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Abstract
SeisUK supplied a total of 10 3ESPCD seismometers for the nBOSS project, an ambitious
experiment that aimed to achieve dense passive broadband seismic coverage of the Malaysian
state of Sabah in northerrn Borneo. In addition to the SeisUK stations, the University of Cambridge
provided 20 6TD and 8 3ESPCD seismometers, and the University of Aberdeen provided 9 6TD
seismometers. Guralp also supplied a single 6TD seismometer for deployment near the summit of
Mt Kinabalu. All stations were installed in March 2018, and removed in January 2020. A sampling
rate of 50 sps was used, and the data recovery was overall greater than 95%. Some data were
compromised by the GPS roll-over issue, but appear to be successfully retrieved through retimestamping of the records after collection. The data have been archived in the SeisUK data
management system, and will soon be uploaded to the IRIS (Incorporated Research Institutions for
Seismology) Data Management Centre. Preliminary analysis of the data has occurred on a variety
of fronts, including (1) teleseismic tomography to image upper mantle structure; (2) joint inversion
of receiver function and surface wave dispersion; (3) teleseismic shear wave splitting; and (4)
ambient noise tomography. These results will be used to better understand the post-subduction
setting of northern Borneo, including the links between surface and mantle processes.
Background
Southeast Asia is one of the most tectonically active regions on Earth. The primary driver is the
convergence of Sundaland, the southern part of the Eurasion plate, with the Australian-Indian plate
(Hall, 2009). North Borneo (Sabah) lies near the northeastern edge of present day Sundaland, and
is separated from the Philippines by the Sulu and Celebes seas. During the Paleogene, the ProtoSouth China Sea was subducted beneath what is now the NW continental margin of Borneo, a
process which terminated in continent-continent collision ~15 Ma (Hall, 2013). A later phase of
northward subduction of the Celebes Sea initiated formation of the Sulu Sea backarc basin, and
appears to have terminated ~5 Ma. The two phases of subduction termination coincide with
significant uplift of northern Borneo and the emergence of unusual landforms, including the ~4km
high Mt. Kinabalu, a giant granite intrusion comprising multiple laccolith sheets that crystallised in
the crust only 7-8 Ma (Cottam et al., 2010). Unusual circular basins formed from deltaic sediments
protrude up to 1.5 km above the surrounding landscape in the southeast of Sabah (Balaguru et al.,
2003). These landforms are likely related to the post-subduction setting of northern Borneo, and
may be linked to slab detachment, lithospheric delamination or a lithospheric drip (Hall 2013).
However, the historic lack of constraints on deep structure beneath the region means that, until
now, it has not been possible to determine which mechanism is responsible.
The deployment of 48 broadband stations across northern Borneo for a period of nearly 2 years
represents an unprecedented opportunity to record local, regional and teleseismic earthquakes in
order to constrain the crust and upper mantle structure of a post-subduction tectonic setting. This
will allow important questions to be addressed, including whether there is evidence for remnant
slab material, underthrusting of continental lithosphere, delamination or a lithospheric drip; and will
help us understand the drivers of orogen collapse that, based on eathquake focal mechanisms,
GPS measurements (Sapin et al., 2013) and the presence of an offshore fold and thrust belt (Hall,
2013), appears to be taking place along the main NE-SW trending Crocker Range. Although
northern Borneo has been the subject of extensive structural mapping, geochronology,
geochemistry and petrological analysis (e.g. Hall, 2011, Cottam et al., 2013), it has not been
subjected to much in the way of geophysical data acquisition, except for limited gravity surveys and
offshore seismic reflection profiling in the search for hydrocarbons (Barckhausen et al., 2014). As
such, a dense passive seismic acquisition experiment has the potential to unravel the deep

structure beneath the region for the first time, and provide a range of new insights into the
formation of northern Borneo and post-subduction tectonic processes.
SeisUK loan 1038 was for 10 CMG-3ESPCD 60s 3-component seismometers plus peripheral
equipment (cables, GPS antennae, breakout boxes), two fieldwork laptops and a data processing
laptop. Batteries, solar panels and other installation equipment was sourced locally. These
instruments complemented 8 CMG-3ESPCD 60s 3-component seismometers and 30 CMG-6TD
30s 3-component seismometers from the University of Cambridge, University of Aberdeen and
Guralp. The complete array is shown in Figure 1, with the locations of the SeisUK instruments

Figure 1: Map showing location of the combined nBOSS seismic array in Sabah (northern
Borneo). Inset: Location of the study region with respect to southeast Asia.
highlighted. The 3ESPCDs were interspersed with the shorter period 6TDs, which allowed for good
coverage of longer period data (e.g. surface waves used in two-plane-wave tomography), which is
more sensitive to broadscale structure. The majority of funding for the project came from the
University of Cambridge, although some was supplied by NERC fellowship grant NE/RO13500/1:
“Advanced seismic instruments for challenging environments: road testing UK technology to
unravel earthquake hazard and tectonics in North Borneo”.
Survey procedure
The fieldwork was a collaborative effort between the University of Cambridge, University of
Aberdeen and our local partner the Universiti Malaysia Sabah. We conducted an initial reconnoiter
in August 2017 to scope out suitable sites, and begin the permission process with local landowners
and national parks. In the latter case, this included obtaining access to the Maliau Basin
conservation area, which is restricted access owing to its biological diversity. Research permits for

field staff were also obtained, a mandatory requirement for all international collaborators who
undertake research in Malaysia.
The 10 SeisUK instruments were first shipped to Bullard Labs at the University of Cambridge,
before being sent with all the other instruments as a single shipment to the Natural Disasters
Research Centre (NDRC), Universiti Malaysia Sabah, via Despatchpoint Ltd. All instruments were
tested in the NDRC labs prior to deployment to ensure that they were in working order. No issues
were reported.
The deployment commenced in March 2018,
and involved three teams in four vehicles,
with personnel from the University of
Cambridge, University of Aberdeen and
Universiti Malaysia Sabah. Each vehicle
followed a prescribed route, with landowners
notified in advance of the day of installation.
Sites were installed in locations where there
were no obvious noise sources, with
adequate sunlight for solar panels, and in
places where they were unlikely to be
disturbed. However, in some cases, we had
to install instruments near houses and
buildings for security reasons. Due to the
array of wildlife in Borneo (monkeys,
elephants, bears etc.) the solar panel array
and above-surface equipment was in most
cases protected by a wire mesh fence. The
basic station set-up is shown in Figure 2.
Due to the tropical setting of Sabah, there is
little in the way of outcrop, and the regolith is
too thick to allow access to bedrock. As
such, an ~75+ cm hole was dug, and a
concrete plinth was set in place with quickset concrete. The seismometer was placed
directly on the concrete, and a stout bucket
was placed upside down on top. This
prevented water ingress, and was on the
whole successful, noting that extreme
rainfall is common at these latitudes,
particularly in the monsoon season. Overall,
tilt was not an issue, although after very
heavy rain it was not unusual for the
3ESPCDs to auto-centre. The break-out box
was attached to a stake hammered into the
ground, and was sealed with plastic bags.
The battery and regulator were placed into a
weatherproof steel box mounted underneath
the solar panel. Where feasible, connecting Figure 2: Basic set-up for an nBOSS seismometer
cables were shielded using strong nylon installation.
hoses. We found that this set-up worked well in harsh tropical environments, and would
recommend it to others.
During installation, all relevant details were recorded onto an installation sheet, which was later
scanned and archived. Over the course of the next 22 months, the instruments were serviced twice
prior to removal in January 2020. As shown in Figure 1, several stations were located on sand
islands in the South China Sea; these were accessed via high speed motor launches. We also
installed two sites very close together in the Maliau Basin – one inside and one outside – in order
to assess whether we can detect a strong contrast in seismic structure beneath. Two sites were
also installed close together on Mt. Kinalabu – one near the top (~3300m) and one near the

bottom. The instrument near the top required an overnight trek, with all equipment carried by the
installation team and porters. In this case, the data were live-streamed over the 4G network.
Data from the 10 SeisUK stations have been archived in the SeisUK data management system,
while the complete dataset will be archived at the IRIS DMC, with network code YC (2018-2020) see https://www.fdsn.org/networks/detail/YC_2018/.
Data quality
The data quality is better than expected, when one considers the challenges faced during the
deployment. The need to install the instruments in places that could be monitored by the
landowner meant that anthropogenic noise, particularly during the day, was noticeable.

Figure 3: Example of a magnitude 8 earthquake from Peru (2019-05-26) recorded by the SeisUK
instruments used in the nBOSS array. Vertical component waveforms are shown.
Furthermore, the very heavy rain coupled with installation in thick regolith meant that there was a
correlation between rainfall and increased levels of noise. We also found that in the southeast
region of Sabah, which is underlain by very thick sediment, earthquake waveforms could be very
complicated, likely due to local scattering effects, and ambient noise cross-correlations likewise
could be difficult to interpret due to the presence of multiple wave packets. However, as the
teleseismic data example of Figure 3 shows, the data is very usable. While this is admittedly a
large magnitude event, Figure 4 shows a vertical component Probabilistic Power Spectral Density
(PPSD) plot for a SeisUK 3ESPCD (SBA8) and a 6TD (SBA9, which lies immediately east of

SBA8) for the month of February
2019. At longer periods, the 3ESPCD
is clearly a better performer, although
the noise levels of both instruments is
more than adequate for the types of
analysis that will be undertaken with
the data.
Figure 5 shows the data return plotted
as a function of time for the SeisUK
3ESPCDs. Stations SBA2, SBA4 and
SBD2 all had issues with the GPS
rollover problem. While data was
recorded after this date and retimestamped using software provided
by Guralp, we are in the process of
running careful tests to ensure that the
time corrections are valid. Several
stations, such as SBA6 and SBD2,
had power issues which caused them
to cease recording prior to the pullout.
SBD6 and SBD8 also had intermittent
power issues towards the end.
Processing and modelling
1. Teleseismic tomography: During the
course of the deployment, a total of
570 high quality distant events were
recorded (magnitude >5.2) that were Figure 4: Vertical component PPSD plots for the month
of sufficient quality for use in P-wave of February 2019 for (a) station SBA9 (6TD) and (b)
teleseismic tomography. Figure 6 station SBA8 (3ESPCD). Red lines indicate the upper
shows the azimuthal distribution of period bound of the instrument response (30s for 6TD
events; while there are concentrations and 60s for 3ESPCD), and grey lines denote the high and
of events to the NE and SW, the low noise models of Peterson (1993).
overall distribution is
expected
to
be
sufficient to produce a
well
resolved
Vp
model of the upper
mantle.
Figure
7
shows an arrival time
residual plot for a
single event, which
was
obtained
by
aligning the P-wave
records using ak135,
and then applying
adaptive
stacking
(Rawlinson
and
Kennett, 2003) to
optimally align the
waveforms;
the
relative time shifts at
each station reflects
the
presence
of
lateral heterogeneity Figure 5: Data availability of the 10 SeisUK stations. Black bars indicate
in the crust and <9s data gaps, red bars indicate <10s overlap (fixed with post-processing).
mantle beneath. Peak residuals in this case are up to 1.5 s, which indicate the presence of strong

heterogeneity. FMTOMO (e.g. Rawlinson
et al. 2016) has been used to obtain
preliminary models of 3-D Vp structure,
which reveal the presence of what
appears to be a detached slab beneath
NW Sabah; further refinement is required
prior to publication.
2. Receiver function inversion: The
distribution of teleseismic events is also
well suited to receiver function inversion.
Here, we apply the inversion method
described in Gilligan et al. (2014), where
fundamental mode Rayleigh wave
dispersion data from a regional reference
model is included to help regulate
absolute velocity, which is poorly
constrained by receiver function data.
Figure 8 shows the result from station
SBA8 using various relative weightings
between the receiver function and
dispersion data (a lower value means the
Figure 6: Distribution of distant earthquakes suitable
receiver function fit becomes more
for use in teleseismic tomography.
dominant in the recovery). The Moho in
this case appears to be at a depth of
around 30 km. Combining results from all
stations shows evidence of underthrusting
of the Dangerous Grounds Block beneath
NW Sabah, which is related to continental
collision
and
subsequent
slab
detachment.
3. Teleseismic shear wave splitting: This
is carried out using core-refracted phases
(SKS, SKKS and PKS) generated by
distant earthquakes of magnitude > 5.7.
Initial results demonstrate that there are
significant variations in the strength and
orientation of the anisotropic signals over
short length scales, suggesting that there
are strong lithospheric controls on
anisotropy. Figure 9 shows an example of
a shear wave splitting result for station
SBA8, which produces an estimate of Figure 7: Teleseismic P-wave arrival time residuals for
delay time and orientation of the fast axis an event in the SW Pacific.
of anisotropy.
4. Ambient noise tomography: The dense
seismic array shown in Figure 1, coupled
with a total recording time of ~22 months,
means that we are well placed to
undertake ambient noise imaging using
the nBOSS dataset. An example of a
cross-correlation function and phase
dispersion curve, extracted using the
method of Benson et al. (2007), is shown
in Figure 10. As noted previously, crosscorrelations extracted from this dataset

Figure 8: Receiver function inversion result for SBA8.

can be complicated, and
include multiple energy
packets that make clean
dispersion
curves
challenging to generate.
This may be due to
sources of noise within the
array
caused
by
reverberations in the thick
sedimentary basins that
characterise
central
Sabah. However, further
work will be required to Figure 9: Example of a shear wave splitting analysis of an SKS
better establish the root phase recorded at station SBA8. The optimum delay time (~0.75 s)
cause of these data and orientation of fast axis of anisotropy (~72o) is denoted by a blue
artifacts.
A
2-stage cross on the right-most panel.
transdimensional
tomography technique (e.g. Crowder et al.,
2021) will be used to obtain a 3-D Vs
model from the phase dispersion data.
This involves obtaining a series of perioddependent phase velocity maps, creating
pseudo dispersion curves across a dense
grid of points, and then inverting for local
1-D Vs models which are then collated into
a single pseudo 3-D Vs model.
Interpretation to date and preliminary
findings
Results to date are preliminary, which
means that we are reluctant to provide
detailed interpretations, since they may
change with additional refinement of the
processing and modelling workflows.
However,
our
initial
teleseismic
tomography results show evidence of a
NE-SW oriented positive wavespeed
perturbation in NW Sabah that becomes
visible at ~300 km depth. We interpret this
as evidence of oceanic lithosphere of
proto-South China Sea origin that has
detached during collision of the Dangerous
Grounds Block (DGB) and Sundaland. Figure 10: Example of a cross-correlation (top) and
Indeed, the preliminary receiver function phase dispersion curve (bottom) extracted from
inversion results show evidence of a continuous recordings at stations SBA2 and SBD2.
shallow dipping structure in the uppermost mantle above, which may be remnants of the
underthrust DGB. There is no evidence in the teleseismic tomography results for an apposing slab
from the Celebes Sea, as postulated by Hall (2013); while this may be a data coverage issue, we
instead see evidence for slab detachment and possible formation of a lithospheric drip, but further
work is required to establish whether this is a robust feature of the model.
From the receiver functions, we have also generated a preliminary Moho map of northern Borneo.
Maximum crustal thickness of 50 km occurs beneath the Crocker Range, while the thinnest crust
(< 30 km thick) is beneath the northeast just inboard of the Sulu sea. This Moho map is a first-ofits-kind for northern Borneo, although further refinement and testing of its robustness is required
before publication.
Initial teleseismic shear wave splitting results reveal fast axes of anisotropy oriented parallel to the
strike of the Crocker Range in the NW, but further east, the pattern develops a more easterly

orientation, which is consistent with current plate motion. Peak delay times are as high as 2.4 s.
Ambient noise tomography results are still in a nascent state, due to the extra time required to
extract robust phase dispersion information from potentially complex cross-correlation functions.
Very preliminary inversions reveal elevated phase velocities beneath the Crocker Range, and
significantly lower velocities beneath the interior of Sabah, which is characterised by very thick
sedimentary sequences.
Further work with the data will include the application of two-plane wave tomography, teleseismic
body wave coda wave interferometry, and the seismo-tectonic analysis of local earthquakes
recorded during the deployment, particularly in the region around Mt. Kinabalu and the southwest
of Sabah, two regions with historically elevated levels of seismicity.
Conclusions, recommendations and location of the archived dataset
From March 2018 to January 2020, we operated a dense network of 48 broadband seismometers
in the Malaysian state of Sabah in northern Borneo. 10 of these stations were supplied by SeisUK.
The new passive seismic dataset has demonstrated significant potential towards achieving a better
understanding of the post-subduction tectonic setting of this region. In particular, teleseismic
tomography and receiver functions suggest the presence of a detached oceanic slab beneath NW
Sabah, overlain by remnants of under-thrust continental crust emplaced during an orogenic
episode in the Neogene. This scenario would help explain the uplift an exhumation that lead to the
emergence of Mt Kinabalu. Shear-wave splitting results are orogen parallel in the neighbourhood
of the Crocker Range, suggesting anisotropy frozen-in during formation, though a contribution from
contemporary mantle flow related to descent of remnant slab material cannot be ruled out. While
we have no specific recommendations, the success of our installation method (Figure 2) in
achieving good data return in a harsh tropical environment (high rainfall, deployment on
unconsolidated regolith, huge variety of wildlife) means that it is worth considering when deploying
SeisUK instruments in similar settings. Data from the 10 SeisUK stations have been archived on
the SeisUK data management system, while the complete dataset will soon be archived at the IRIS
DMC.
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Table of instrument deployment details
Station ID

Latitude (oN)

Longitude (oE) Altitude (m)

Sensor serial Digitizer
number
serial number

SBA2

4.43506

115.74560

1019

T31950

C3755

SBA4

4.45879

116.58977

216

T39092

C3750

SBA6

4.51025

117.30176

88

T34903

C608

SBA8

4.43208

118.09522

156

T34589

C036

SBC2

5.24880

115.69165

6

T39119

C3747

SBC8

5.32373

118.04523

25

T34752

C026

SBC9

5.19098

118.94610

74

T36443

C1398

SBD2

5.67735

116.03960

4

T39151

C3752

SBD4

5.66416

116.87691

300

T34976

C604

SBD6
5.68750
117.65900
32
T39152
Note: All instruments are Guralp CMG-3ESPCD 60s seismometers.

C3753

