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Abstract Subduction polarity reversal (SPR) is a key subduction initiation mechanism often associated
with arc-continent collision zones. Northern Borneo has long been recognized as a location where sequential
but opposing subduction zones were present in the Miocene, but has not been examined in the context of SPR.
Here, we exploit teleseismic data from northern Borneo to investigate crustal thickness variations using Virtual
Deep Seismic Sounding (VDSS). Our results reveal a thick crustal root beneath the Crocker Range and an area
of relatively thin crust in the southeast, which appears to extend northeast into the Sulu Sea, where back-arc
rifting behind the younger subduction zone developed. Overall, our findings are consistent with predictions
from numerical models of SPR involving arc-continent collision, but with several important differences—
including a substantial mountain range and more limited back-arc rifting that can be attributed to northern
Borneo being an example of SPR involving continent-continent collision.

Plain Language Summary Northern Borneo lies in the heart of Southeast Asia and was

assembled by a complex series of tectonic events over the last 40 million years. Principle among these was

the subduction of the Proto South China Sea plate beneath its northwest continental margin, which ended in
continent-continent collision. Subduction of the Celebes Sea plate in the southwest followed, which terminated
~9 million years ago. In this study, we exploit seismic data collected in northern Borneo to construct a new
crustal model of the region, that robustly constrains the crust-mantle boundary. We find that crustal thickness
variations are consistent with a subduction polarity reversal (SPR) event induced by continent-continent
collision, with thicker crust underlying the collision zone and thinner crust related to extension driven by retreat
of the younger subduction zone. Our results have important implications for the study of SPR and subduction
initiation and the processes that influence post-subduction tectonic settings.

1. Introduction

In the last decade, subduction initiation (SI) has become firmly established as one of the most exciting and
rapidly developing fields of modern plate tectonics thanks to improved observations, more realistic geodynamic
modeling and more focused laboratory experiments (Stern & Gerya, 2018). Subduction polarity reversal (SPR),
a compression-induced form of SI in which intra-oceanic subduction is followed by collision, subduction termi-
nation, slab break-off, initiation of subduction of opposite polarity behind the collision zone, orogen collapse and
back-arc spreading driven by roll-back, has become a particular focus of the geodynamic modeling community
in the last few years (e.g., Almeida et al., 2022; Stern & Gerya, 2018; Wang et al., 2022; Yang, 2022). Typical
models are 2-D and involve arc-continent (Wang et al., 2022) or oceanic plateau-continent collision (Almeida
et al., 2022). Type examples of these collision styles that can be used to validate numerical modeling results
include the Andaman Arc, Banda Arc, Kamchatka Orogen, and Taiwan Orogen. Useful constraints can also be
found in the geological record; for instance, Gasser et al. (2022) study the Laurentian Iapetus margin and find
evidence for all key stages of SPR from a detailed petrological analysis of Ordovician outcrop. Although SI is
largely thought to be compression-driven, numerical modeling suggests that slab break-off can induce mantle
flow, which can cause back-arc lithosphere to rupture and be pulled down into the mantle (Wang et al., 2022).

Northern Borneo, which incorporates the Malaysian state of Sabah, hosts two opposed subduction systems that
sequentially terminated in the Miocene (e.g., Hall, 2013; Hall et al., 2008; Hutchinson et al., 2000; Tongkul, 2017).
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Figure 1. Map of the study area. Magenta triangles show seismic stations from northern Borneo Orogeny Seismic Survey
and MetMalaysia networks. Green diamonds denote geochemical dating locations relevant to this study. Top-left inset shows
the SE Asia region with Malaysia in green and Sabah highlighted by a black rectangle. DGB, Dangerous Grounds Block;
NWBT, NW Borneo Trough; FTB, Fold and Thrust Belt; MK, Mt. Kinabalu. The bottom panel is a schematic illustration of
the tectonic evolution of northern Borneo that is consistent with Hall (2013).

Subduction of the Proto-South China Sea (PSCS) beneath NW northern Borneo began in the Eocene and ceased
in the Early Miocene when continent-continent collision between the Dangerous Grounds block (see Figure 1)
and the western margin of northern Borneo occurred (Hall & Breitfeld, 2017). Subsequently, NW subduction of
the Celebes Sea beneath the Sulu Sea began around 21 Ma and terminated at ~9 Ma (Lai et al., 2021).

Due to its complex geology being masked by tropical vegetation and limited constraints on deep structure, the
Neogene evolution of northern Borneo remains controversial, with explanations ranging between predominantly
compressional (Morley & Back, 2008; Morley et al., 2011; Tongkul, 1994, 1997) and extensional tectonics
(Hall, 2013; Pilia, Davies, et al., 2021). However, no study has yet considered the tectonic evolution of northern
Borneo in the context of SPR and the typical sequence of events it entails. With the recent completion of the
northern Borneo Orogeny Seismic Survey (nBOSS) seismic experiment in northern Borneo, new data are now
available that can help determine whether this may have occurred.
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Figure 2. (a) Seismic source distribution (red dots) in the epicentral distance range 30°—50° from which earthquake data were extracted. (b) Schematic ray diagram
illustrating the main phases used during the Virtual Deep Seismic Sounding analysis. (c) Stacked waveform data example from a station in northern Borneo with the Ss
and SsPmp arrivals highlighted in black and blue, respectively. The precursor Sp phase and reverberatory SsPmsPmp are highlighted in gray.

In this study, we utilize nBOSS teleseismic waveform data to estimate Moho depth variations beneath north-
ern Borneo by exploiting a recently developed passive seismic method called Virtual Deep Seismic Sounding
(VDSS), initially proposed by Tseng et al. (2009). We followed and implemented the method as in Thompson
et al. (2019) and Pilia, Ali, et al. (2021) to obtain estimates of crustal thickness beneath northern Borneo. Our
primary aim in this study is to assess whether crustal thickness variations appear consistent with SPR induced by
continent-continent collision, as determined by numerical modeling and other observational studies.

2. Virtual Deep Seismic Sounding

We exploit waveform data recorded by 45 broadband stations of the nBOSS temporary seismic network and 20
broadband stations operated by MetMalaysia (Pilia et al., 2019)—see Figure 1 for locations. In total, 294 earth-
quakes with magnitudes >5.0 in a 30°-50° epicentral distance range from the station (Figure 2a) are used. VDSS
focuses on the SsPmp phase, originating from an S-to-P conversion at the free surface. The converted P-wave
then travels downwards and undergoes a wide-angle (post-critical) reflection at the Moho before impinging on a
seismic station (Figure 2b). The difference in arrival time between the SsPmp phase and the Ss phase (T,  5,)
provides an estimate of the Moho depth through the following equation:
2 2\1/2

Tspmp-ss = 2H (V,-pj) (L
where H is the crustal thickness, V), is the average P-wave speed in the crust, and p, is the ray parameter, which
is determined using the known source-receiver geometry and the ak135 velocity model (Kennett et al., 1995).

The first step in preparing a VDSS trace is to isolate the SsPmp phase from its event waveform. This involves
windowing data around the S-arrival time generated by a teleseismic source, using predictions from ak135.
The instrument response is then deconvolved from the raw data before applying a second-order zero-phase
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Butterworth bandpass filter with 0.05 and 0.5 Hz corner frequencies. The horizontal components are then rotated
into radial and tangential components (Thompson et al., 2019). In order to remove source-side scattering effects,
we applied the source normalization method of Yu et al. (2013), which allows the use of all seismic events within
the prescribed epicentral distance range regardless of focal depth.

Next, the vertical and radial component traces are rotated into pseudo-S component traces (Parker et al., 2016;
Thompson et al., 2019), an estimate of the shear wave source wavelet, which is then deconvolved from the vertical
and radial component of the waveform using an extended-time multitaper approach (10 s sliding window, 75%
window overlap, 3 Slepian tapers; Helffrich, 2006), which helps to isolate the SsPmp impulse response. The
resulting vertical component VDSS traces are visually inspected and retained if: (a) the SsPmp phase is clearly
visible; (b) a prominent direct Ss arrival and precursor sP can be detected; and (c) ringy or oscillatory signals are
absent. Finally, we use the seismic model from a joint receiver function (RF) and surface wave inversion analysis
(Pilia, Davies, et al., 2021) to produce synthetic seismograms and get the predicted travel time of the SsPmp phase
for different slownesses at each station. Traces are retained if their SsPmp arrival (at the first zero-crossing in our
case) falls within 4-seconds before or after the zero-crossing of the synthetic SsPmp phase arrival. S-wave veloc-
ities estimated beneath each station (see Figure S1 in Supporting Information S1) obtained from the RF analysis
are converted to P-wave velocities using the empirical relation devised by Brocher (2005), which allows us to esti-
mate bulk velocity V,. Finally, we perform a time-to-depth migration of each VDSS trace based on Equation 1.

In this study, the SsPmp phase is observed across the range between 14.2 and 15.7 s/deg, which delivers a clear
post-critical reflection of the P-wave at the Moho, but also a phase shift and moveout (see Figure S2 in Supporting
Information S1). Liu et al. (2018) analyzed other potential limitations of the VDSS method, and concluded that
the SsPmp arrival time could be affected by several conditions, including (a) variation in the P-wave velocity of
the lower crust and upper mantle, (b) lateral heterogeneity in the crust and upper mantle, (c) near-surface velocity
at the virtual source, and (d) the presence of a gradational crust-mantle boundary. Liu et al. (2020) performed
synthetic tests with 2D models, and found that the SsPmp phase (travel time, phase shift, and amplitude) can also
be affected by lateral variations in lithospheric seismic structure. Thompson et al. (2019) also tested several limi-
tations inherent to VDSS and showed that when armed with a relatively large number of sources characterized by
a good slowness coverage, stacking of the VDSS waveforms can average out any bias that the phase shift might
introduce. Their study also showed that the effect of phase shift can be removed by calculating the envelope func-
tion of individual VDSS traces; however, they found that the zero-crossing proxy and envelope function results
are consistent when a good slowness coverage is present, as it is in our case.

There are two main approaches for obtaining final crustal thickness results from VDSS. One (method A) is to
consider depth-to-Moho estimates from every single trace at the reflection point of the Pmp leg located at the
base of the crust (e.g., Matchette-Downes et al., 2019; Tseng et al., 2009; Yu et al., 2016). This approach has
the advantage of considering the crustal thickness at the reflection location and is often favored when a small
number of seismic sources are used; however, the zero-crossing proxy would overestimate the crustal thickness
at low slowness and vice-versa for high slowness. Another way (method B) is to stack all available VDSS traces
to produce a final VDSS trace from which crustal thickness beneath a station is estimated from the SsPmp
zero-crossing (Pilia, Ali, et al., 2021; Thompson et al., 2019). This has the advantage of mitigating the phase-shift
effect, averaging out errors caused by lateral velocity heterogeneity, and boosting the SNR of the SsPmp phase.
However, this comes at the expense of lateral resolution since the footprint of the single station measurement
extends radially outwards to encompass every Pmp reflection point. We apply both methods A and B to our tele-
seismic waveform data from northern Borneo, and jointly consider the results.

3. Results

Figures 3b and 3d illustrate the final Moho-depth map of northern Borneo obtained using VDSS methods A and
B, respectively, which reveals several alternating thin and thick crustal bands, with depths ranging between 20
and 45 km. The good consistency between our results and those from the receiver functions (Figure 3c), which
involves a near-vertical incidence Ps phase and associated reflections and mode conversions, suggests that the
effect of lateral heterogeneity in the mantle appears to be minimal in our case. To confirm this, we followed the
approach of Yu et al. (2016). For each source-receiver pair, we calculated the relative S-wave arrival time residual
of the direct Ss phase before extracting the Ss leg of the SsPmp phase at the virtual source location. The difference
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between the two arrival-time residuals (Af) is used to adjust the Tgp o o travel time, thus mitigating the effect
of mantle heterogeneity located between and beneath the virtual source and the receiver. For northern Borneo,
we used the S-wave relative arrival-time residuals from Pilia et al. (2022). The average difference between the
VDSS traces obtained using method B with and without the incorporation of the calculated Az is 1.6 + 0.5 km,
which is relatively small and within an acceptable error range. These findings suggest that the influence of mantle
heterogeneities in our results would be minimal (see Figure S3 in Supporting Information S1), and are supported
by the similarity between Figures 3b and 3d, as noted previously.

The joint RF and surface-wave inversion works well in many parts of northern Borneo but proved challenging in
the east due to extensive sedimentary basins and the presence of shallow ophiolite cover. The higher frequency
content (e.g., 0.05-2 Hz) used by RFs appears to be more contaminated by short-period noise and reverberations
such that primary phase Ps is not easily identifiable (Figure S4 in Supporting Information S1). For VDSS, the
SsPmp phase recorded in eastern Sabah is more discernible due to the low-frequency content inherent to the
method (0.05-0.5 Hz), which suppresses undesirable signals arising from small-scale intra-crustal structures
(Figure S5 in Supporting Information S1).

We choose to show our crustal thickness results assuming that Moho depth estimates are defined at the Pmp
reflection points using method A (Figures 3a and 3b) and beneath the stations using method B (Figure 3d). When
compared to crustal thicknesses derived from RF analysis (Figure 3c) and inferred from the shear wave velocity
structure (Greenfield et al., 2022), all four results appear broadly consistent (e.g., Figure 3e), showing roughly
similar Moho depth patterns. As such, we do not particularly favor one VDSS model over the other since they
both exhibit the first-order features we interpret. However, VDSS has the advantage of obtaining robust depth
estimates in the east, where a clear Moho was absent in the RF results (see Figure 3¢ and Figure S6 in Supporting
Information S1). The robustness of the VDSS results was investigated by constructing Moho maps using the
mean SsPmp reflection points as the depth measurement location for different subsets of events (see Figure S7 in
Supporting Information S1). We also vary the input crustal velocity model used for the depth-migration of each
VDSS trace by adding random noise (Figure S8 in Supporting Information S1). Overall, our analysis suggests that
the features that we interpret are well-constrained by the data.

The most abrupt deflection of the Moho inferred by our results appears to coincide with the Crocker Range,
where crustal thickness estimates exceed 40 km in places (Figure 3b and 3d). This observation suggests that
folding and thrusting due to continent-continent collision between western Sabah and the Dangerous Grounds has
produced a thicker crust with a substantial root beneath the mountain belt along the western coast. The Crocker
Range is characterized by a Bouguer gravity low (Holt, 1998), indicating that the topography of the mountain belt
could be nearly or fully compensated by the crustal root. We further test the state of isostatic compensation by
comparing our seismically constrained Moho depths with predictions from an Airy model assuming densities of
1,030, 2,800, and 3,300 kg m~3 for water, crust, and mantle, respectively, and using topography data from model
SRTMO0 (see map in Figure S9 in Supporting Information S1). We also assume a crustal thickness of 35 km prior
to continental collision. Figure 3e indicates that the calculated Airy Moho and the observed seismic Moho beneath
the Crocker Range are roughly comparable, suggesting that the mountain belt may be isostatically compensated.
By assuming the densities and zero-elevation crustal thickness described earlier, the Airy model would imply a
shortening of about 22% for an average elevation of the Crocker Range of approximately 1,500 m. An important
observation is the landward (SE) lateral offset of ~30 km between the topographic load and the maximum crustal
thickness, also observed for example, in the Zagros (Paul et al., 2006), United Arab Emirates-Oman Mountain
range (Ali et al., 2020; Pilia, Ali, et al., 2021) and European Alps (Kummerow et al., 2004). It is possible that the
topographic load flexed the lithosphere down, and a localized mechanical weakness in the crust may have caused
a steepening of the Moho away from the location of the maximum load. Immediately offshore to the west of the
Crocker Range on the continental shelf, the crust is significantly thinner, a result largely compatible with Moho

Figure 3. Moho depth maps of northern Borneo. (a) Virtual Deep Seismic Sounding (VDSS) reflection points are plotted as circles and color-coded by Moho depth.
(b) Final Moho depth map produced from the interpolation of crustal depths at reflection points (method A), as shown in panel (a). (c¢) Moho depth map from receiver
function study presented in Pilia, Davies, et al. (2021). (d) Moho depth map produced from the interpolation of crustal depths (obtained from stacked VDSS traces)
assumed to be below the stations (method B). (¢) Elevation and Moho depth cross-section profiles taken from A to B. Green diamonds show the location of ophiolites
of Late Miocene age, as inferred by Tsikouras et al. (2021). The white triangle denotes Mt. Kinabalu (4,095 m). Thin black lines in panels (b—d) are depth-to-Moho
contours drawn every 5 km. Black-filled circles in panel c represent seismic stations where it is challenging to robustly estimate Moho depth using receiver function.
Thick NE-SW black lines in panels (b—d) show the cross-section profiles shown in panel (e). Panels (c and d) include a mask to indicate where the Moho is less well
constrained. GMT's “surface” routine, which utilizes splines under tension, was used to achieve a smooth interpolation in panels (b—d) (Wessel et al., 2019).
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Figure 4. A sketch of the subduction polarity reversal induced tectonic evolution of northern Borneo (adapted from
Hall (2013) and Tsikouras et al. (2021)). A and C represent areas of relatively thick crust, while B and D represent areas of
relatively thin crust. The triangles represent active (Sulu Arc) and inactive (remnant, submerged) volcanic arcs.

depth inferences made from offshore active seismic methods (Franke et al., 2008). To the southeast, variations in
Moho depth do not appear to correlate with the topography, which may be due to a combination of their wave-
length and lack of isostatic equilibrium, given the relatively recent cessation of Celebes Sea subduction.

4. Discussion

A significant result that emerges from this study is the area of thin crust in central Sabah (crust B in Figure 4),
with a strike similar to the Crocker Range and NW margin of Sabah. The thin crust is wider at the northeast coast
and appears to continue offshore into the Sulu Sea. New radiometric data from Tsikouras et al. (2021) indicate
that the chemical signature of the Telupid ophiolite represents that of a narrow oceanic basin. The zircons from
the ophiolite are Miocene in age (~9.2-9.5 Ma), consistent with the timing of back-arc extension induced by slab
roll-back of the Celebes Sea. Intriguingly, the area of thin crust inferred by our results correlates with the mapped
exposure of the Telupid ophiolite and the zircon samples analyzed by Tsikouras et al. (2021). We interpret this
area of thin crust as evidence of Miocene extension tectonics likely related to the same back-arc extension that
formed the Sulu Sea. Brun et al. (2016) suggest that an acceleration in trench retreat in the Aegean changed the
region's extension mode from localized to distributed. Northern Borneo might have experienced a similar episode
during a period of rapid trench roll-back of the Celebes Sea starting ~16 Ma, as suggested by Hall (2013). During
this time, extension in the Sulu Sea may have propagated to the SW, thus forming the areas of thin crust we
observe in Sabah.
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In the eastern half of Sabah, the Moho depth map reveals an alternating thick and thin crustal pattern (Figure 3b).
Despite being narrower than the thick crust labeled A in Figure 4, crust C similarly displays Moho depths of more
than 40 km along its strike (see Figure 3d). Further southeast, the thin crust that underlies the Tawau area (crust D
in Figure 4) could also have resulted from back-arc extension. This is consistent with extensional tectonics, where
strain localization produces thinner crust between thicker and presumably more resistant blocks, somewhat akin
to the style of crustal-scale boudinage observed in the Aegean (Jolivet et al., 2004).

The overall pattern of crustal thickness variations determined in this study is consistent with SPR induced by
continent-continent collision. In this scenario, intra-oceanic subduction of the PSCS leads to the continent-continent
collision of the Dangerous Grounds Block and northern Borneo, which gives rise to the Crocker Range, the root
of which is clearly revealed in Figure 3. This is followed by slab break-off, with recent tomographic images
from nBOSS data (Pilia et al., 2021a, 2022) showing clear evidence for PSCS slab remnants in the upper mantle
and initiation of Celebes Sea subduction. Roll-back of the Celebes Sea slab produces rifting in the back-arc
that goes on to form the Sulu Sea in the northeast, but only causes localized extension in northern Borneo (see
Figure 3) owing to the presence of continental crust. This entire sequence of events took place over a period of
<20 million years, which is comparable to the Laurentian SPR episode discussed by Gasser et al. (2022) and the
2-D SPR numerical simulation of the Solomon back-arc basin by Wang et al. (2022). The continent-continent
collision-induced SPR in northern Borneo sets it apart from observations and numerical models of arc-continent
and arc-plateau collision (e.g., Almeida et al., 2022; Gasser et al., 2022; Hagke et al., 2016; Stern & Gerya, 2018;
Wang et al., 2022) in several ways, including localized back-arc rifting of continental crust and a more substantial
mountain range.

5. Conclusions

Based on our new crustal model and other recent geochemical and seismic imaging work, our primary findings
are that northern Borneo appears to be a strong candidate for SPR induced by continent-continent collision. Crus-
tal thickness variations are consistent with the sequence of events that typically accompany SPR and the duration
of the entire episode (~20 Myr) is in line with findings from other observational and numerical studies. One
break with the current understanding of SPR is that substantial portions of continental lithosphere collided, which
likely explains the localized extension in the back-arc of the younger subduction system within northern Borneo,
compared to the formation of the Sulu Sea further to the northeast. These new findings are highly relevant to
those who study Southeast Asian tectonics, SI, and in particular the rapidly evolving field of SPR, where to date
observations and numerical modeling have been limited to (arc-or-plateau)-continent collision.

Data Availability Statement

The filtered and sliced waveform data (VDSS traces) for northern Borneo seismic stations can be downloaded
from https://doi.org/10.5281/zenodo.6872172. Data analysis was carried out using C Shell and Python (3.7).
The following Python packages were used: ObsPy (1.2.2, Beyreuther et al., 2010) and Numpy (1.21.3, Harris
et al., 2020). Data visualization performed using Generic Mapping Tools (6.0, Wessel et al., 2019) and Matplotlib
(3.4.3, Hunter, 2007).
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