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Abstract

As a proxy for long-term lithospheric strength,alletd information on lateral effective elastic
thickness ) variations can aid in understanding the distidrupattern of surface deformation and
its response to long-term forces. Here we presghtiesolution maps of spatial variationsTgfor
the complex SE Asian region by analyzing the cammeof topography and Bouguer gravity
anomaly data. We find that after considering ttaity deficit of less dense sediment, the recovered
Te maps are more representative of the geology,cpiatiy in elongated rift basins. The results
show that th@, variation pattern in SE Asia, in general, agreel with its tectonic provinces and
major tectonic boundaries. The oceanic basinsinith@sinian suture zones between the Indochina
and Sibumasu blocks, and the Makassar Strait amacterized by low,, while moderate and high
Te values are recovered in the Khorat plateau, Wesing, the Singapore Ridge, the Con Song
Swell, Borneo, the northern Australian margin anel Molucca Sea. Th& pattern in the south
Indonesian margin is complicated by the approachcatiision of oceanic plateaus and seamounts
with the fore-arc region. The heterogeneous strefightures are consistent with the complex
assemblage of different tectonic units, and sigaift deformation during Cenozoic tectonic events.

In the Indochina Peninsula, the extruded displaceohering the India-Eurasia collision might have
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been partitioned and absorbed by the combined mésrhaof the extrusion and viscous tectonic
models. As a result, the offshore displacementsemajor strike-slip faults in the South China Sea
are much smaller than originally assumed, thusrigahass effect on the development of the South
China Sea than other mechanisms such as the dlabf fihe proto-South China Sea. Since the
displacement driven by the boundary tectonic foittes been greatly absorbed and decreased by
subduction and deformation in the active margirsadjacent weak regions, the motion velocity of
the interior regions is greatly lower than the badany active margins, and they are largely free of
seismicity and volcanism. Our results suggest Eedt Borneo might share a similar crustal
basement, and represent a broad tectonic zone deitroyed Meso-Tethys Ocean extending from
West-Middle Java, through East Borneo to northeomnBo of the Sarawak and Sabah. The
Indosinian zones between the Indochina and Sibumlasis might extend further southeastward
across Billiton Island to offshore of southern Besnand the Singapore platform and SW Borneo
might belong to the same block. The results alswghat the internal load fractidnis high in the
coastal area of South China, the northern margith@fSouth China Sea, and the coastal area of
Indochina, which, in general, agrees with the dhigtion of a high-velocity lower crustal layer and

Late Cenozoic basaltic rocks.

Keywords: effective elastic thickness; spectral methodkpBphere structure; Southeast Asia;

Continental deformation

1. Introduction

Mechanical properties of the lithosphere are ahariy importance in controlling its response
to long-term forces and, therefore, the temporaldion and spatial configuration of the
lithosphere (e.g., Tassara et al., 2007; Burov,1p0ithospheric strength can be measured by
analyzing the resistance to vertical deformatiak{>ear), which can be parameterized as flexural
rigidity or, equivalently, its effective elasticithness, T, (Watts, 2001). The effective elastic
thickness corresponds to the thickness of an kghlelastic beam or plate that would bend
similarly to the actual lithosphere under the sampelied loads (Watts, 2001), and primarily
depends on parameters of power law creep, i.epemature, crustal thickness, fluid, lithologic

variations, and to a lesser degree strain rateofBand Diament, 1995; Lowry and Smith, 1995;
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Ranalli, 1997). Therefore, although does not represent an actual depth to the bagheof
mechanical lithosphere, it could provide importiasight into its rheology and state of stress, and
could be used to improve our understanding of¢tegtionship between tectonic styles, distribution
of earthquakes and lithospheric rheology in variteitonic settings (Lowry and Smith, 1995;
Tassara et al., 2007; Pérez-Gussinyé et al., 2007).

Southeast Asia (SE Asia), located in the southsagtart of the Eurasian Plate (Fig. 1),
comprises a complex assemblage of allochthonousneortal fragments, volcanic arcs, suture
zones and marginal oceanic basins (e.g., Metc0fel ; Hall, 2012). It is bounded by tectonically
active margins which exhibit intense seismicity anttanism. On the contrary, the interior of SE
Asia is largely free of seismicity and volcanismowver, this tectonically quiet feature does not
mean that the interior of SE Asia is a single hoemapus block (Hall and Morley, 2004; Takemoto
et al., 2009; Yang et al., 2015). Therefore, a hegolution spatial variation map &f is necessary
for understanding the tectonic formation variatiearthquake distribution, stress and strain transfe
and examining the different dynamic models propdseeixplain large-scale tectonic structure in
SE Asia (e.g., Tapponnier et al., 1982; Englandodseman, 1986). Since the strength contrast
between different lithospheric domains could cdrttre localization of deformation in response to
tectonic forces (Tassara et al., 2007), a highhutisa T, map might provide some valuable clues of
the extension of block boundaries in regions whéhain understudied due to difficulty of access,
vegetation and climate (Hall and Spakman, 2015).

Spectral methods are one of the most commonly nmethlods to calculate the effective elastic
thickness(Kirby, 2014). The cross-spectral analg$igravity anomalies and topography permits
assessment of the nature of isostatic compensatibim a region, and has been widely applied to
the estimation of lithospheric elastic effectivickmess over a wide range of tectonic environments
(e.g., Lowry and Smith, 1995; Swain and Kirby, 20U&ssara et al., 2007; Perez-Gussinyéet al.,
2007; Mao et al., 2012; Jiménez-Diaz et al., 2014 )the following sections, we first briefly
introduce the wavelet method (Kirby and Swain, 202@09; 2011) and data employed for
estimatingTe, then present the high-resolution spatial vaniegiof T, and the fraction of the initial
internal load in SE Asia. Finally, we examine thevariations in different tectonic provinces, and
discuss the possible tectonic implications of tpatial variations ofT, and the internal load

fraction.



2. An outline of Southeast Asian tectonics

SE Asia comprises a complex collage of continefntgjments and marginal oceanic basins,
which are connected through a series of volcamis and suture zones (e.g., Metcalfe, 2011) (Fig.
1). It is bounded by the ongoing westward subduoctibthe Pacific Ocean and Philippine Sea,
and the northward subduction system of the Indotialian plates. These continental lithospheric
blocks, including Indochina, Sibumasu and West ByrBW. Borneo and East Java—West
Sulawesi, were mostly rifted from Gondwana, tramsfi northward, and accreted together with
Paleo-Asia by closure of different ages Tethyanaose(e.g., Metcalfe, 2011; Hall, 2012).
Between the Indochina and the Sibumasu blocks lie Indosinian suture zones (the
Changning—Menglian and Inthanon sutures in southw@kina and Thailand, and the
Bentong-Raub Suture in the Malay Peninsula) imtest, and the Permian and Triassic Thai-Malay
Tin Granite Belt (Lincang Granitoid Batholith, Sukhai, and East Malaya of the Malay Peninsula)
in the east (e.g., Metcalfe, 2011). These sutures granite belts represent the relic of the
Devonian—Triassic Palaeo-Tethys Ocean and the pt®dof associated subduction and
post-collisional magmatism (e.g., Metcalfe, 2011)was suggested that the sliver of the West
Sumatra and West Burma Blocks was translated aasigke-slip fault from Indochina westwards
to positions outboard of Sibumasu in the Triasslettalfe, 2011). West Sumatra and West Burma
are now separated from one another by the AndareanThe SW Borneo Block is bounded to the
north by the Lupar and Boyan zones (with the si®athitau Block between) and to the southeast
by the Meratus and LukUlo sutures with East Javast\8Balawesi (Hall et al., 2008). With the
Cenozoic collision of India-Eurasia, several of timajor strike-slip fault zones, such as the
Sagaing, Three Pagodas, Mae Ping, and Red RivédisRaere developed crossing the western
study area (South China, West Burma, Sibumasujratathina Blocks) when the crustal blocks
bounded by these faults extruded laterally (Tapporet al., 1982; Morley, 2012). The strike-slip
movement of the Sagaing fault might have resultetthé opening of the Andaman Sea in the Late
Miocene (Metcalfe, 2011).

The eastern part of SE Asia is composed of a sefiggrginal oceanic basins and rift basins.
Seafloor spreading of the South China Sea was ajgeelat 30 Ma through 16 Ma (Taylor and

Hayes, 1983; Briais et al., 1993; Li et al., 2014)s generally agreed that there was southward
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subduction of the Proto-South China Sea beneatiheror Borneo during the early Tertiary (e.g.,
Hutchison, 1996; Hall et al.,2008; Morley, 2012;llHand Spakman, 2015; Simons et al., 2007).
The subduction of the proto-South China Sea enddtié Early Miocene when the Dangerous
Grounds block-Reed Bank underthrusted northern &oiiMorley, 2012), which was coincident
with the termination of the seafloor spreading lm tSouth China Sea. The remnant of the
proto-South China Sea can now only be tracked athegNansha trough. The Celebes and
Philippine Sea were developed in a backarc settittynorthward subduction of the Ceno-Tethys
along from Sumatra to Halmahera, and the southwaloduction of the Proto-South China Sea at
the Sabah margin during the Eocene (Hall, 2012arétind 15 Ma, the subduction rollback of the
Celebes Sea formed the Dent—-Semporna—Sulu Arc ansked spreading of the Sulu Sea in a
backarc setting. The development of Banda seasvalwhnic arcs were associated with the
northward subduction and subduction rollback of theno-Tethys between the Australian
northern margin and Asia in the Neogene (Hall, 20The Java trench evolves beyond 120°E
from the subduction zone to collision with the Aatan plate along the Timor Trough (e.g.,
Pubellier et al., 2003). The collision resultedairbroadly deformed area and affects the entire
Banda and Molucca region. The North Banda Sea wamseld between 12.5 and 7 Ma and the
South Banda Sea between 6 and 2 Ma (Hinschbergér 2005). The double subduction system
between the two arcs was initiated at about 154dvid,the Molucca Sea has since been eliminated
by subduction at both its eastern and western sides present-day Molucca Sea results from a
collision between two opposed oceanic arcs: thendléra Arc to the east and Sangihc Arc to the
west (Hinschberger et al., 2005). The Philippinetjpelago, forming the western boundary of the
Philippine Sea plate, is limited by two oppositdipping subduction zones: the Manila Trench to
the west and the East Luzon Trough-Philippine Thetacthe east. The Manila Trench connects
with the Negros-Sulu-Cotobato trench system aldrgrharginal basins (i.e., South China Sea,
Sulu Sea and the Celebes Sea) on the eastern ettgeEurasian Plate. These subduction zones
continue on as collision zones in Taiwan, Mindd?anay and the Mindanao islands. The Eastern
subduction system along the East Luzon Trough4ihile Trench is widely believed to have

initiated 3-5 Ma (Ozawa et al., 2004).



3. Method and data
3.1. Load deconvolution with the wavelet transform

Here we use a wavelet transform adaptation of Boss§1985) method to estimate (Swain
and Kirby, 2006). Forsyth’s method takes the ob=@fBouguer gravity anomaly and topography
data, and attempts to reconstruct the surface absudgace loads that initially flexed the plate
during the most recent period of geological agtivithe process is often referred to as ‘load
deconvolution’ (Lowry and Smith, 1994; Kirby, 2014nd requires an estimat€gvalue which is
then varied until the coherence between the rengsted initial loads matches the coherence
between the observed Bouguer anomaly and topogrdatay this gives th&.value for the data.
The Bouguer coherence curve has a characteristesht small wavenumbers (long wavelengths)
it has values around 1, indicating high cohereretevéen Bouguer anomaly and topography and
suggestive of isostatic compensation; at high wandrers (short wavelengths) it has values around
0, indicating low coherence between Bouguer anonzalg topography and suggestive of
mechanical support. The wavenumber at which themuwite curve rolls over from 1 to 0 is called
the transition wavenumber: if this wavenumber iséifiong wavelength) then the plate is strong
(high Te) as it can adequately support large loads withimiecting much; but if the transition
wavenumber is high (short wavelength) then theephall have alowT,.

The procedure just described is typically performiedieast squares inversiothough other
methods exist (Kirby, 2014)so thafT.is estimated as an inversion parameter, with cpomeding
errors.

Along with the T, values, the load deconvolution method also providie
wavenumber-dependent initial loading ratfk), obtained from the reconstructed initial loads
(Forsyth, 1985); it is the ratio of the initial @rhal to initial surface load, in the wavenumber
domain. The loading ratio is typically presentedaasingle value though, being its value at the
wavenumber corresponding to the coherence transitesvenumber; for this reason, maps of the
spatial variation of often correlate with maps dtvariation, since both quantities are dependent
upon the coherence transition wavenumber (e.gsafa®t al., 2007). However, as Forsyth (1985, p.
12,629) notes, “The estimate of elastic thicknessifcoherence is not very sensitive to uncertainty
in f."This is fortunate because errorsf(k) are hard to estimate in the load deconvolutiothogk

WhereasT,is an inversion parameter solved for by least spiarethods, the loading ratio is not
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an independent inversion param in load deconvolution, and so its err@a@nnot be estimate
using this approach.

The loading ratiof, is sometimes represented as an internal loatidraF (McKenzie, 2003
becausé varies between 0 and 1, wherf varies between 0 ard TheF parameter is defined .
the ratio of the initial internal load amplitude ttee total amplitude of both initial loads, anc
wavenumbedependent. Purely surface loading giF = 0, and pugly internal loading giveF = 1.

We calculate the coherence using the fan wavelestorm with high spatial resolution (Kirl
and Swain, 2004, 2011). The wavelet transformspac-domain convolution oé range of scale
and rotated complete Morlet welets witha signal, here thBouguer anomaly and topography. |
a 2D space-domairx) signal gx) with Fourier transform &) wherek is 2D wavenumber, il

wavelet coefficients are computed in the wavenumber domain via

a(s,x,0)=F _l[G(k)l/lsg(k)], wheres andd are the scale and azimuth of the Morlet wav

A

respectively,{/.,(K) is the Fourier transform of the wavelet at a cartaiale and azimuth, ar

F ' is the inverse 2D Fourier transfc. The scale is mapped twavenumber by the pei

wavenumber method (e.g., Kirby, 20. Rather than the coherence, we computeklserved SR(

(the square of the rephrt of thecoherency) at each grid nodgven by Kirby and Swain (2009)

rz={(RAG)) J (1)
(ggXhh)

Where & andl! are respectively the wavelet transforms of the Beuggravity anomaly an

topography, * indicates complex conjugation, aratket indicates averaging over azim over

the upper quadrants only (i.e. over 180°) (Kirbg &wain, 2004). TheT, is estimated at eac
space-domain gridode by minimizing the misfit between the obser@RIC with that predicte
from the loading and flexure of a thin elastic pl@the preicted SRC) using the load deconvolut
method, as described abg¥orsyth, 1985; Kirby and Swain, 201:

The complete Morlet wavelet is used to give a betfmc-domain resolution of wavel
coefficients. In the wavenumber domain, the motheravelet quation i

Feroll 2 _ kPR )2

w(K)=e , wherekKo|is the central wavenumber of the Morlet wave



|ko| governs the resolution of the wavelet in the sam wavenumber domains; larger valuekgf |
give better wavenumber resolution but poorer speg&olution, and vice versa for smaller values.
Kirby and Swain (2011) found that owing to the betwvavenumber-domain resolution, values of >5
could give more accurate absoltig estimates if the tectonic province is large andtains a
relatively uniformT,, while if detailedT, structure and/or accurate relatiVg differences are
required, then values of <3.5 are more likely taibeful. In this study, to obtain a comprehensive
pattern ofT, variations for our complex study area, we preseaf, results ofKky| = 2.668 and
3.773.

While lower-ko| wavelets have a demonstrably better space-doneaislution than their
higher-ko| counterparts (e.g., Addison et al., 2002), qfgng this resolution in terms of the
relative size and magnitude of elastic thicknessalies is difficult. First, an elastic plate wih
uniform elastic thickness possesses a characteflsitural wavelength which determines the
wavelength of the flexural depression under appiticaof a point load (e.g., Watts, 2001). Swain
and Kirby (2003) give an approximate formula foe thiexural wavelength oh= 29T.*. In
synthetic testing of the wavelet method, Kirby &wdain (2008) found that relativie differences
between adjacent provinces will be underestimateenvheTl, anomaly is narrow compared to its
flexural wavelength. This happens because theamhtimeter of the wavelet is greater than the
anomaly width, and information aboli is smeared across provinces. When leysvavelets are
utilized, their spatial diameter is less than tifat higherHo| wavelet for a giveil,, so there will be
less smearing. In further synthetic tests, Kirbg &wain (2011) showed that, when usingeh 3
2.668 waveletT. anomalies with widths as low as 100 km could s®lked albeit with reduced
relative magnitude. With real data, however, tesotution could be degraded somewhat since their
synthetic models contained no non-flexural grasignals.

The two valueskp| = 2.668 and 3.773 were chosen for their relatigelod spatial resolution
since the focus of this study concerns a regiooalestectonic interpretation dt results, rather
than determination of a gross or gendtatalue for the region where a highley| value (e.g. 5.336)
would be more appropriate. As mentioned above,|lejwavelets have good spatial resolution but
poor wavenumber resolution: the 2.668 wavelet wbeldbetter able to resolVg variations, while
the 3.773 wavelet results would act as gross cbaofithe T, values recovered by the 2.668 wavelet

through their more accurate estimation of the cahes transition wavenumber.



3.2. Input Data

Thetopography and bathymetry grid data was extractad the GEBCO_08 Grid of GEBC
digital atlas lttp://www.gebco.n¢ (British Oceanographic Data Centre, 2D0Bhe CEBCO_08
Grid is a continuous terrain model for ocean amd fith a spatial resolution of 1 i-minute. To

treat mixed land and marine environments, we falidvétark et al. (2003) and Kirby and Sw
(2008), and scaled ocean bathymih(x) to an equivalent topograg h(X)= (p,. = P JN(X) pye

prior to Fourier transformation. Values of the dées are given in Table 1. Thus, we can com|
T for the whole area (in one run) using only the -loading equations, and avdiddiscontinuities

at the coastlines.

The freeair gravity anomaly data ¢ 2.5%2.5 are taken from the Earth Gravitatior

Model EGM2008 (Pavlis et al., 2012) which is penfied using thtide-freeversion of EGM200t¢
to degree 2160. EGM2008 provides a -air gravity anomaly dabase of ~20 km mean resoluti
that exploits all of the latest data and modelingboth land and marine areas worldwide. '
free-air gravity anomaly data was then converted to dete@Bouguer gravity anomaly using 1
FA2BOUG software (Fullea et al.008) with the topography data from GEBCO_08 gridtéorain
corrections and a reduction density of 2670 k°. The freeair and complete Bouguer grav
anomaly of the study area are shown in Fic

However, the gectral methoc for T.generally ignoréhe density difference between sedir
and basin basement, which might cause significT, biases in regions where the sedimer
extremely thick. h our study area, there are some very deep sedirgebasins (such as t

Yinggehai, QiongdongnarPearl River Mouth and Malay bas; Fig. 1). Compared with the bas

basement, the thick and less dense sediments eapsEminent negative gravity anome48s

(e.g., Braitenberg et al., 2008)p eliminate the effect due to the less dense sautimve use th
method of Rao and Babu (1991) to calculate thetiveggravity anomaly A8sat sea level caust

by the sediment in the marine area, which is obthifrom the most recel 5x5 sediment

thickness grid (Total Sediment Thickness of the [erOceans and Marginal Seas, Versio

http://www.ngdc.noaa.gov/mgg/sedthi) (Whittaker et al.2013). To avoid the edge effects



gravity anomaly calculation, we ussediment thickness data over a slightly lamex than our
study area, ranging from 85 to 145°E longitude and from 25°S to 30°N latéudSince th
sediment thickness data grid contains a blank @@aediment thickness data) in the northea:

South China Sea, we replaced the blank area whlighed sediment thickness maps (e.cn et

al., 2003).Fig. 3 shows the maps of sediment thickness andhegative gravity anomalAgs,

whose absolute value could be larger than 70 mf places with thicksedimer. Then we

calculated the sedimenbrrected Bouguer gravity anomaly £48gs = 42z — AZ,, Following the
method of converting water depth to equivalent rtmad, we convert the sediment thicknes

equivalent rock load and obtained a new equivalentopograph
h(X)= (p,c = P, DXV pye+ (04 = POIX)! pye » Where Psand | (X) are the sediment dens

and thickness, respectively.

In the calculation othe predicted SRC, the load deconvolution metdescribed abo»
requiresknowledge of the crustal structures, and the irteioading depth. For the crus
structures, we use thé»22° CRUST2.0 mode(Bassin et al., 2000). Since widegle reflectior
seismic data reveal a high velocity layer at thiédmo of the lower crust on the northern margit
the South China Sea.@., Nissen et al., 199Lester et al., 2014; Xia et al., 20h44adreferences
thereir), following the original formulation of Forsyth $85), we assumed that the initial inter
loading occurs at the Moho. We also tested platiirgginternal load at different surfaces (
uppermiddle crust, the middle/lower crust, and Moho acef), with constant density difference:
density structures of the CRUST2.0 model, and obthsimilar spaticT, variations. Though thel
is a trade-off betweem, and the assumed depth of internad when modeling the observed SF
the T maps calculated with different internal load dej all show similar variation patteis
(PérezGussinyé et al., 2007). Just like Kirby and Swa&f00), we also concluded that tT,
results seem insensitive to siraianges of Moho depth or density (Tassara e2@07). Errors o
the SRCwere calculated using the jackknife method of Kidnd Swain (2013), witlT, errors
obtained from Brent's method (Press et al., 1¢

All the topography, gravity and crustal a were projected into a planar Cartesian coord
system using the Mercator projection, and thenmg$ed onto 20 km grids, and were mirro

about their edges prior to Fourier transformationorder to remove the gravity edge effthat

10



arises when performing the terrain correction (ekgllea et al., 2008), the final study area is
slightly smaller than the computation area whicterds from 25°S to 30°N in latitude, and 85°E to
145°E in longitude. The final study area extendmf20°S to 25°N in latitude, and 90°E to 140°E in
longitude, and in its projected form has dimensiafs780 km (easting) by 5260 km (northing) on

a 20 km grid spacing.

4. Reaults
4.1. Sediment-uncorrected and sediment-corrected T, maps

As mentioned, since the spectral methods Tegenerally ignore the density difference
between sediment and basin basement, thick sedime&hich can produce significant negative
gravity anomalies, might have a strong influenc@oestimates. Figs 4 and 5 present the recovered
Te results from Kol = 2.668 andkp| = 3.773, using both the sediment-uncorrected thied
sediment-corrected gravity anomaly and topograpata.dProminent differences occur in the
elongated regions where very thick sediments haea beposited. Here the sediment-corretted
values are significantly smaller than the sedimernterrected results, suggesting that the thick, les
dense sediment affects thgresults. For example, there is a marked Highone (> 60 km) along
the NW trending Malay Basin in Fig. 4a, while thghT, values are replaced wiily of <20 kmin
the sediment-correctdd map (Fig. 4b). SimilaF, changes are also present in the Yinggehai Basin,
northwest of the South China Sea. Both basins largated rift basins related to the motion of
strike-slip faults, and are filled with Cenozoidsaent thicker than 14 km. However, higifvalues
are generally incompatible with rifted basins, whare typically characterized by lolg values
(e.g., Watts, 2001; Clift et al., 2002), suggesttmat a model in which sediments are accounted and
corrected for is preferable. Furthermore, by anatythe tectonic subsidence and gravity modeling
of the Malay and Penyu Basins, Madon and Watts&)L98ggested that thg values in the center
of the Malay basin are very low{= 0 km), and about 12 km in the Panyu Basin, tesuhich
agree with our sediment-correctédresults.

Therefore, since the sediment-corrected model risoee faithful representation of the real
Earth in this region, and since our sediment-coekd, results agree better with geological
expectations and with independent control than He tincorrected results, we use the

sediment-corrected, maps in the following analyses.
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4.2. Teresults

Figs 4b and 5bshow the sediment-corredteglstimates in the SE Asia &f| = 2.668 andkp|
= 3.773, respectively. We limit the color scaleatmaximumT, of 120 km. TheT estimates from
different ko| values vary in their absolute values and in tie@tsvavelength variation. The small
[ko| gives a wideiT, range and smaller scale variations than the lej@alue. Nonetheless, their
overall T, variation patterns look very similar, and the ag&T, values over the grid (mean of 28
km with a standard deviation of 27 km using theé8.&avelet, and mean of 30 km with a standard
deviation of 26 km using the 3.773 wavelet) agrék sach other. Thus, when used together bpth
maps show a comprehensive patteriiofariations for the complex study area.

Figs 4 and 5 show several incidencesTgialues changing by large amounts over a short
spatial interval, giving a highe gradient. This phenomenon is often observed iasuvherel, is
estimated by inverse spectral methods and is nuotteli to the wavelet method (e.g.,
Pérez-Gussinyé et al., 2009; Jiménez-Diaz et @L4R Fig. 6 shows a cross-section through the
wavelet Bouguer SRC (coherence) over a profile shiowrig. 5b. At around 1600-2000 km (Banda
Sea) along the profild, abruptly changes from ~55 km to ~5 km with an appginfinite gradient
(Fig. 6a), and this is reflected in the predictedharence (Fig. 6¢) from whicli, is derived.
However, while the observed coherence (Fig. 6b)ibiétsha rapid change from low to high
coherence, this change is not discontinuous. laratlords, although, does change rapidly in this
region, its apparent infinite gradient is an artefs the inversion. The rapidity of the changé¢hie
observed coherence will depend, for wavelets, ervitue ofKg|.

To evaluate the effect of the presence of topodcafiin unexpressed internal loading, known
as “gravitational noise” on th& results (McKenzie and Fairhead, 1997; McKenzi@3 Xirby
and Swain, 2009), we use the model-noise identifinamethod of Kirby and Swain (2009) to
calculate the normalized free-air squared imaginesherency (SIC). This quantity contains
information about out-of-phase harmonics in the & anomaly and topography signals which are
not modelled by Forsyth’s (1985) method. Such urgtated signals could indicate the presence of
“model noise” which would contaminate inversion thfe Bouguer SRC if it occurred at
wavelengths close to the Bouguer coherence transitavelength. Therefore, following Kirby and

Swain (2009), we present tligresults of{| = 2.668 andkp| = 3.773 (Fig. 7) in which we mask out
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-2
T:,>0.5 o

the regions where the maximum value of the norredliree-air SIC
load-deconvolution method could bigsin these regions masked in grey, where the caorepg
noise levels are high. As pointed out by McKenzie &airhead (1997), McKenzie (2003) and
Kirby and Swain (2009), this problem can occurdgions of subdued topography, and often affects
areas where the coherence method indicates fighHowever, though Fig. 7shows that
“gravitational noise” does exist in the study atba,marked regions of recovered higlvalues lie
mainly in part of the northern Australian margimslahe Java subduction system. Note that while
large “gravitational noise” indicates a failuretibé load-deconvolution method (e.g., Forsyth, 1985;
Kirby and Swain, 2009), it does not necessarilylyntpat the lithosphere is weak (Audet and
Burgmann, 2011).

Various methods have been applied to estimatslues in this part of the study area. These
methods include the cross-spectral analyses obgegram spectra (Su, 2012), the multitaper
coherence method (Nair et al., 2011; Chen et@l3p the wavelet method (Swain and Kirby, 2006;
Ratheesh-Kumar et al., 2010; Mao et al., 2012)ctmvolution method (Braitenberg et al., 2006),
and forward modeling methods by recovering the nleskgravity and topography data in the space
domain with thin elastic plate flexure (e.g., Madow Watts, 1998; Clift et al., 2002; Lin and Watts
2002; Mouthereau and Petit, 2003; Shi et al., 280%;and White, 2007; Hall et al., 2009). These
existing studies focus on the South China Sea, &umatgin, Indochina, and the Makassar Strait
between the Borneo and the Sulawesi islands. lergérour results agree with these exisfiig

estimates.

4.2.1. T¢in continental blocks

On the whole, th@, variations in SE Asia agree well with its tectoprovinces. Figs 4b and
5b show that the study area is heterogeneous wiagfieal strength, and some isolated strong
subregions are surrounded by weaker zones or regidong the Indosinian suture zones and the
Permian through Triassic Thai-Malay Tin Granitetg8ukhothai Arc) between the Indochina and
Sibumasu blocks (Metcalfe, 2011), there is a premimearly N-S trending weak zorige< 20 km)
extending from the Red River fault zone to the Md&aninsula, which agrees well with Chen et al.

(2013). The weak zone separates the Indochina Biookthe western blocks of the Sibumasu and
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West Burma. Besides this weak zone, the IndochioekBs also limited by two NW-trending weak
fault zones, one along the Mae Ping Fault zontsiaduthwest (MPF in Fig. 1) and the other along
the Red River Fault Zone in its northeast (RRFEim 1). Similar to Chen et al. (2013), our results
show that the Khorat plateau in the center of tiikwthina Blockhas a strong lithosphere \iliifof
30-50 km. The Khorat Plateau Basin is the larges$d#oic red bed basin in the central part of the
Indochina. lIts rigid nature has been confirmed bwlggical observations (e.g. Morley, 2012),
palaecomagnetic data (Takemoto et al., 2009; Singswat al., 2014), seismic tomography data (Li
etal., 2006; Yang et al., 2015), and geothermi (¥u et al., 2017; Fig. 8). The thermal lithosghe
thickness derived from S-wave velocity data in Kieorat Plateau is 10-15 km larger than the
surrounding area (Yu et al., 2017), and the surfezz flow is relatively low (50-60 mW/An(Fig.

8), suggesting that the lithosphere in the Khotateu is relatively cold and viscous compared to
its surroundings.

In the west, the Sibumasu Block is separated frben West Burma Block by a dextral
strike-slip zone (Fig. 1). Fig. 5b shows that tbethern Sibumasu Block is much weaker than West
Burma. The thinner (about 10-30 km thinner) therlitiabsphere thickness in the Sibumasu Block
than West Burma (Yu et al., 2017) might be resgalador this weakness. Fig. 5b shows that there is
a surprisingly elongated strong region withr 50 km trending NWand across the West Burma and
Sibumasu Blocks. Just to the east of the Highegion, the northern segment of the Indosinian
suture zones, the Changning—Menglian suture zodetten Lincang Granitoid Batholith are all
displaced southeastward along the Lancang and Mapgirike-slip faults (Fig. 9a). Although the
two faults currently have right lateral and lefttel@l movement, respectively, geological
observations suggest that the senses of the tvis faere opposite during the Oligocene—Miocene
(Lacassin et al., 1998; Wang et al., 2014). If tigh T, feature is correct, the southeastward
extrusion of this region due to the India-Eurasiligion can explain the strike-slip movement of
these faults and the resulted offset of the swane during the Oligocene—Miocene.

Borneo is characterized by moderateFig. 5b shows that besides the Schwaner Blotiean
SW Borneo, which is composed of Palaeozoic metahiorpcks, the East Borneo is characterized
by a moderatf, of 20-40 km. The stronger eastern Borneo is bodifgethe weaker Makassar
Strait. TheT, in the Makassar Strait is lower than 20 km, whichonsistent with the result of Hall

et al. (2009). Interestingly, our results show thatorth Borneo, there are two strong regions thic
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might relate to the change of the structure linghef Interior Highland (Fig. 9b). One stronger
region is in the southwest of the Tinjar Line. Jasiund the Tinjar Line there is a large dextral
oroclinal bend of the Interior Highlands fold-thtbelt (Upper Cretaceous—Eocene Rajang-Crocker
Group) (Cullen, 2014). The other stronger regi@s lin northeast Borneo (Sabah). The Interior
Highlands fold-thrust belt again changes from neBAW trending in the west to NE trending in
northeast Borneo. The two stronger regions mighe teehaved as rigid bodies, just like an anchor
or an indenter, and resulted in the bending othehward fold-thrust belt during the subduction of
the proto-SCS and sequential orogeny.

Te values in the Sunda shelf are generally lower #takm except for the Singapore platform,
the Con Song Swell and the southern Java Sea §B)g.Though the basement of the gulf of
Thailand might be Palaeo/Mesozoic crystalline/metgnhic basement, due to significant Cenozoic
rifting, the T, values of 10-20 km in the gulf suggest that timBphere has been greatly weakened.
The Singapore platform is the strongest regiomef3unda shelf. Just to the north of the Singapore
platform and SW Borneo, there is a weak zone atbad_upar Line extending from the coast of
western Sarawak towards Natuna Ridge. The Luparidinthought to be a significant suture zone

between the Luconia block and west Borneo (e.gtctidson, 1996; Fyhn et al., 2009).

4.2.2. Toin oceanic crust

Generally, following its creation at a spreadingtoe, oceanic lithosphere becomes more and
more rigid as the plate cools, unless other eventd) as thermal reheating and rejuvenation of the
lithosphere, and an increase in curvature dueattdring and faulting of deformed lithosphere, act
to reduce its strength (Watts, 2001; Pérez-Gus®hgé, 2008; Burov, 2011). However, it is worth
to mention thafT, recovered by the methods related to thin plateufie modeling primarily
represents oceanic lithosphere strength at the difrleading, not necessarily its current actual
strength (Watts, 2001). If there has been neitb&ranism nor sedimentation since its creatiin,
represents the strength at the time of oceanict dasnation (and hence is very low)
(Pérez-Gussinyé et al., 2008).

Cenozoic marginal seas in our study area are deaizd byT, values lower than 20 km,
particularly in most of the South China Sea (spraaduring 32-15.5 Ma), the Banda Sea (12.5-2

Ma), the Sulu Sea (the early Miocene or 35-30 Majl the Andaman Sea (<15 Ma) whereThe

15



values are even lower than 10 km. In the South £Kea, most of the continental slope areas,
oceanic area and the continental blocks such asisha-Zhongsha Block (Macclesfield Bank) and
Nansha Block (Reed Bank and Dangerous Grounds) skowlow strengthTe< 10 km), which
agrees well with the results of Clift et al. (2002hi et al. (2005), Braitenberg et al. (2006), M&ao
al. (2012), Su (2012) and Chen et al. (20I3)n the Taixi foreland basin to the west of Taivigin

the range of 10-20 km, which also agrees well wftl results of Lin and Watts (2002) and
Mouthereau and Petit (2003). However, similar tosadiment-uncorrected results, Thevalues of
Mao et al. (2012) and Chen et al. (2013) are mugihen than our sediment-corrected results in the
northern shelf of the South China Sea and the @urhailand (Fig. 4, Fig. 5), suggesting that their
results might be affected by the thick, less desegsBments. Th&, pattern of the West Philippine
Sea plate shows somewhat complex behavior. Theee lav T, zone of <10 km along the
north-south trending Kyushu-Palau Ridge. The KyuBhlau Ridge is a remnant intra-oceanic arc
that was active in the Eocene and Oligocene (42429. The low T, might represent the
lithospheric strength when the arc was active. mbghern West Philippine Basin, which is a
Mesozoic arc terrene, was impacted by the Oki-Daigmtle plume at ca. 36 Ma (Ishizuka et al.,
2013). The estimated loW of <10 km might represent the lithospheric rejlatén strength due to

the intensive magmatic activities.

4.2.3. Tein subduction and collision systems

The strength of the Indonesian margin shows aivelgtcomplex pattern. Along the Sunda
trench (Sumatra and Java), the incoming oceanie flacomes weaker when approaching the
trench axis (Fig. 4b), which might be caused bydineelopment of bending faults and plate bending
(increased curvature) before subduction (Burov,120However, since the incoming plate is
topographically rough, with oceanic plateaus arargrints (such as the Roo Rise), Thpattern in
the subduction system, particularly in the souttf®matra Trench and Java trench, is complicated
by the approach and collision of oceanic basensdief with the fore-arc regions. Our analysis uses
a continuous elastic plate as its model, whereladustion systems, especially young, active ones,
may be better modeled using a broken plate modg)l, (@/atts, 2001). This is not possible using
spectral methods, however, so we note that, Whileight be underestimated by using a continuous

plate (e.g., Karner and Watts, 1983), the errorukhoot be large (Lowry and Smith, 1995).
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Alternatively, the relatively higfie values in the fore-arc regions suggest that thiplatg between
the over-riding plate and the subducting platériang (Perez-Gussinyé et al., 2007). Our recovered
Te values and complex pattern resemble the resuBsyadind White (2007) and Ratheesh-Kumar et
al. (2010). The loweT, values recovered by Nair et al. (2011) for théreihdonesian continental
margin might be attributed to the small windowsytosed. However, Figs 4b and 5b show that
does not decrease from the forearc to the volcatis of Sumatra and Java, where heat flow is
higher than 80 mW/f{Fig. 8). The grey regions in Fig. 7 show thatnhederateT, of 30-50 km in
these regions might be biased by gravitationaleois

In the southeast of our study area, Taevariation shows a bimodal pattern. Two strong and
rigid regions ofTe> 50 km weaken rapidly to the regionslg& 20 km (Fig. 5b). Fig. 5b shows that
the lithosphere in northern Australia is of vergthistrength withTe> 70 km, which is consistent
with the result of Swain and Kirby (2006). To thaseof 120°E,the strong and rigid northern
Australian continent collides with the Banda Aroraj the Timor Trough. Behind the Banda Arc
lies the weak Banda Sea. Since the cessation afustibn at the Timor Trough, the continuing
northward displacement of the Australian Plate(atte of about 7.5 cm/yr with respect to Eurasia)
was mainly consumed by intra-arc shortening andisthifaulting during the Pleistocene
(Hinschberger et al., 2005; Simons et al., 200fg dther prominent high region is the Molucca
Sea. The Molucca Sea Plate is subducting bothetedlitheast in the Halmahera subduction zone
and to the northwest in the Sangihe subduction geige 1), and the Sangihe and Halmahera arcs
have begun to collide (Hinschberger et al., 200bsubduction zones, where the upper plate and
the downgoing plate are in contact, the measuffedtafe elastic thickness can be expected to have
contributions from both the upper plate and thedsated slab (Perez-Gussinyé et al., 2008). The
high Te suggests that the coupling between the overridiagg and the subducting plate might be
very strong (Burov and Diament, 1995; Perez-Gussityal., 2008). Tomography data show that
the high P-wave velocity anomaly can extend to Kfadepth beneath the Molucca Sea (Huang et
al., 2015). The strong lithosphere in the Molucea B close to the high region of the Palau Basin
whose oceanic age is approximately 59 to 56 Mal@Hind Lee, 1984).

The T, in the Philippine archipelago is lower than in enda Subduction System. The

Philippine archipelago is a broad convergence zagacterized by opposing subduction on the

east and west sides. Thgvalues are generally lower than 20 km.
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5. Discussion
5.1. Teand tectonic models

It is generally agreed that the ongoing converg&steeen the Indian and Eurasian plateshas
driven the Cenozoic continental deformation in WBatma and the Indochina Peninsula(e.g.,
Tapponnier et al.,1982; Morley, 2012; Metcalfe, 20ITwo typical tectonic models have been
advanced to account for the nature of the Cenazwitinental deformation. The extrusion tectonic
model proposes that the convergence has driveimdloehina Peninsula to extrude southeastwards
several hundred kilometers through a series of majoke—slip fault zones, and the huge
displacement along the left-lateral Red River Fadliring the Late Eocene through the Miocene
has resulted in the opening of the South China (8&p, Tapponnier et al.,1982; Briais et al.,
1993).In contrast, the viscous tectonic model (BEndland Houseman, 1986) proposes that the
continental lithosphere behaves as a ‘thinviscosets which deforms by diffuse crustal
thickening over a wide lateral area and then hiesslip faulting in the shallow crust. Our results
show that the Indochina Peninsula is heterogeneoteological strength, and the strong central
Indochina, with a stronger core of the Khorat Rlatés surrounded by broad and linear weak zones.
These weak zones extend along the major strikefalilb zones (the Red River, Mae Ping and
Three Pagodas), and the Indosinian suture zonegséetthe Indochina Block and the Sibumasu
Block. The southern Sibumasu Block is also chariete by low strengthTe<20 km). Although
West Burma is now characterized by highthe Indo-Burma Ranges of West Burma might have
been weaker when it was active margin. In resptms$ie tectonic forces from the India—Eurasia
collision zone, these weak regions, especiallydladsse to the collision front, might have behaved
as ‘thinviscous sheet’, and deformed significatyyextensive folding, thrusting, and strike-slip
faulting. With the further indentation of rigid Iizdinto Asia, the internal shortening deformation i
these weak zones has propagated northwards. Asuly, relevated topography (high mountains)
(Fig. 1), thickened crust, and intensive folded déimdisted Palaeocene—Oligocene sedimentary
rocks can be seen in Myanmar, Northern Thailandslamd Yunnan (Searle and Morley, 2011 and
references therein), and earthquakes occur magedrgly in the northern Indochina Peninsula than
in its southern and eastern parts (Simons et@0.7;2Tang and Zheng, 2013). In the southern weak

regions, with the change from transpressional-dateithdeformation to predominantly extensional
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deformation, the later intense erosion and extansight have greatly thinned the crust which had
been thickened during earlier compressed deformgdiod deep rifted basins began to develop first
in the Gulf of Thailand (Eocene-Middle Miocene),eth onshore central Thailand (Late
Oligocene-Late Miocene) (Searle and Morley, 2011).

By analyzing seismic reflection data, Morley (2018yealed that these major strike—slip
fault zones (the Red River, Mae Ping and Three @ag)chave changed into strongly splaying tip
geometries and died out after passing into offskatensional provinces (the Yinggehai Basin and
Gulf of Thailand).Morley (2013) concluded that toeas of the fault tips associated with faults of
potentially >100 km displacement, and the Red Rfaait zone could not transfer displacement
onto the South China Seas spreading centre. Cothhifth other geological evidence, many
models on the South China Sea (e.g., Taylor and${ay©83; Hutchison, 1996; Hall et al., 2008)
employ slab pull of the Proto-South China Sea rathan the extrusion tectonic model as the
primary driving force for the opening of the So@hina Sea. Tran et al. (2014) also found that the
Cenozoic deformation is weak in the weak coasth af Middle Vietham (Fig. 5b). Therefore,
although the western Indochina Peninsula has betnded southeastwards several hundred
kilometers during the India-Eurasia collision, tisplacement might have been partitioned and
absorbed by the combined mechanism of the extrasidrviscous tectonic models. As a result, the
eastwards and southwards displacement gets sraatlesmaller, and the offshore displacements of
the major strike-slip faults in the South China &samuch smaller than originally assumed (e.g.,
Tapponnier et al. 1982), thus having less effecthendevelopment of the South China Sea than

other mechanisms such as the slab pull of the f8otdh China Sea.

5.2. Teand tectonic zones

SE Asia is geologically a particularly complex @yiand remains relatively understudied
because of difficulties of access, vegetation dimlate (Hall and Spakman, 2015). Due to most of
East Borneo covered by Tertiary sediments (e.gitBand Kutai Basins), its basement is not clear.
Our results show that besides the Schwaner Blockhén SW Borneo, East Borneo is also
characterized by a broad, moderate strength zorig=@0-40 km extending from southeastern

Borneo to Sarawak and Sabah (Fig. 5b). In soutegaBiorneo, the Mesozoic ophiolitic and island
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arc rocks of the Meratus Mountains and overlyingt@ceous turbiditic material, together with the
Luk—Ulocomplex of Central Java, have been integuteds a suture representing a destroyed
Meso-Tethys ocean that separated the East JavagaBaand Paternoster blocks from SW
Borneo/Sundaland (e.g., Metcalfe, 2011). Similaksoare exposed in West Java (e.g., Hall, 2012).
Based on the outcrops of gabbroic and ultrabasiksron the northern margin of the Kutai Basin,
and the similar initially rifting history of the Kai and Barito basins in the Middle Eocene, Moss
and Chambers (1997) suggested that the basemEasirBorneo might consist of similar rocks to
the Meratus Complex. Therefore, the same strenggitufes (Fig. 5b)might indicate that East
Borneo has a similar crustal basement, and repieseibroad tectonic zone of the destroyed
Meso-Tethys Ocean extending from West-Middle Jdwvaugh East Borneo to northern Borneo of
Sarawak and Sabah. Its tectonic implication mightslgnificant for SE Asia, and is worthy of
further studies.

Since the Sunda Shelf is covered by sediment artdrwie southern extension of the
Indosinian zones between Indochina and Sibumasondethe Malay Peninsula (Metcalfe, 2011),
is less touched. The recoverkdFigs 4b and 5b) and the subsurface load fracBypdtterns (Fig.

10) show that the shelf region extending from adfghof the southeastern Malay peninsula to the
southern coast of Borneo (the region bounded biedpthin, orange curves enclosing question
marks in Fig. 1) shares not only the similar weakezfeature, but also the high load fraction with
the onshore Indosinian zones. The region agredsmithlthe proposed southern extension of the
Indosinian zone by Metcalfe (2011) in the Sunddfshat extends further eastward. Therefore, it
might be reasonable to suppose that the Indosiraes extend further southeastwards across
Billiton Island to offshore of southern Borneo up & point where they are bounded by the
West-Middle Java-East Borneo tectonic zone (Figtbland 5b).

The Singapore platform is the strongest regiorhefSunda shelflfeatures in the platform
are very similar to SW Borneo. Just to the nortthefSingapore platform and SW Borneo, there is
a weak zone along the Lupar Line extending fromcibast of western Sarawak towards Natuna
Ridge. The Lupar line is thought to be a significguture zone between the Luconia block and west
Borneo (e.g., Hutchison, 1996; Fyhn et al., 200%)e suture zone really extends from the onshore
Lupar line to the Natuna Ridge, the Singapore ptatfand SW Borneo, which share the similar

strength features and lie just to the south oftitare zone, might belong to the same block.
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5.3. T, strain, and seismicity

The magnitude and spatial variationsTgtould control the degree, style and localizatibn o
deformation in response to long-term tectonic loadsl potentially the distribution of seismic
activity (e.g., Lowry and Smith, 1995; Tassaralet2®07; Audet and Burgmann, 2011; Chen et al.,
2013). Generally, weak regions with Ioly, especially those close to active margins, areemor
readily deformed than stronger regions. Though Si& & bounded by active convergence margins,
its interior, particularly the Sunda Shelf and Th@i—Malay peninsula and Borneo, is largely free of
seismicity and volcanism (Hall and Morley, 2004dnSequently, Sundaland is often described as a
shield or craton. However, our results show thatepk for several isolated subregions with
moderate or high,, low T, prevails in the weak deformed core of Sundalasdlso suggested by
Simons et al. (2007) (Fig. 5b). This is clearifeliént fromT, values in cratonic regions which are
commonly associated with high (> 60 km, Ebinger et al. 1989). Geodetic data sttt GPS
velocity decreases rapidly in active margins arjdaaht regions (Simons et al., 2007). Since these
adjacent regions are generally characterized byTlothe GPS velocity variations suggest that the
displacement caused by the boundary tectonic fdrasdeen greatly absorbed and decreased by
subduction, folding and thrusting, and strike-$#iplting in the active margins and adjacent weak
regions (Figs. 4b and5b). As a result, the GPScitylof the interior regions is much lower than the
bounding active margins, and the interior of SEaAsilargely free of seismicity and volcanism.

Seismicity is very intensive along the active masdiFig.1), but differs from place to place.
For example, the Sumatra fore-arc is charactetiyetlvast record of great historic earthquakes like
those of 1797 (M8.4), 1861 (M8.5), 2004 (M9.3), 2(M8.6), 2007 (M8.4) (e.g., Grevemeyer and
Tiwari, 2006; http://earthquake.usgs.gov/regior&ll) while the Java fore-arc is so far less
seismically disturbed. Our results show that, besid strike-slip faults and the folding-thrusting
faults due to collision, high magnitude earthqugieferentially occur in areas of steep strength
variation, already observed in previous studieg.(€hen et al., 2013; Jiménez-Diaz et al., 2014).
Since the fashion of deformation is different foaterials with different strength, discontinuous
deformations (such as faulting), and thereforeheaidkes, are prone to occur in areas of steep
strength variation where strength difference isticaAn interesting observation is that the large

rapid slip region of the Sumatra-Andaman earthqubeoccurred at December 2004 (M = 9.3)
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(Shapiro et al., 2008) is characterized by highalues. Since the regions with a lafyegradient
can be found both in the Java Margin and in the&rtarMargin, the differing seismicity may be
attributed to oblique plate convergence in the Stameargin. Oblique subduction led to the
creation and lateral motion of the two strike-$liplts in the Sumatra margin, known as Sumatra
and Mentawai fault segments, and hence occurreriagsat earthquakes (Grevemeyer and Tiwari,

2006).

5.4. Loading structure

Fig. 10 displays the internal load fractidf) {alues at the coherence transition wavenumber
corresponding to the best fitting (Figs. 4b and 5b). Although these results aredagen the
outcomes of the load deconvolution and thin pliebeure models, they show intriguing correlations
with seismic data in some regions of the study.area

In general, surface loading-€ 0.5) dominates in oceanic lithosphere (at seafloo
depths >3000 m, approximately; cf. Fig. 1) whicls baen noted before (e.g. Watts, 2001), while
the continents (and continental shelves) geneealybit mixed F ~ 0.5) or subsurface-dominated
(F> 0.5) loading.

Subsurface loadindg-6& 0.5) dominates in the Indosinian suture zoneglaadelative Granite
Belt extending from the Red River fault zone to k@ay Peninsula. It is also high in the coastal
regions of South China, the northern margin of Suaith China Sea, and the coastal areas of
Vietnam, which, in general, agrees with the distiitins of a high-velocity lower crustal (HVLC)
layer and Late Cenozoic basaltic rocks. By anatyzihe deep crustal structure through the
continental margins of the South China Sea, X&.€2014) concluded that the HVLC layeris well
developed in the eastern part of its northern ma(giofiles of O1, E2, O3, O9; Fig. 11), while in
the western slope area and the Xisha Trough, theGHgyer seems unlikely to have been widely
developed (profiles of 02, O4, O7; Fig. 11). An eption is found in the results of Nissen et al.
(1995). They suggested that there was a very tMhGHlayer in the Xisha Trough (Profile E1 in
Fig. 11). This feature of the HVLC layer distribari is consistent with the observed subsurface
loading pattern (Fig. 10). Fig. 10 shows that exéapthe Leigiong area (Leizhou Peninsula and the
northern Hainan Island) and adjacent areas, sudxsutbading dominates in the eastern part of the

northern margin. The Leigiong area is where thenbBiaiHotspot lies, with associated widespread
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basaltic magmatism since Pliocene (Fig. 11) (8Mang et al., 2013). Seismic tomography studies
also find that there is a loWs anomaly zone beneath the Hainan Hotspot (Lei,e2@D9). After
analyzing their deep seismic data, Zhu Junjiang.§2@ersonal communication) suggests that the
HVLC layer developed in the east of the LeigiongaafProfile L1 in Fig. 11). In fact, the
synchronous late Cenozoic basalts also occurrethensouthwest (Penghu) of Taiwan, the
deep-water area of the eastern Qiongdongnan Bhsifpwer slopes of the northern margin of the
South China Sea, and Indochina (Fig. 11).

The widespread Indochina Basalt plateaus in Vietidrailand, Laos, and Cambodia occupy
ca. 70,000 ki(Hoang et al., 2013) which are located where stibse loading dominates (Figs. 10,
11). Based on their seismic tomography data, Yaal) €015) also found a loWs anomaly below
depths of 100 km at the coast of Indochina. Thieifce in the HVLC layer distribution between
the eastern and western parts of the northern mafghe South China Sea might be related to the
breakup of the South China Sea, which initiallykerap in the east, then propagated westward (Sun
et al., 2009). After the cessation of seafloor agireg at 16 Ma, basaltic magmatism due to deep
thermal anomalies became active in the South Ché@aand adjacent regions. The magmatism fed
by the deep low-velocity anomaly source might mdydave developed the surface basalt, but also

given rise to the subsurface loads shown in Fig. 10

6. Conclusions

We have generated high-resolution maps of theapatriations ofT, for SE Asia using the
wavelet method, by eliminating the effect of leesige sediments on the recovefedalues. We
find that the sediment-correct&dmaps correlate better with the geology, partidylarelongated
rift basins where very thick sediments have begosiéed, and also with the results of previous
studies. The sediment-uncorrected results are tigtter than expected, suggesting that the thick
sediment has a detrimental effect lumodeling. The pattern of thE variations in SE Asia, in
general, agrees well with the tectonic provinces @hated major tectonic boundaries. The oceanic
basins, the Indosinian suture zones between theehida and Sibumasu blocks, and the Makassar
Strait are characterized by loly. Moderate and highi, values occur in the Khorat plateau, West
Burma, the Singapore Ridge, the Con Song Swelln&wmrthe northern Australian margin and the

Molucca Sea. The Khorat plateau has the stronigiessphere in the Indochina Block. The strength
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of the Indonesian margin shows a relatively complattern. In general, the incoming oceanic plate
becomes weaker when approaching the trench axiwetty, theT, pattern in the subduction
system, particularly in the southern Sumatra TreamchJava trench is complicated by the approach
and collision of oceanic plateaus and seamountstiv fore-arc region.

Our results show that the Indochina Peninsulatisrbgeneous in rheological strength, and
that strong, central Indochina is surrounded bybrand linear weak zones. Although the western
Indochina Peninsula has been extruded southeasivgmnekbral hundred kilometers during the
India-Eurasia collision, the displacement might éndveen partitioned and absorbed by the
combined mechanism of the extrusion and viscousner models. As a result, the offshore
displacements of the major strike-slip faults ia 8outh China Sea are much smaller than originally
assumed, thus having had less effect on the dawelopof the South China Sea than other
mechanisms such as the slab pull of the proto-Sthiha Sea.

Our results show that besides the Schwaner BlocBW Borneo, East Borneo is also
characterized by a broad moderate strength zore=@0-40 km extending from southeastern
Borneo into Sarawak and Sabah. Together with ogleetogical evidence, this strength feature
might indicate that East Borneo has a similar elusisement, and represents a broad tectonic zone
of the destroyed Meso-Tethys Ocean extending froestWIliddle Java, through East Borneo to
northern Borneo of Sarawak and Sabah. Our requdigest that the Indosinian zones between the
Indochina and Sibumasu blocks extend further sastiaard across Billiton Island to offshore of
the southern part of Borneo, and that the Singaplatéorm and SW Borneo, which share similar
strength features and lie just to the south ol ilgar suture zone, might belong to the same block.

Our results show that several isolated subregidtis moderate or higfi, are bounded by
low T, regions in the weak deformed core of Sundalargliggested by Simons et al. (2007). The
displacement caused by the boundary tectonic fhesteen greatly absorbed and decreased by
subduction and deformation in the marginal regiand adjacent weak regions. As a result, the
velocity of the interior regions is greatly lowéan the active boundary margins, and these regions
are largely free of seismicity and volcanism.

The results show that the internal load fractois high in the coastal area of South China,
the northern margin of the South China Sea, anddlstal area of Indochina, which, in general,

agrees with the distributions of a high-velocitwéy crustal layer and Late Cenozoic basaltic rocks.
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The difference of the HVLC layer distribution beewrethe east and west of the northern margin of
the South China Sea might be related to the breaktipe South China Sea. Subsurface loading
(higher density materials) dominates in the east@nermost crust where the South China Sea
initially broke up. The basaltic magmatism in thed. Cenozoic might not only develop the surface

basalt, but also form the subsurface loads.
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Table and Figure Captions

Table 1. Symbols and values of constants

Fig. 1. Tectonic outline and topography/bathymétryand around SE Asia. The purple and pink
regions denote the Indosinian suture zones andelagive Permian and Triassic Granite Belt
between the Indochina Block and the Sibumasu Bladpectively. From north to south, the former
comprises the Changning—Menglian suture in south@eima, the Inthanon suture in Thailand, and

the Bentong-Raub suture in the Malay Peninsula,ldtter comprises the Lincang Granitoid
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Batholith in China, Sukhothai in Thailand, and Eslgtlaya in the Malay Peninsula) in the east
(Metcalfe, 2011). The region with question marksa@npassed by the thin, dotted orange thin
curves denotes the supposed southeastward exterfisi@indosinian suture zones and the Granite
Belt. The region encompassed by the thick, dastheel red curve is the undeformed core of SE
Asia suggested by Simons et al. (2007). Red ardoemste the approximate (absolute/ITRF2000)
motions of different plates (after Simons et &0Q2). The red triangles denote Holocene volcanoes
from the Global Volcanism Program. AbbreviationsS,AAndaman Sea; BB, Barito Basin; Bl,
Billiton Island; CCS, Con Song Swell; CS, Celebes;FEJWS, East Java-West Sulawesi Block;
ELT, East Luzon Trough;HA, HalmaheraArc; HN, Haintstand; KB, Kutai Basin; KPR,
Kyushu-Palau Ridge;LL, Lupar Line;LZ, Leizhou Pesufa; MAS, Makassar Strait;MB, Malay
Basin; MF, Mentawai Fault; MLS, Meratus and Luk Batures; MM, Meratus Mountains; MPF,
Mae Ping Fault; MS, Molucca Sea;MT, Manila Tren®BS, North Banda Sea; NSB, Nansha
Block (Dangerous Grounds and Reed Bank); NT, Nafistiagh (NW Borneo Trough); PB, Penyu
Basin; PF, Philippine Fault; PRMB, Pearl River Mo®asin; PT, Philippine Trench; QDNB,
Qiongdongnan Basin; RR, Roo Rise; RRFZ, Red RiwitRZone; SA, SangiheArc; SB, Semitau
Block; SBS, South Banda Sea; SFZ, Sumatra FauleBgF, Sagaing Fault; SM, Schwaner
Mountains; SR, Singapore Ridge;SS, Sulu Sea;SWBith8@st Borneo Block; TPF, Three
Pagodas Fault; TT, Timor Trough; TW, TaiwanlslaWéB, West Burma; WPS, West Philippine
Sea; WS, West Sumatra Block; XS, Xisha Trough; XXBha-Zhongsha Block; YB, Yinggehai

Basin.

Fig. 2. (a) The free-air and (b) complete Bouguarity anomalies of SE Asia.

Fig. 3. (a) Sediment thickness and (b) the relai®gative gravity anomaly in SE Asia.

Abbreviations: MP, Malay Peninsula; HN, Hainan telaTW, Taiwan Island; LZ, Luzon Island.

Fig. 4T, estimates fromkp| = 2.668in SE Asia. (a) Sediment-uncorrected;(bisent-corrected.

The yellow dashed curve shows the ocean-continembdary of the South China Sea. Tectonic

lines are the same as for Fig. 1 (Some in diffecefdr for readability).
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Fig. 5T, estimates fronk}| = 3.773in SE Asia. (a) Sediment-uncorrected;(bisent-corrected.
The yellow dashed curve shows the ocean-contiramtdary of the South China Sea. Yellow solid
points refer to earthquakes (Ms> 7.0, www.isc.ag.akd the great historic earthquakes in the
Sunda subduction system (Sumatra and Java tren@Besjemeyer and Tiwari, 2006). The red
guadrilateral region over the northwest of Sumainaws the large rapid slip region of the
Sumatra-Andaman earthquake that occurred in Deaedi®! (M = 9.3) (Shapiro et al., 2008).

Tectonic lines are the same as for Fig. 1 (Sonutffi@rent color for readability).

Fig. 6.Cross sections along the profile shown @ Bj from south to north. (a) (km); (b) observed
Bouguer squared real coherency (SRC);(c) predBtedyuer SRC. The black contour in (b) and (c)

is SRC = 0.5. EFW on the ordinate in (b) and (&qsivalent Fourier wavelength.

Fig. 7.Sediment-correcte@, estimates in SE Asia with regions of the maximualug of the

=2
I'e 1>0-5 asked in grey. (ak{| = 2.668; (b)Ko| = 3.773.

normalized free-air SIC
Fig. 8. Regional surface heat flow in SE Asia.Theathflow data in the South China Sea are
collected from Shi et al. (2003) and recent contidns. The heat flow data in the adjacent area of
the South China Sea are from the updated globaflogadatabase of the International Heat Flow
Commission. To be noted, because ofthe limited fieat data set, and their extremely uneven
distribution,the heat flow map, which is drawn dilg based on the data set,is not always reliable,

and might be fraudulent and misleadingin the regieith few or no heat flow stations.

Fig. 9. Schematic diagrams of rigid bodies infliagdocal deformation. LF, Lancang strike-slip
fault; MF, Mengxing strike-slip fault; RRFZ, Red\Rr Fault Zone; WBL, West Baram Line; TL,

Tinjar Line.

Fig. 10.Internal load fractiork;, corresponding to the above recovefeda) ko| = 2.668; (b)Ko| =
3.773. The red triangles denote Holocene volcarfoes the Global Volcanism Program

(http://volcano.si.edu/). Tectonic lines are thensaas for Fig. 1 (Some in different color for
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readability).

Fig.11. Crustal structure sections (O1, O2 andlia3pd on deep seismic data through the

continental margins of the South China Sea. Iregesifows the locations of these sections.

Table 1. Symbols and values of constants

Constant Symbol Value Units
Young's modulus E 100 GPa
Newtonian G 6.6726x10" m*kg™s?
gravitational constant

Poisson ‘s ratio c 0.25

Gravity acceleration g 9.79 nfs
Seawater density Pw 1030 kg nt
Upper crust density | puc 2670 kg nt
Crust density Pe 2800 kg nt

Mantle density Pm 3300 kg nt
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Fig. 1. Tectonic outline and topography/bathymétryand around SE Asia. The purple and pink
regions denote the Indosinian suture zones andefative Permian and Triassic Granite Belt
between the Indochina Block and the Sibumasu Bladpectively. From north to south, the former
comprises the Changning—Menglian suture in south@eima, the Inthanon suture in Thailand, and
the Bentong-Raub suture in the Malay Peninsula, laier comprises the LincangGranitoid
Batholith in China, Sukhothai in Thailand, and Eslgtlaya in the Malay Peninsula) in the east
(Metcalfe, 2011). The region with question marksanpassed by the thin, dotted orange thin
curves denotes the supposed southeastward exterfisi@indosinian suture zones and the Granite
Belt. The region encompassed by the thick, dastheeh red curve is the undeformed core of SE
Asia suggested by Simons et al. (2007). Red ardmmste the approximate (absolute/ITRF2000)
motions of different plates (after Simons et &0Q2). The red triangles denote Holocene volcanoes

from the Global Volcanism Program. AbbreviationsS,AAndaman Sea; BB, Barito Basin; Bl,
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Billiton Island; CCS, Con Song Swell; CS, Celebes;EJWS, East Java-West Sulawesi Block;
ELT, East Luzon Trough;HA, Halmahera Arc; HN, Hainksland; KB, Kutai Basin; KPR,
Kyushu-Palau Ridge;LL, Lupar Line;LZ, LeizhouPenites MAS, Makassar Strait;MB, Malay
Basin; MF, Mentawai Fault; MLS, Meratus and LuklBatures; MM, Meratus Mountains; MPF,
Mae Ping Fault; MS, Molucca Sea;MT, Manila Tren®BS, North Banda Sea; NSB, Nansha
Block (Dangerous Grounds and Reed Bank); NT, Nafisthagh (NW Borneo Trough); PB, Penyu
Basin; PF, Philippine Fault; PRMB, Pearl River Mowasin; PT, Philippine Trench; QDNB,
Qiongdongnan Basin; RR, Roo Rise; RRFZ, Red RiwitRZone; SA, Sangihe Arc; SB, Semitau
Block; SBS, South Banda Sea; SFZ, Sumatra FauleB8F, Sagaing Fault; SM, Schwaner
Mountains; SR, Singapore Ridge;SS, Sulu Sea;SWBih8@st Borneo Block; TPF, Three
Pagodas Fault; TT, Timor Trough; TW, Taiwan IslanB, West Burma; WPS, West Philippine
Sea; WS, West Sumatra Block; XS, Xisha Trough; XX&ha-Zhongsha Block; YB, Yinggehai

Basin.
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Fig. 2. (a) The free-air and (b) complete Bouguewriy anomalies of SE Asia.
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Fig. 3. (2) Sediment thickness and (b) the relathgative gravity anomaly in SE Asia.

Abbreviations: MP, Malay Peninsula; HN, Hainan telaTW, Taiwan Island; LZ, Luzon Island.
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Fig. 4. T, estimates fronkp| = 2.668 in SE Asia. (a) Sediment-uncorrectedséaliment-corrected.

The yellow dashed curve shows the ocean-continemdary of the South China Sea. Tectonic
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lines are the same as for Fig. 1 (Some in diffecetdr for readability).
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Fig. 5.T. estimates fronkp| = 3.773 in SE Asia. (a) Sediment-uncorrectedséaiment-corrected.
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The yellow dashed curve shows the ocean-contiramtdary of the South China Sea. Yellow solid
points refer to earthquakes (Ms> 7.0, www.isc.d;.akd the great historic earthquakes in the
Sundasubduction system (Sumatra and Java trenf@esyemeyer and Tiwari, 2006). The red

guadrilateral region over the northwest of Sumainaws the large rapid slip region of the
Sumatra-Andaman earthquake that occurred in Deaegl (M = 9.3) (Shapiro et al., 2008).

Tectonic lines are the same as for Fig. 1 (Sonatffierent color for readability).
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Fig. 6. Cross sections along the profile shown i B, from south to north. (a). (km); (b)
observed Bouguer squared real coherency (SRQ)rédjcted Bouguer SRC. The black contour in
(b) and (c) is SRC = 0.5. EFW on the ordinate jnaffid (c) is equivalent Fourier wavelength.
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Fig. 8. Regional surface heat flow in SE Asia. Heat flow data in the South China Sea are
collected from Shi et al. (2003) and recent contidns. The heat flow data in the adjacent area of
the South China Sea are from the updated globafflo@adatabase of the International Heat Flow
Commission. To be noted, because of the limited fiea data set, and their extremely uneven
distribution, the heat flow map, which is drawnetily based on the data set, is not always reliable

and might be fraudulent and misleading in the negiwith few or no heat flow stations.
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Fig. 9. Schematic diagrams of rigid bodies infliagdocal deformation. LF, Lancang strike-slip
fault; MF, Mengxing strike-slip fault; RRFZ, Redwr Fault Zone; WBL, West Baram Line; TL,

Tinjar Line.
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Fig. 10. Internal load fractiof, corresponding to the above recovefgda) ko| = 2.668; (b)lo| =
3.773. The red triangles denote Holocene volcarfoes the Global Volcanism Program

(http://volcano.si.edu/). Tectonic lines are thensaas for Fig. 1 (Some in different color for
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readability).
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Fig.11. Crustal structure sections (01, O2 and ©&ed on deep seismic data through the
continental margins of the South China Sea. Iregeti{ows the locations of these sections.
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Highlights
High-resolution maps of = in SE Asia are presented using wavelet methods.
The sediment-correctéd maps are more reasonable than uncorrected Te maps.

The heterogeneous strength features are consigtarthe complex assemblage of
different tectonic units, and significant Cenozdé&tormation.

Several isolated stronger regions bounded byTpregions in the interior of SE Asia,
which help to understand the Cenozoic tectonicrdedition in SE Asia.

T. patterns provide clues of the possible extensibithe some tectonic blocks and
boundaries.

High internal load fractiofr features agrees with the distribution of a higloeity lower
crustal layer and Late Cenozoic basaltic rocks.
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