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The 2015 Mw 6.0 Mt. Kinabalu 
earthquake: an infrequent fault rupture 
within�the Crocker fault system of�East Malaysia
Yu Wang1*  , Shengji Wei1, Xin Wang1,3, Eric O. Lindsey1,2, Felix Tongkul4, Paul Tapponnier1, Kyle Bradley1, 
Chung-Han Chan1, Emma M. Hill1 and Kerry Sieh1

Abstract 
The Mw 6.0 Mt. Kinabalu earthquake of 2015 was a complete (and deadly) surprise, because it occurred well away 
from the nearest plate boundary in a region of very low historical seismicity. Our seismological, space geodetic, 
geomorphological, and �eld investigations show that the earthquake resulted from rupture of a northwest-dipping 
normal fault that did not reach the surface. Its unilateral rupture was almost directly beneath 4000-m-high Mt. Kina-
balu and triggered widespread slope failures on steep mountainous slopes, which included rockfalls that killed 18 hik-
ers. Our seismological and morphotectonic analyses suggest that the rupture occurred on a normal fault that splays 
upwards o� of the previously identi�ed normal Marakau fault. Our mapping of tectonic landforms reveals that these 
faults are part of a 200-km-long system of normal faults that traverse the eastern side of the Crocker Range, parallel to 
Sabah�s northwestern coastline. Although the tectonic reason for this active normal fault system remains unclear, the 
lengths of the longest fault segments suggest that they are capable of generating magnitude 7 earthquakes. Such 
large earthquakes must occur very rarely, though, given the hitherto undetectable geodetic rates of active tectonic 
deformation across the region.
Keywords:  2015 Sabah earthquake, Mt. Kinabalu, Normal fault rupture, Teleseismic �nite fault inversion, Landslides
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Background
East Malaysia has a very low earthquake hazard, as it is 
far away from major plate boundary faults (Simons et�al. 
2007) (Fig.� 1a). Nonetheless, infrequent earthquakes 
generated by intraplate active faults do occur and have 
caused signi�cant damage (e.g., Lim and Godwin 1992), 
in part because the rarity of historical damaging earth-
quakes does not encourage implementation of seismic 
designs, preparation for earthquake-caused emergencies, 
and the systematic study of active faults.

Sabah is the northeastern province of East Malaysia and 
lies within the Sunda block, between the oceanic basins 
of the South China, Sulu, and Celebes Seas (Fig.�1a). �e 
high Crocker and Trusmadi Ranges rise from Sabah�s 

northwestern coast. Within that mountainous back-
bone, by far the highest peak is Mt. Kinabalu, which con-
sists of a granitic pluton that was rapidly exhumed since 
its crystallization about 5�6� Ma (Cottam et� al. 2013) 
(Fig.� 1b). �ese two mountain ranges are nearly paral-
lel to an active deep-water fold-and-thrust belt that lies 
o�shore to the northwest and has likely resulted from 
either gravity-driven mass movements or slow tectonic 
shortening (Hesse et�al. 2009; King et�al. 2010; Sapin et�al. 
2013; Simons et� al. 2007). Although Sabah�s active tec-
tonic setting remains unclear, recent GPS analyses sug-
gest that the region is moving slowly westward relative 
to the stable Sunda block at a rate of just a few mm/year 
(e.g., Simons et�al. 2007; Mustafar et�al. 2014). �is slow 
convergence between Sabah and the part of the Sunda 
block beneath the South China Sea, together with recent 
geomorphic analyses implies that Sabah is dominated by 
contractional tectonics (e.g., Mathew et�al. 2016).
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�e Mw 6.0 Mt. Kinabalu earthquake occurred at 23:15 
UTC, June 4, 2015, within this ambiguous tectonic envi-
ronment. It was the largest earthquake to strike Sabah 
province in the past century (e.g., Engdahl and Villasenor 
2002) and came as a surprise to local communities. Focal 
mechanisms calculated by the Global Centroid-Moment-
Tensor (GCMT) project and the U.S. Geological Survey 
(USGS/NEID) suggest the focal depth of the mainshock was 
between 6 and 18�km on a normal fault striking nearly N-S 
or NE-SW (GCMT; Ekström et�al. 2012). Prior to this event, 
the largest recorded earthquakes were mb 5.0 doublet in 
1991 (Fig.�1b) that caused minor damage in the Ranau area, 
southeast of Mt. Kinabalu (Lim and Godwin 1992).

�e Mt. Kinabalu mainshock produced intense ground 
shaking (IMMI�~�VII) in the vicinity of Ranau town, espe-
cially in the area between the town and the summit of 

Mt. Kinabalu (Fig.�1b, Additional �le�1: Table S1). It also 
triggered extensive landslides along the steep slopes of 
Mt. Kinabalu, including rockfalls that killed 18 people 
and injured at least 21 more along climbing trails on the 
steep mountain face (Chan 2015). �e mainshock was 
felt at least 300� km away, and the seismic intensity in 
the provincial capital, Kota Kinabalu, was strong enough 
(IMMI� �� IV) to awaken many residents in the early 
morning.

�is Mw 6.0 event provides a rare opportunity to 
improve our understanding of the seismic hazards and 
tectonic context of East Malaysia. Here, we combine 
seismology, aftershock relocations, space-based geodesy, 
and tectonic geomorphology to understand earthquake, 
to place it in an active tectonic context, and to map the 
extensive landslides on Mt. Kinabalu.

Fig. 1  a (inset) Regional tectonic map of Southeast Asia. Red lines are primary plate boundary faults. Black dashed line is the active fold-and-thrust 
belt o�shore Sabah. Color dot shows the M > 5 earthquakes from 1900 to 2015 from NEIC/USGS catalog. Red Arrow shows the general Sabah-Sunda 
motion extracted from the Global Strain Rate Model, with rate (mm/year) labeled in front of the arrow (Simons et al. 2007). b Topography of Sabah 
and details of instrumentally recorded earthquakes and geomorphologically evident active faults in the region. Colored squares indicate seismic 
intensities from the mainshock, based on the USGS �Did You Feel It� (DYFI) dataset and our own �eld interviews. Red lines denote features inter-
preted as normal faults mapped from 30-m SRTM data. Transparent colored lines show the approximate boundaries of major geological units, after 
(Hutchison 2005). G�granitic pluton of Mt. Kinabalu; U�ophiolitic basement
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Point-source focal mechanism and��nite fault 
inversion
Immediately after the Mw 6.0 mainshock, we performed 
a teleseismic waveform inversion to determine a moment 
tensor solution by the Cut-And-Paste (CAP) method 
(Zhu and Helmberger 1996). �is yielded a normal fault 
mechanism similar to solutions from global seismic net-
works (e.g., USGS and GCMT) and a centroid depth of 
13�14�km (Fig.�2a; Additional �le�1: Figure S1). �e 209° 
strike of one of the fault-plane solutions is similar to the 
trend of normal fault scarps that appear clearly in the 
nearby topography (Fig.�2b).

We also conducted a �nite fault inversion using broad-
band teleseismic body waves with a simulated annealing 
inversion algorithm (Ji et�al. 2002). We tested fault planes 
corresponding to both nodal planes of our point-source 
focal mechanism. Detailed inversion parameters and 
methods appear in the Additional �le�1.

Of the two orthogonal �nite fault models, the fault that 
strikes 209° and dips 63° �ts the data much better than 
the more shallowly dipping fault (best waveform �ts are 
shown in Additional �le�1: Figure S2). Most of the rup-
ture occurred at depths >5�km, and peak slip is <50�cm 
(Fig.� 2b, c). �us, our model predicts <3� cm of surface 
deformation (Additional �le�1: Figure S3).

Most of the seismic energy was released in the �rst 
5� s of the rupture process (Fig.� 2d). �e rupture propa-
gated unilaterally NNE along strike and had only a small 
component of updip directivity. �e unilateral propaga-
tion is evident in the seismic waveform records, in that 
the waveforms from stations located to the south show 
longer durations than those to the north (Fig.� 2e, dura-
tion highlighted by rectangles). �e northward propaga-
tion of the rupture could have increased the shaking on 
Mt. Kinabalu and thus have increased the likelihood of 
landslides and rockfalls northeast of the fault rupture.

Relocation of�aftershocks
More than one hundred aftershocks were recorded by 
the Malaysian seismic network. However, only seven are 
large enough to be included in the current global catalog 
(e.g., USGS/NEIC). �e locations of these M��� 4 after-
shocks di�er appreciably between the USGS/NEIC and 
the Malaysian catalogs (Table�1; Additional �le�1: Figure 
S4a). Since only two local stations (KKM and RNSM) 
within 50� km of the mainshock recorded these after-
shocks, we use three-component waveform records at 
these two stations to relocate the aftershocks via single 
seismic station relocation.

To constrain aftershock locations using a single station, 
we estimate the backazimuth from the P-wave particle 
motion and the epicentral distance from the di�eren-
tial travel time of S- and P-wave, assuming a modi�ed 

CRUST 2.0 layered velocity structure (Bassin 2000). �e 
backazimuth of the event is determined by rotating the 
N-S and E-W component records to the radial and trans-
verse components under the guiding principle that the 
best angle will minimize the P-wave energy on the trans-
verse component (Jurkevics 1988; Niu and Li 2011). �e 
epicentral distance is determined by the di�erential travel 
time of S- and P-wave with manually picked direct P- and 
S-wave arrival time (Additional �le� 1: Figure S5). �e 
distance is then determined by matching the di�erential 
travel time with a theoretical travel time table derived 
from the 1D velocity model, assuming these events are 
located at a depth around 13�km, which is the depth of 
the mainshock hypocenter (Fig.�2a).

We are able to relocate the mainshock and seven after-
shocks with backazimuth and distance from the single 
seismic station data. Two aftershocks epicenters deter-
mined from station RSNM are highly consistent with 
their epicenters determined from station KKM. �is 
suggests that the single station method works well in the 
Mt. Kinabalu area (Fig.�2b). �ese eight relocated events 
de�ne in a zone ~15�km���5�km, much narrower than the 
distribution determined without using the two local sta-
tions (Additional �le�1: Figure S4). �is zone is consistent 
with the strike of our best-�tting �nite fault model and 
is parallel to the generalized trend of normal fault scarps 
mapped at the surface.

ALOS-2 observation
We use L-Band ScanSAR and stripmap data acquired 
by ALOS-2/PALSAR-2 to estimate surface deformation 
associated with the mainshock. Data from descending 
track 28 and ascending track 142 (Table� 2) were pro-
cessed using the GMTSAR software (Sandwell et� al. 
2011) with the application of a 100-m Gaussian �lter. 
Overall, both ascending and descending InSAR results 
show surprisingly good coherence across Sabah�s densely 
vegetated surface (Additional �le�1: Figure S6).

Neither interferogram shows signi�cant line of sight 
(LOS) displacement of Mt. Kinabalu, which implies that 
ground deformation was no more than the noise level 
of the interferogram, ~5�cm (e.g., Lin et�al. 2010). �is is 
consistent with the ~3�cm amplitude of surface deforma-
tion predicted from our �nite fault model. Our InSAR 
results thus support our interpretation from the teleseis-
mic inversion�that the earthquake resulted from a blind 
normal fault rupture that did not reach the surface.

While the LOS displacement �elds show no appreci-
able tectonic ground deformation in the vicinity of Mt. 
Kinabalu, the interferograms contain some unusually 
large low-coherence patches on the slopes of Mt. Kina-
balu (Fig.� 3a). �ese may be the result of either radar 
overlay due to the steep topography of Mt. Kinabalu or 
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