect to the main trend of the Crocker Rang and this is manifested in
topography, where several strike-slip faults have formed over the geological history of the region,
and some of these faults are still active (this study). Our data provide the first geomorphic evidence
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of large-scale faulted landforms that are mostly located south of the previously mapped faults zone
including the Baram Line and Tinjar Line [29,30]. The mapped faults could be a continuation of these
tectonic lines, and if that is the case, then this can be explained by the regional escape tectonic model
for the formation of SE Asia [50]. The presence of small-scale offsets on mapped faults means that
such faults are of local significance (e.g., [30]). However, our mapping suggests a strong structural
control on the formation and deformation of Borneo. We argue that a central sinistral strike-slip fault
is controlling most of the deformation seen on land, and the extent of structural and topographic
expression of faulting is tectonically controlled. Additionally, mapped structures strongly indicate
oblique regional convergence (Figures 13 and 14) with respect to the main trend of the Crocker Range
that forms the backbone of Borneo Island.
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