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Abstract

Tectonic subsidence on rifted, passive continental margins are largely controlled
by patterns of extension and the nature of strain partitioning in the lithosphere.
The Sunda Shelf, adjacent to the SW South China Sea, is characterized by deep
basins linked to regional Cenozoic extension associated with propagating seafloor
spreading caused by slab pull from the south. Analysis of seismic reflection pro-
files and drilled sections crossing the Nam Con Son and Cuu Long basins highlight
Oligocene extension, with most of the thinning concentrated in the ductile mid-
lower crust. Upper crustal extension was modest and ductile flow is inferred to be
directed northwestwards, towards the oceanic crust. Basin inversion occurred in
the Mid Miocene, associated with the collision of the Dangerous Grounds Block
and Borneo. Subsequent accelerated tectonic subsidence exceeded predictions
from uniform extension models assumed to relate to extensional collapse after
inversion. We correlate this to a period of faster erosion onshore driven by strong
monsoon rains in Indochina and Peninsular Thailand at that time. Erosion of
the onshore basement, inducing rock uplift and coupled with loading of the ba-
sins offshore, drives ductile mid-lower crustal flow, likely to the northeast under
Indochina, and/or to the west where Plio-Pleistocene subsidence of the shelf is
very slow. Significant sediment delivery from the Mekong River into the Cuu
Long Basin began in the Late Miocene and migrated seawards as the basin filled.
Mass balancing suggests that the basins of this part of the Sunda Shelf are filled
through erosion of bedrock sources around the Gulf of Thailand. There is no need
for sediment delivery from a major river draining the Tibetan Plateau to account
for the deposited volumes.
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1 | INTRODUCTION

Lithospheric extension during the break-up of continents
and the subsequent opening of ocean basins results in sig-
nificant tectonic subsidence, mostly caused by isostatic ef-
fects related to the thinning of the pre-existing continental
crust (Bott, 1992; McKenzie, 1978; Royden & Keen, 1980).
However, the degree of subsidence observed on many
continental margins greatly exceeds that which might be
expected from the degree of brittle extensional faulting in
the upper crust, as imaged in seismic reflection profiles
(Driscoll & Karner, 1998; Lister et al., 1991). Explanations
for this excess subsidence have been strongly contested
within the basin analysis community. Some argue for a
dominant role for low-angle detachment faulting. In these
models, excess lower crustal extension is inferred to ac-
count for the anomaly and is considered to be removed
and preserved under the opposing conjugate passive
margin (Froitzheim & Rubatto, 1998; Lister et al., 1986;
Reston et al., 1996). Alternatively, others have proposed
ductile lower crustal flow towards the oceanic crust under
both conjugate margins. This results in higher thinning
of the lower crust, and thus greater total extension than
inferred from the faulting alone (Clift et al., 2002; Davis &
Kusznir, 2004; Hopper & Buck, 1996).

Uniform pure shear models for the deformation of the
continental lithosphere suggest that areas where there is
significant upper crustal faulting should experience sub-
stantial amounts of subsidence after, as well as during,
active extension (McKenzie, 1978). This is because the
lower crust and mantle lithosphere should also be ex-
tended to the same degree as the upper crust, although
not necessarily in the same location. The thinned man-
tle lithosphere then cools and thickens after active exten-
sion, causing thermal subsidence due to isostatic effects.
While this is often true in intracontinental rift systems,
this rule breaks down on passive margins. Areas with
weak lithosphere are often associated with thick, warm
and ductile crust, such as in magmatic arcs or orogenic
belts (Buck, 1991; Maggi et al., 2000). These regions are
prone to non-uniform extension as a result of the flow of
the ductile crust below the level of normal faulting (ca.
10-15km) (Brune et al., 2017). This model has been ap-
plied to many of the basins surrounding the South China
Sea (Clift et al., 2002; Davis & Kusznir, 2004; Huang
et al., 2021; Sun et al., 2009), which was an area of active
margin magmatism during the Jurassic-Cretaceous (Jahn
etal., 1990; Li, Zhang, et al., 2014). This preceded the onset
of extension that peaked in the Oligocene, at least in the
central and eastern parts of the basin (Li, Xu et al., 2014;
Su et al., 1989).

Although numerous studies of the northern mar-
gin of the South China Sea have examined the strain
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accommodation during continental break-up, a similar
analysis of the conjugate southern side has been more
difficult as a result of poor access and sparse data (Clift
et al., 2002; Franke et al., 2011). Furthermore, the colli-
sion of this southern margin with Borneo along its south-
ern edge has complicated the vertical tectonics because of
flexure of the Dangerous Grounds margin into the trench,
inducing additional tectonically triggered vertical motions
(Clift, Lee, et al., 2008; Franke et al., 2008; Hutchison, 2010).

If we wish to quantify the competing influences of syn-
rift and post-rift tectonic processes on the vertical motion
of conjugate margins, it is important to understand how
the margin behaved before the onset of seafloor spreading.
This can be difficult because the syn-rift strata are mostly
continental, poorly dated and often not deeply drilled off-
shore southern China. In this study, we examine the Sunda
Shelf of Southeast Asia, which is located immediately in
front of the now-dead propagating seafloor spreading cen-
tre of the South China Sea (Figure 1) (Lee et al., 2001; Li,
Clift, et al., 2014; Matthews et al., 1997). This area should
represent only the effects of extension prior to seafloor
spreading, which never reached this far to the southwest
and allows us to understand the role played by crustal flow
prior to continental break-up. We attempt to quantify the
degree of upper and lower crustal extension in order to esti-
mate how the strain was partitioned during the final stages
of continental break-up. We also seek to date the timing of
lower crustal flow relative to the rift tectonics and to see if
any flow postdates active rifting (Clift et al., 2015). We cor-
relate the subsidence history with well-known regional tec-
tonic and climatic events, as well as the sediment loading in
this area, in order to test their influence on basin formation,
especially in the form of lower crust flow.

We use seismic profiles collected originally for oil and
gas exploration, together with age constraints derived
from four drilling sites along the eastern edge of the shelf,
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FIGURE 1 Topographic and bathymetric map of the study area south of the Mekong Delta. Black lines show the location of the seismic

profiles which form the basis of this work. Wavy brown lines indicate the approximate position of paleo-river systems that would have

occupied the shelf during sea-level low stands, with dashed black lines separating these. The continent-ocean boundary is from Huchon

et al. (2001).

which allow the stratigraphy to be assigned to specific age
intervals. Together these data allow us to constrain the
sedimentation history of the shelf and to quantify the ver-
tical tectonics since the Early Miocene (<24 Ma), allowing
the degrees of extension across the region to be resolved.
In doing so we are able to quantify the strain accommoda-
tion within the lithosphere and test for linkages between
onshore erosion driven by climatic or tectonic processes
and subsidence offshore.

1.1 | Geological setting

We focus on two major sedimentary basins that lie south
of the Indochina peninsula in the south-western South
China Sea. The basins underlie the modern Sunda Shelf
and are known as the Cuu Long and Nam Con Son basins
(Figure 1). They represent the product of regional Cenozoic
extension, largely related to the southwestward propaga-
tion of continental rifting and seafloor spreading in the

South China Sea (Lee et al., 2001; Matthews et al., 1997;
Schmidt et al., 2019). This initiated further towards the
northeast during the Early Eocene (Lei et al., 2019) and
propagated to the southwest until 17Ma when seafloor
spreading stopped (Li, Li, et al., 2015). Seafloor spreading
ceased immediately in front of the modern Sunda Shelf
edge, as shown by the identification of a continent-ocean
boundary (COB) offshore southeast Viethnam (Huchon
et al., 1998, 2001) (Figure 1). The regional extension is
complicated by transform tectonics along the East Vietnam
margin, representing a southward extension of strike-slip
motion along the Red River Fault Zone (RRFZ) (Fyhn
et al., 2009; Roques et al., 1997; Vu et al., 2017). Further
west, there is additional transform and pull-apart exten-
sion in the Gulf of Thailand where major transtensional
basins have developed, most notably the Pattani Trough,
and the Penyu, Malay and West Natuna basins (Fyhn
et al., 2010; Madon & Watts, 1998; Schmidt et al., 2019;
Tjia & Liew, 1996) (Figure 2). Together these basins un-
derlie the largest tropical shelf region on Earth.
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FIGURE 2 The tectonic terrane
map of SE Asia and Borneo shows the
major blocks whose erosion may fill

the sedimentary basins of the Gulf of
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and Searle (2017) and in Borneo from
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Debate continues concerning the origin of the South
China Sea, but a common view is that the extension ter-
minated after the southern margin of this basin (i.e., the
Dangerous Grounds continental block) collided with
Borneo. In this model, extension in the modern South
China Sea was driven by the subduction of a Paleo-
South China Sea towards the southeast under Borneo
(Clift, Lee, et al., 2008; Hall, 1996; Hinz et al., 1989;
Hutchison, 2010; Hutchison et al., 2000). As the southern
margin, now preserved as the Dangerous Grounds Block
collided with and underthrust Borneo, the slab-pull effect
from the Paleo-South China Sea lithosphere would have
ceased and seafloor spreading discontinued. This colli-
sion is often believed to have generated the widespread
Middle Miocene ‘Deep Regional Unconformity’ (DRU)
across the southern South China Sea (Hutchison, 2005;
Morley, 2016). The unconformity represents the product
of erosion following basin inversion, which is a charac-
teristic of the Sunda Shelf, as well as parts of northern
Borneo (Hutchison, 2005). The age of the DRU has been
debated with an age of 12-13 Ma proposed by Lunt (2019),
postdating the earlier onset of collision in the Dangerous
Grounds prior to 16 Ma (Morley et al., 2022).

The extended crust under the Sunda Shelf forms part of
the larger Sundaland continental block, which has some-
times been considered a relatively strong and rigid piece of
the lithosphere (Peltzer & Tapponnier, 1988). This together
with Indochina was extruded via strike-slip faults towards
the southeast as a result of continental collision in the area
of the Tibetan Plateau (Replumaz & Tapponnier, 2003;
Tapponnier et al., 1982). However, whether Sundaland can
really be considered as being structurally rigid is debated be-
cause of the Neogene bending of Borneo relative to the rest
of Sundaland (Hall, 2002), paleomagnetic evidence for de-
formation within Indochina (Cung & Geissman, 2013), and
the presence of basins such as those we consider here that re-
quire deformation within Sundaland (Hall & Morley, 2004;
Lee & Lawver, 1995; Pubellier & Morley, 2013). The gen-
eral recognition that extension in the South China Sea is in
a ‘wide rift’ mode, like the Basin and Range, based on the
wide continent—ocean transition and high heat flow, argues
for the lithosphere being weak and deformable (Burton-
Johnson & Cullen, 2022; Clift et al., 2001).

Since the end of seafloor spreading, this region was
disturbed by the emplacement of the Miocene flood ba-
salt province in the Central Highlands of Vietnam (Hoang
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& Flower, 1998; Hoang et al., 1996). Eruptions mostly
spanned from 16 to 5Ma and were associated with regional
uplift and exhumation that reached a peak after around
8Ma (Carter et al., 2000). It is not yet apparent what
caused this volcanism since the region does not appear to
be underlain by a mantle plume, at least one of a strong
Hawaiian or Icelandic character, although it has been sug-
gested that tectonic extrusion drove asthenospheric up-
welling and caused the partial removal and replacement
of the lithospheric mantle (Hobbs, 2020). There is some
evidence for geochemical anomalies in the source mantle
that have resulted in correlation to the “Hainan Plume”
(An et al., 2017), but little suggestion of the regional uplift
that is usually related to the presence of a major mantle
thermal anomaly (Sleep, 1990). Regional subsidence stud-
ies have shown that depth anomalies are modest and that
any temperature difference with ambient upper mantle is
small (Wheeler & White, 2000). Indeed, some geodynamic
models represent this region as overlying a number of
subducted slabs and would instead represent a cold area
in the upper mantle (Lithgow Bertelloni & Gurnis, 1997).

The Sunda Shelf is noted for its shallow water depths
and flat bathymetry because the underlying sedimentary
basins are largely full of sediment supplied from the sur-
rounding continents. In more recent geologic times, this
sediment has been dominated by supply from the Mekong
River that drains Indochina and the southeast flank of the
Tibetan Plateau (Clift et al., 2006; Jagodzinski et al., 2020).
The age of initiation of the Mekong is debated, although
earlier analysis of large clinoforms along the shelf edge
suggested that the Mekong only started to deposit in
this area during the latter part of the Late Miocene (Li
et al., 2013; Murray & Dorobek, 2004). Changes in the
composition of the sediment offshore imply that the ear-
liest initiation of the Mekong Delta in this region was
around 8 Ma (Liu et al., 2017).

2 | METHODS

2.1 | Seismic stratigraphy

We employ standard seismic stratigraphic methods to divide
the sedimentary fills of these basins into depositional units
separated by sequence boundaries that are typically discon-
formities or unconformities (Vail et al., 1977; Van Wagoner
et al., 1988). We also trace dated horizons from the drilling
sites across the continental shelf, following continuous re-
flections as far as possible. Drilling depths were converted
to two-way travel time (TWT) using the stacking velocities
generated during the seismic processing. The interpretation
of the seismic data was done using IHS Kingdom™ soft-
ware. The interpretations were subsequently exported in

order to use them for two-dimensional subsidence analysis.
A time-depth conversion was made using an average inter-
val velocity derived from the stacking velocities in a central
part of the Cuu Long Basin, considered to be a typical ex-
ample. We used an average of the velocity structure at three
successive shot point locations for which data were avail-
able to eliminate any local anomalies. The velocity model
is provided in Table 1 and shown graphically in Figure 3.
Using this velocity versus depth at this point, we were able
to determine the average interval velocity for each of the
stratigraphic packages interpreted in this study at the same
location. This velocity was then applied to the TWT for
the bottom of each package in turn in order to calculate its
depth across the basin. There was no attempt to account for
lateral variations within a single package. This conversion
represents one of the largest uncertainties in our analysis
because there is lateral variability in subsurface velocities
within a single depositional package linked to lithological
heterogeneity and different degrees of compaction that may
result in uncertainties on the order of +20% (Clift, 2006). In
the absence of suitable refraction seismic data and lack of
access to sonic well logs, this is a reasonable approximation.

2.2 | One-dimensional subsidence
analysis

One-dimensional backstripping analysis was performed
on the sections sampled at the industrial wells using the
method of Sclater and Christie (1980). This involves pro-
gressive unloading of the basement and correction for
both sediment and water loading caused by variations in
global sea level (Miller et al., 2020) as well as burial com-
paction. This progressive removal of each dated sedimen-
tary unit is known as backstripping and was done in order
to isolate the tectonic components of the subsidence. This
analysis assumes local isostatic equilibrium, which may
be justifiable if the flexural rigidity of the lithosphere is
low. In general, sedimentary basins with extension >30%
are considered to have a flexural rigidity of only ca. 5km
during active extension, making this a reasonable approxi-
mation (White, 1999). Furthermore, analysis of the con-
tinental margins around the South China Sea shows that
modern-day flexural rigidity is still low, typically ca. 8km
under the Dangerous Grounds and the South China Shelf
(Braitenberg et al., 2006; Clift et al., 2002; Lin & Watts, 2002;
Xie et al., 2017). We use two-dimensional basin modelling
methods to test this approximation. Even if the magnitudes
of subsidence reconstructed by the one-dimensional ap-
proach are not entirely accurate, they provide the oppor-
tunity to identify periods of accelerated subsidence that are
often associated with active extension. They also provide a
general assessment of the total amount of subsidence, and
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TABLE 1 Upper panel: velocity model used for the conversion of interpreted time sections to depths for backstripping. Lower panel:
velocity data from Line SCSC-20 was used to construct the velocity-depth model.

Stratigraphic unit
Seawater

Uppermost Pleistocene
Upper Pleistocene
Mid-Pleistocene

Lower Pleistocene
Upper Pliocene

Lower Pliocene

Upper Miocene
Middle Miocene

Lower Miocene

Oligocene

TWT (s) VRMS (m/s) Depth (m)
0.089 1480 66
0.497 1709 425
0.943 1998 942
1.289 2203 1420
1.649 2407 1985
1.996 2602 2597
2.459 2812 3457
3.000 3041 4562
3.573 3229 5769
4.064 3372 6852
5.000 3547 8868

Interval

velocity (m/s)

1500

1600

1620

1630

1640

1645

1650

1670

1850

2300

2750

Interval thickness Interval
Depth (mbsf) (m) velocity (ms)
359 359 1759

876 517 2320
1354 478 2762
1919 565 3137
2531 612 3529
3391 861 3717
4496 1104 4082
5703 1207 4213
6786 1083 4413
8802 2016 4307

Abbreviations: mbsf, meters below seafloor; TWT, two-way travel time; VRMS, root mean squared velocity.

therefore of total crustal extension independent of the two-
dimensional analysis (McKenzie, 1978).

Because none of the drilling sites penetrated as far as
the pre-rift basement at any location, we examine a syn-
thesized complete section to allow a more comprehensive
analysis. We look at the total amount of extension using a
combination of the drilling data from the shallower lev-
els and a seismically derived estimate of the thickness of
older, deeper sediment at well 11-1 CPD 1X (Figure 1).
This synthetic ‘pseudo-well’ represents an image of the
complete section in the Nam Con Son Basin and allows us
to derive an overall image of the total amount of subsid-
ence, at least along the eastern margin of the shelf.

2.3 | Two-dimensional
subsidence analysis

We selected a number of the better-quality seismic profiles
to undertake two-dimensional subsidence analysis. The

interpretations exported from IHS Kingdom were loaded
into the FlexDecomp™ program of Badley Geoscience
Ltd. This program was then used to sequentially remove
the interpreted sedimentary layers in order to estimate
the total modern depth to the basement after correcting
for the sediment loading. The backstripping involved no
correction for thermal subsidence so the final result is a
prediction of the depth the basement would be at in the
present day if there had been no sedimentation. We use
an effective elastic thickness (Te) of 8km as a reasonable
estimate of the modern rigidity, as this yielded consistent
results in earlier studies (Davis & Kusznir, 2004).

The unloaded modern depth to the basement can
then be used to estimate the total amount of crustal ex-
tension along the profile, assuming negligible flexural ri-
gidity and the uniform pure shear extensional model of
McKenzie (1978) to estimate thermal subsidence. In this
model, we assume a pre-rift crustal thickness of 30km
and a lithospheric thickness of 125km because this pre-
dicts the top of the crust to be near sea level at the start of
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FIGURE 3 Seismic velocity versus depth at the intersection

of profiles SCSC-05 and SCSC-20 (8.42038692°N, 108.0578539° E),
which was used as a typical example for time-depth conversion (see
Table 1).

extension and these values provide relatively good agree-
ment with one-dimensional backstripping of drilled sec-
tions in the northern South China Sea (Clift et al., 2002).
Moreover, 30km is close to the estimate of the relatively
unextended crust close to the coast measured by refrac-
tion profiles (Nissen et al., 1995; Zhang et al., 2018). In
order to make this estimate, we have to decide on the age
of the end of extension. Although the age of inversion
and the end of the associated significant brittle faulting is
ca. 16 Ma (Lee et al., 2001; Matthews et al., 1997; Morley
et al., 2011), we choose to use 24 Ma for this purpose be-
cause it results in more consistent estimates of extension
and represents the time that the strongest extension under
the Sunda Shelf finished.

By quantifying the total modern sediment-unloaded
depth to the basement along a profile, the total crustal
extension can be estimated based on the uniform ex-
tension model (McKenzie, 1978). These values can be
compared with the total upper crustal extension that is
measured from the horizontal extension measured across
normal faults in the seismic profiles. Because of the long
wavelengths used in deep-penetrating seismic reflection
imaging in oil and gas exploration, smaller faults are
necessarily missed, accounting for as much as 40% of
the total upper crustal extension (Walsh et al., 1991).
Because of the general orientation of the basins and the
magnetic fabrics in the oceanic South China Sea, we
anticipate that extension was largely oriented NW-SE.
Consequently, we choose to focus on seismic profiles
that are oriented in this direction, while connected by
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FIGURE 4 A schematic representation of the flexural
cantilever model for lithospheric deformation, showing
assumptions of simple shear faulting in the brittle upper crust and
the assumed same amount of pure shear in the lower crust and
mantle (redrawn from Kusznir et al., 1991).

a series of crossing lines in the perpendicular direction.
This was done to provide some coverage across most of
the basin, in order to map out the patterns of extension.
The measured offsets and throw directions for each fault
were measured and entered into the Stretch™ program
of Badley Geoscience Ltd. This program models basin
formation based on throws on normal faults and applied
to the flexural cantilever extension model, where duc-
tile deformation is distributed over 100 km wavelengths
(Kusznir et al., 1991) (Figure 4). In this case, we primar-
ily use this for estimating the lateral variability in upper
crustal extension.

If the degrees of upper and total crust extension are
known, then the lower crustal extension can be estimated,
assuming a depth of the brittle-to-ductile transition. The
depth of this transition depends on the composition of the
continental crust, as well as the heat flow, although in gen-
eral it is estimated to lie between 10 and 15km in depth for
felsic lithologies (Doglioni et al., 2011; Rutter, 1986). The
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brittle-to-ductile transition shallows during extension as
heat flow increases (Lavier & Manatschal, 2006), while be-
coming deeper later as the lithosphere cools or its extension
becomes very high (Pérez-Gussinyé et al., 2006). Previous es-
timates of extension in the Nam Con Son Basin indicate up
to a P factor of ca. 1.5 that implies a geothermal gradient of
ca. 44°C/km at the end of active extension (McKenzie, 1978)
and therefore a depth of 6.8km to the 300°C isotherm, the
temperature at which quartz is ductile (Scholz, 1998).
However, deep-penetrating seismic profiles of the Nam Con
Son Basin show faults ending in the mid-crust ca. 7s TWT
(Franke et al., 2014), suggesting >15km depths. Because the
South China Sea represents the product of rifting shortly
after the cessation of active continental margin magmatism,
it might be expected that the brittle-ductile transition would
be shallow because of the high heat flow in a tectonically
active setting (Jahn et al., 1990). Consequently, we use the
value of 10km as an estimate for the base of the brittle de-
forming zone in the upper crust (Clift et al., 2002). Because
the lithospheric strength in such settings is focused on the
brittle upper crust, a relatively thin estimate of the upper
crust is consistent with our understanding of a relatively low
flexural rigidity (Maggi et al., 2000).

2.4 | Sediment budgets

We reconstruct the sedimentation budget of the basins by
performing a two-dimensional backstripping analysis on a
select number of the interpreted and depth-converted pro-
files. This process involves the progressive removal of each
dated sedimentary layer and then correction for the com-
paction that would have occurred as a result of burial under
the younger layers. The decompaction procedure follows
the methods of Sclater and Christie (1980) and since we do
not know the lithologies to the base of the section and can-
not account for lateral variability we use an intermediate
silt average lithology to perform the decompaction. We use
the same compaction correction method applied in the one-
and two-dimensional backstripping. We use the duration
of each depositional package taken from the biostratigra-
phy and converted to numerical ages using the Gradstein
et al. (2020) timescale. These ages are used to calculate the
rate of sedimentation in square kilometres per million years
for each line. Three lines (SCSC-9, -20 and -22) are oriented
across the strike of the basins and two (SCSC-09 and SCSC-
21) lie along the axis of the Nam Con Son Basin in order to
account for variations in sediment accumulation in both di-
rections. The analysis of two-dimensional sections is more
representative than single boreholes because it allows us to
account for sediment wherever it is preserved within the
shelf system, thus accounting for variable tectonically con-
trolled accommodation space.

Interpretations show a clear thickening of sediment to-
wards the continental margin and our analysis accounts
for this variability. In order to derive a basin-wide esti-
mate, the sedimentation rates for each of the lines were
added together to provide a combined total budget. This
was then normalized and applied to the total estimated
sedimentary volume of the basin. By taking this approach,
we give greater weight to the longest lines, but this is ap-
propriate because they span a greater area and should be
more representative of the regional average than short
lines. In doing this, we follow the earlier approach of Clift
et al. (2006). The volumetric estimates reflect the decom-
pacted volumes so that each successive package of mate-
rial can be realistically compared. The volume may then
be converted into a deposited weight of eroded rock by
accounting for the 50% porosity present in newly depos-
ited silty sediment (Sclater & Christie, 1980). Silt may be
considered a good average and comprises much of the sed-
imentary mass in many marine sedimentary basins, being
intermediate between coarser sands, deposited preferen-
tially closer to the coast and more clay-rich material in the
deep water, including the SW South China Sea (Li, Lin,
et al., 2015).

The work presented in this study improves the sed-
iment budget of the Sunda Shelf, but we further inte-
grate this with other studies for the surrounding areas
in order to derive a more regional sedimentary delivery
history. In particular, we include deposited volumes
in the Gulf of Thailand (Clift, 2006), on the continen-
tal slope immediately to the east of the Sunda Shelf (Li
et al., 2013), as well as the deep-water SW South China
Sea (Wu et al., 2018). Sediments in the latter area are
interpreted to have been supplied from the southwest
and therefore likely from the same sources as the Sunda
Shelf (Liu et al., 2017).

3 | RESULTS

3.1 | Regional stratigraphy

The overall shape of the basins and their infilling stratig-
raphy is shown by an approximately NNW-SSE oriented
profile (SCSC-14) (Figure 5a) and an ENE-WSW-oriented
counterpart (SCSC-20) (Figure 5c). The former shows
a clear separation of the two basins with an intervening
basement high. The Nam Con Son Basin is much wider
(>200km), although about the same depth as the Cuu
Long Basin (ca. 70km width imaged). Brittle faulting can
be seen cutting through the stratigraphy at least up to
the top of the Middle Miocene horizon, which represents
the effects of the major DRU inversion event. The older
deposits are thicker within the basin centres and onlap
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FIGURE 5 Examples of seismic reflection data spanning the Sunda Shelf. Two lines are shown roughly oriented north-south (SCSC-14)

(a and b) and east-west (SCSC-20) (c and d), with both raw data and interpreted sections shown for comparison. The coloured reflectors

represent regionally interpreted horizons with the age control derived by correlation to the drill sites shown in Figure 1.

onto the central high. The youngest deposits (Pleistocene-
Recent) are found preserved across the entire continen-
tal shelf and are generally thin, flat-lying and gradually
thicken to the south. In contrast, the older deposits above
the DRU reflector are much thicker in the basin centres,
and thin but do not fully pinch out, across the basement
high (at least on profile SCSC-14) (Figure 5b). Below the
Middle Miocene DRU unconformity, Lower Miocene and
Oligocene horizons are seen to truncate against this, in-
dicating erosion. It is noteworthy that the pre-Oligocene
basement never intersects the unconformity, showing
that this was not exposed at that time. Indeed, while there
is clearly uplift and erosion in the Middle Miocene, much
of the older stratigraphy was still preserved.

Profile (SCSC-20) (Figure 5c) provides a representative
image of the basin structure in the WSW-ENE direction.
Again, the DRU is prominent and remains flattish, al-
though undulating under much of the shelf before deep-
ening markedly to the east. The younger sediments above
the unconformity thicken towards the east, so that the

modern eastern edge of the shelf is underlain by a fanning
array of sediments that are formed as the shelf edge pro-
graded, largely since the Pliocene (Figure 5c,d). The west-
ward thinning and pinching out of younger strata is very
pronounced after the Early Pliocene. The Upper Miocene-
Lower Pliocene thickens to the east but is also preserved
in significant thicknesses across the central and western
shelf. In contrast, some of the mid-Pliocene to recent sed-
iments that underlie the shelf edge is not found under the
central or western parts of the continental shelf.

This profile also highlights the complexity of structure
under the Middle Miocene DRU. There is substantial vari-
ation across the shelf. In some places, the basement comes
quite close to the unconformity, although the fact that
many Lower Miocene to Oligocene horizons can be traced
across these basement highs suggests that these were
paleo-highs formed during the initial rifting, rather than
being the product of inversion. Brittle faulting is again
seen to be quite a high angle and of the normal throw.
Although the faults likely suffered some reversal, the net
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motion is normal, and the total amount of horizontal ex-
tension does not appear to be very large.

The changing patterns of sediment accumulation and
preservation can best be appreciated across the shelf using
isochore maps (Figure 6). By integrating all the interpreted
lines, itis clear that during the Oligocene and Early Miocene,
sedimentation mostly occurred in the central Nam Con Son
Basin, although within relatively restricted deep, individual
sub-basins. The Cuu Long Basin is relatively small in extent
and depth at these times and the thicknesses also reduce
towards the west. By the Middle Miocene this pattern had
evolved slightly, with the greatest thicknesses under the
central Nam Con Son Basin, but now also with two prom-
inent depocenters along the eastern edge of the modern
shelf, especially in the SE of the surveyed region. The Late
Miocene, following the Middle Miocene inversion and un-
conformity event, shows a marked change to much more
deposition in the central Cuu Long Basin and a migration

East

towards the east in the locus of sedimentation in the Nam
Con Son Basin. It is at this time that the central basement
high is first clearly defined by increased subsidence in the
Cuu Long Basin. Likewise, in the Pliocene, sedimentation
within the Cuu Long Basin is strong, offshore what is now
the Mekong Delta. Sedimentation continued throughout
the Nam Con Son Basin but is very much focused under the
eastern shelf edge, as seen in the reflection profiles. Finally,
in the Pleistocene sedimentation was thin across the shelf
but is very strong along the shelf edge, in a clearly defined
wedge.

3.2 | Strain accommodation

A series of profiles can be examined to see how many
extensions varied across the shelf and how the strain
has been partitioned within the crust. We consider four

FIGURE 6 Isochore maps of the major stratigraphic intervals interpreted by this study. Note the appearance of a significant depocenter
close to the Vietnamese coast for the (c) Upper Miocene represents the onset of Mekong Delta sedimentation. By the (a) Pleistocene almost
all the sedimentation occurs on the edge of the continental shelf and slope.
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profiles as type examples, but we performed the same
analysis on all profiles where the data quality permitted.
Profile SCSC-20 is oriented WSW-ENE along the axis of
the Nam Con Son Basin, while profiles SCSC-12, —14
and 15 lie across the strike of the basins. In order to as-
sess the potential uncertainties introduced by our choice
of Te we fully unloaded profile SCSC-15 using a range
of values from Te=3km as the low end, through 8 and
15km and a Te of 25km to represent relatively stiff con-
tinental lithosphere. The results of this analysis show
that although there are differences, these are generally
modest (Figure 7a). The most notable exception is the
structural high at around the 90-100km mark on the
profile, where uplift is ca. 600 m higher in the Te =25km
example compared to the Te=3km model. This result
is, however, encouraging in that it indicates that the un-
loaded depths to the basement are not strongly sensitive
to the flexural rigidity and therefore neither is the total
crustal extension estimated from those depths.

(a) Sediment unloaded

This issue can further be explored by creating a series
of forward models using the measured displacement on
the normal faults. We generated a synthetic section of
what the basement would have looked like after the initial
extension with the same range of flexural rigidities and
assuming that the faulting can be used to estimate crustal
extension. To undertake this assessment, we use the mod-
elling program Stretch™. The four different models are
shown in relation to the 8km Te backstripped modern
sediment-unloaded basement profile to see how two inde-
pendent predictions compare (Figure 7b). The aim of this
exercise is not to match the absolute depth but rather to
see which forward model most closely matches the overall
shape of the sediment-unloaded basement. The predicted
basins are more angular and blocky than what is seen in
the restored section. This may reflect both erosions of the
basement during extension, as well as the fact that the in-
terpretation may not have identified all the major faults.
Nonetheless, the overall range of basin depths suggests
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FIGURE 7 (a)Reconstructed sediment-unloaded depth to the basement along line SCSC-15, derived from FlexDecomp backstripping,
showing the results for four different varying flexural rigidities (Te). Note that the results are quite similar but with greater topographic
variation at higher Te values. (b) Forward models for predicted syn-rift topography based on the faults observed along profile SCSC-15,

as predicted from the flexural cantilever model and calculated using the Stretch program for four different Te values. Note that the height
difference between the basin centres and adjacent structural highs is much greater for high Te values, but the best match between the model

and observation is found at low Te values.
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that low flexural rigidity is more appropriate in this par-
ticular case. Forward models using high flexural rigidity
predict basement uplift (negative depth) at the 90-100 km
mark as being too high (Figure 7b), whereas the deeper
sub-basins present at around 130km are much deeper
than the restored section. A better match in the overall
topographical range of the backstripped basement is made
with the 8 km model, which thus seems to be the most ro-
bust for basin modelling purposes.

Extension in the total crust and upper crust is deter-
mined from the modern unloaded depth to the basement
and the horizontal component on the observed faults, re-
spectively, while the lower crustal extension is then esti-
mated from these values assuming an initial 10-km-thick
brittle upper crust. The results are shown in Figure 8. In
all examples, extension in the upper crust is generally
rather low, a product of the high-angle character and mod-
est throw on the faults seen in the seismic profiles. This is
true whether we look perpendicular to or along the axis of
the basins. In contrast, deep sub-basins within the larger
depressions show substantial accommodation space, and
therefore large amounts of total crustal extension. If this
is not caused by faulting, then this has to be compensated
for by high degrees of extension in the middle and lower
crust. This depth-dependent preferential extension of the
mid-lower crust is a common feature of sedimentary ba-
sins around the South China Sea (Clift et al., 2002; Davis
& Kusznir, 2004). This suggests a weak lower crust that is
able to deform in a ductile fashion, although this analy-
sis does not constrain when this ductile flow would have
occurred. The presumption is that much of this is asso-
ciated with the initial extension of the region, starting in
the Eocene-Oligocene. There does not appear to be much
coupling in the extension of the upper crust, compared
to the middle-lower crust, implying a detachment in the
mid-crust with regard to strain accommodation.

By repeating this analysis on multiple sections, we are
able to map out the extension across the basin in two di-
mensions. The estimates of total, upper and mid-lower
crustal extension can then be interpolated and gridded
using ARCMap™ GIS software to produce an image of
the lateral variability. The overall pattern is shown in
Figure 9a where the extension in the Cuu Long Basin is
seen to be somewhat less than that present in the central
parts of the Nam Con Son Basin. As might be expected,
extension increases towards the oceanic crust east of the
survey area in the deep South China Sea. If we consider
differences between the upper and mid-lower crust, then
the general pattern surmised from the profiles discussed
above can be seen to extend across the entire survey re-
gion. Extension is clearly much higher in the mid to lower
crust compared to the upper crust and it is focused on the
axis of the two major basins while being moderate under

Research ’g e _Wl L.E‘.YJ_13
the central structural height (Figure 9b). Extension is so
limited in the upper crust (Figure 9c) that it is difficult
to see the variations when using the same colour scale as
the other maps presented here. As a result, we also show
upper crustal extension with an expanded colour scale
designed to highlight areas of upper crustal extension
(Figure 9d). This latter map shows only moderate corre-
spondence to the shape of the sedimentary basins seen in
the seismic profiles and implies that the basins are largely
a product of mid-lower crust extension and flow.

3.3 | Balancing erosion and
sedimentation

Coupling between the tectonics onshore and offshore is
more likely when potential erosional sources immediately
juxtapose the sedimentary basins because the isostatic buoy-
ancy forces can act more immediately over shorter distances
(Clift et al., 2015; Westaway, 1994). Because we have an es-
timate of the rates of total sediment supply stretching from
the Gulf of Thailand into the deep water of the South China
Sea, it is possible to compare these with the rates of erosion
reconstructed onshore by thermochronometry measure-
ments of the bedrock sources. We consider all the basins
together, as they might have been filled by supply from the
same source or river. It is possible that much of the sediment
came from one or two large river systems, for example, via
the Mekong and its potential previous route along what is
now the Chao Phraya, and into the northern part of the Gulf
of Thailand before avulsing into its present position around
8Ma (Liu et al., 2017). Thermochronometry suggests that
major incision of the upper Mekong dates from ca. 17Ma
after which sediment supply might be expected to have in-
creased. Depending on the location of the delta, the Mekong
could conceivably have been a major source of sediment to
the Sunda Shelf at 17Ma (Nie et al., 2018).

Detailed provenance studies would be useful in deter-
mining whether the basins were all filled with sediment
derived from one or two distant sources or whether they
instead reflect erosion of unique local source terrains.
Provenance analysis would be effective because the bed-
rock geology of Southeast Asia is subdivided into a num-
ber of tectonic units (Figure 2), each with its own unique
magmatic and chemical history that may be transferred to
the eroded sediments and then identified in the preserved
siliciclastic sedimentary rocks of Sunda Shelf. Though
there is some evidence that much of central Sundaland
was exposed until the Pleistocene (Sarr et al., 2019), and
we observed reduced or absent Pliocene-Recent strata
in this study, it is clear that there has been some subsid-
ence in the central part of the Gulf of Thailand (Fyhn
et al., 2010). In contrast, Indochina, and especially the
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FIGURE 8 Plots show variation in the degree of upper, lower and total crustal extension along four profiles crossing the Sunda Shelf
(SCSC-12, -14, -15 and -20). Note that the degree of lower crustal extension is always significantly in excess of that seen in the upper crust.
See Figure 1 for the location of these profiles.
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FIGURE 9 Mapsshowing the lateral variations in extension in (a) the total crust, (b) lower crust and (c) upper crust based on the seismic
profiles shown as black lines. (c) Shows the upper crustal extension with the same colour scale as the lower and total crustal maps, whereas (d)
shows the upper crustal extension with an enhanced colour scale in order to demonstrate variations in brittle faulting across the area.

Malay Peninsula, remained as highlands on either side of
the basins. Sources therefore must dominantly lie outside
the basins themselves, rather than from intra-basin highs.

Drainage systems have been flowing from north to south
in the Gulf of Thailand since the Paleogene (Algahtani
et al., 2017; Morley & Morley, 2013; Morley & Racey, 2011)

as well as towards the northeast on the Sunda Shelf off-
shore southern Vietnam. Recent work on detrital zircon
U-Pb dates from the Cuu Long Basin indicates sediment
largely from neighbouring Indochina basement until the
Early Miocene, followed by supply from a paleo-Mekong
(Breitfeld et al., 2022). The Nam Con Son Basin appears
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to have been supplied from erosion flux from the north as
well as from the rift flanks until the Early Miocene (Hall
& Morley, 2004) followed by a change to supply by erosion
of the Malay and Thai peninsula (Breitfeld et al., 2022).
The basins that we consider were likely filled by sediments
eroded from either side of the Gulf of Thailand, the catch-
ment of the modern Chao Phraya, or from coastal Vietnam-
Cambodia. Although there is evidence for Neogene uplift
and erosion in Borneo (Hutchison et al., 2000) and the
southern Malay Peninsula (Cottam, Hall, & Ghani, 2013;
Kassa et al., 2019), these sources seem less important as
their erosional products would have been preserved in the
southern basins of Sundaland (i.e. the Penyu, West Natuna
and Luconia basins), based on a general understanding of
regional drainage patterns, and consistent with the detrital
zircon data (Breitfeld et al., 2022).

Exhumation around Sundaland is generally not very
deep, except in limited areas linked to fault zones (e.g. the
Three Pagodas Fault Zone, Figure 2) and the Doi Inthaonon
area on the west side of the Chiang Mai Basin (Morley, 2015)
where erosion of the footwall has contributed to the fill of
the adjacent basin. The erosional history of the potential
sources can be best constrained through cooling histories
reconstructed from low-temperature zircon and apatite
fission track methods. These measure the cooling of bed-
rock from 230-250°C to 60-110°C respectively (Donelick
et al., 2005; Gallagher et al., 1998). Shallower exhumation
can be tracked with the (U-Th)/He method, also applied
to apatite and zircon (Reiners, 2005). Rough estimates of
the eroded rock volumes can be generated by using a con-
tinental geothermal gradient and knowing the area of the
exhuming terrain, as shown in Figure 2. Madon (1997) re-
corded an average heat flow of 33-42mW/m” in the Malay
Basin, equivalent to a gradient of 23-30°C/km. A regional
compilation (Southeast Asian Research Group, 2022)
shows higher geothermal gradients (100-120mW/m?
71-85°C/km) over the southern Malay Peninsula and
Cambodia. In western Borneo and SE Vietnam (over the
Central Highlands), geothermal gradients are also elevated
(90-100mW/m?, ca. 67°C/km). They are moderately higher
in Peninsular Thailand (70-80 mW/m?, ca. 60°C/km). Heat
flow values lie close to the continental average (30°C/km)
in other regions (e.g. Thailand). Applying these gradients
to the thermal histories of the bedrock allows a rough esti-
mate of erosion from each of the major sources to be derived
(Table 2). For example, with a mean 16.4 Ma apatite U-Th/
He age in Peninsular Thailand (Sautter et al., 2019) we
infer 60°C of cooling since 16.4 Ma (Ehlers & Farley, 2003).
Because the geothermal gradient in this area is ca. 60°C/km
this means that ca. 1km of erosion has taken place since
16.4Ma, over an area of 120,000km?. This implies a long-
term average erosion rate of 0.061 km/m.y. and thus the ero-
sion of 116,854km? of bedrock since 15.97Ma (base of the

Middle Miocene). Because of a lack of regional coverage,
we must assume uniform exhumation over the entire area
of the tectonic block. If more than one thermochronometer
is available for a single block then an adjustment was made
to reflect changes in cooling/erosion rate.

Thermochronologic data from the Malay Peninsula are
from Krihenbuhl (1991), Cottam, Hall, and Ghani (2013)
and Kassa et al. (2019), while constraints from peninsular
Thailand are from Upton (1999) and Sautter et al. (2019).
Upton (1999) also provides regional control over much of
Thailand, but with additional detail in SE Thailand derived
from Nachtergaele et al. (2020) (see Figure 2 to show where
specific areas are located). Carter et al. (2000) supply ther-
mal models for southern Indochina, with Fyhn et al. (2016)
adding constraints from Cambodia. Erosion in Sabah (Mt.
Kinabalu region) and in Sarawak are measured by Cottam,
Hall, Sperber, et al. (2013) and Hutchison et al. (2000), al-
though the sediment derived was not preserved in the
northern Sundaland basins we study here. The simplified
cooling histories for the potential source regions are shown
in Figure 10. By applying the estimated geothermal gradient
for each tectonic block to its cooling history reconstructed
from the thermochronology, we can convert the cooling to
an erosion history. When attempting to compare the eroded
(derived from the cooling history of the source terrains and
their extent) and deposited volumes (derived from seismic
interpretation and after accounting for sediment porosity
(Sclater & Christie, 1980)) we presume that half the sediment
eroded from peninsular and western Thailand is transported
west into the Andaman Sea, with the other half deposited
in the Gulf of Thailand. We have no way of knowing exactly
how much eroded sediment is transported east rather than
west but there is no reason to think that all the eroded sedi-
ment was transported to each side of the peninsular and so a
50:50 split was employed to provide a rough estimate for how
much sediment might be expected, given the roughly central
location of the modern drainage divide. In the present day
ca. 45% of the peninsular drains west in the Andaman Sea
and 55% into the Gulf of Thailand. In each source terrain,
we calculate the weight of eroded rock by converting eroded
bedrock volumes using an average density of 2700kg/m”.
Thus, by knowing the area, rate and duration of exhumation
the total mass of eroded material may be estimated. The re-
sults for each block are provided in Table 2.

4 | DISCUSSION

4.1 | Patterns of sedimentation

Because the Upper Miocene to Recent sediments is rela-
tively thin, or even absent, on the western side of the sur-
veyed region (Figures 5 and 6), older deposits dominate the
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TABLE 2 Continued

Grand total (not including Borneo and Peninsula Malaysia)

Peninsula Malaysia

Erosion rate
Mt/y)

Total amount
eroded (Mt)

Total amount eroded

(km®)

Amount eroded

Minimum

Maximum

Erosion rate (km/my) (km?)

Age (Ma)

0.078

85

128
128
120
117

107
107
100

275
293
628
423

101,837
108,547
232,769
156,845
120,998

26,508
28,255
45,921
24,723
23,898

0.078

2.58
5.33

85

0.078

80
78

0.056

11.63
15.97
23.03
33.9

98

0.043

37
41

46 56
61

327
556

0.026

51

206,004

140,183

0.098

3081

1,140,946

289,489
131,000

Total

Area

Cottam, Hall, Sperber, et al. (2013),

Source reference

CLIFT and WILSON

Krihenbuhl (1991), Kassa

et al. (2019)

sediments preserved in that area, while the reverse is true
towards the east. This pattern implies that much of the sub-
sidence and sediment preservation in the west occurred
early in the basin history. Only limited amounts of further
subsidence occurred in the Late Miocene to the present, lim-
iting the amount of sediment that may have been preserved
in this western area. Any additional sediment reaching that
part of the shelf would have bypassed eastwards into deeper
water. In contrast, the thicker, younger deposits in the east
reflect the significant accommodation space available on the
edge of the Sunda Shelf reflecting the high degrees of exten-
sion and subsidence achieved in proximity to the continent-
ocean transition. The basins under the modern Sunda Shelf
are full of sediment and the region is not experiencing rapid
tectonic subsidence, which is why the Pleistocene sedimen-
tation has largely been along the eastern edge of the shelf
(Figure 6). This pattern began in the Pliocene, but at that
time, there was more accommodation space in the Cuu
Long Basin where a good deal of sediment from a paleo-
Mekong River was sequestered (Breitfeld et al., 2022).

The sedimentation patterns tell us something about the
history of the Mekong River, which implies sediment de-
livery from the north and is consistent with the detrital zir-
con data (Breitfeld et al., 2022). The first indication of rapid
sedimentation in the north of the surveyed area comes in
the Late Miocene. There is a large depocenter close to the
modern Mekong River mouth at that time and in the sub-
sequent Pliocene (Figure 6). The lack of earlier sedimenta-
tion does not preclude sediment supply from the north at
this time, as suggested by Breitfeld et al. (2022), only a lack
of accommodation space. The onset of rapid sedimentation
in the Late Miocene in the Cuu Long Basin is consistent
with sediment geochemical data from the South China
Sea, pointing to the initiation of the modern Mekong in
its present position starting ca. 8.5Ma (Liu et al., 2017).
However, this is later than the establishment of the ‘Paleo-
Mekong 2’ in this location in the Middle Miocene, as pro-
posed Breitfeld et al. (2022). We note that sedimentation in
the Cuu Long Basin did increase in the Middle Miocene,
before reaching a maximum in the Late Miocene. It is
possible that if a ‘Proto-Chao Phraya’ (consisting of the
modern river connected to the upper reaches of the mod-
ern Mekong) had been supplying sediment to the Gulf of
Thailand before the Middle Miocene, then this may have
been the source of some of the sediment found in the Nam
Con Son Basin at that and earlier times. This would have
been supplied largely from the west of the studied area.

4.2 | Sediment mass balancing

The potential influence of an older Proto-Chao Phraya
extending as far as the SE Tibetan Plateau can further be
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FIGURE 10 Simplified cooling histories of the potential source terrains supplying sediment to the Gulf of Thailand and Sunda
Shelf. Kinabalu-Sabah is from Cottam, Hall, Sperber, et al. (2013), Rajang-Sarawak is from Hutchison et al. (2000), Peninsular Malaysia
is from Upton (1999) and Sautter et al. (2019), Peninsular Thailand from Sautter et al. (2019), Western Thailand is from Upton (1999),
Eastern Thailand is from Upton (1999), SE Thailand is from Nachtergaele et al. (2020), Cambodia is from Fyhn et al. (2016) and southern
Indochina is from Carter et al. (2000). Coloured horizontal bands show the partial annealing zones for a series of low-temperature
thermochronometers. AUTheHe, Apatite U-Th/He; AFT, Apatite fission track; ZFT, Zircon fission track; ZUTheHe, Zircon U-Th/He.

tested through the sediment budget of the regional basins
and the estimates of erosion from possible source areas
around the Gulf of Thailand and southern Indochina.
Figure 11d shows the direct comparison between the
amount of rock eroded from the basement terrains that
contributed to the studied basins. We reduce the eroded
flux from western and peninsular Thailand by 50% because
it is unrealistic to assume that all the material eroded from
these sources was routed to the Gulf of Thailand. Some of
the sediment likely flowed westwards into the Andaman
Sea. The overall impression is that the supplied and de-
posited masses are within error of one another. However,
during the Late Miocene and Pliocene, the total eroded
amount appears to exceed the deposit, implying that some
of the sediment is being routed elsewhere at that time, or
that the uncertainties in cooling histories are greater than
assumed. The fact that the local bedrock appears to be ca-
pable of filling the basins in northern Sundaland is some-
what surprising. It implies a little role for additional supply
from a major Asian river system, sourcing much further
north within the Tibetan Plateau, that is Paleo-Mekong 2
(Breitfeld et al., 2022).

Clearly, we know that the Mekong River has been con-
tributing sediment into the area, possibly since the Middle
Miocene and definitely since ca. 8.5Ma (Li et al., 2013; Liu
et al., 2017). However, the Late Miocene is a time when
the deposited volumes are estimated to have been smaller
than the local erosion, meaning that some of the Paleo-
Mekong 2 sediments are being stored elsewhere, possibly
further north under onshore Indochina. There is no need
to invoke the influence of sources located far from SE
Asia in accounting for the filling of the Sundaland basins.
Although Breitfeld et al. (2022) propose that drainage may
have come from as far as the “Himalayas” (but presum-
ably SE Tibetan Plateau), that study also notes that ero-
sion of Sibamasu might also be consistent with the zircon
dates found in the sediments. If that was true there is no
need to propose supply from a Proto-Chao Phraya coming
from the Tibetan Plateau into the Gulf of Thailand since
the Oligocene to account for the sedimentary fill, consis-
tent with the earlier analysis of Hall and Morley (2004).
Thermochronology evidence from the SE Tibetan Plateau
does indicate incision and erosion starting in the Middle
Miocene (Nie et al., 2018) and must have been delivered
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by the Paleo-Mekong 2 into the region of the Cuu Long
Basin.

4.3 | Timing of subsidence

The one-dimensional subsidence analysis calculated from
the drilling sites on the shelf edge shows that the time of
fastest sediment-unloaded basement subsidence was in
the Middle Miocene, immediately after the DRU. After
ca. 10 Ma, basement subsidence continued at a slower rate
(Figure 12). If we were to assume that the rapid subsid-
ence was related to active extension, it is possible to es-
timate the degree of extension that would be required to
generate such rates, based on a uniform extension model
(McKenzie, 1978). However, it seems unlikely that this
was the cause because the brittle faulting observed on
the seismic profiles finished at the DRU variously dated

at ca. 12-13Ma to 16 Ma) (Morley et al., 2022). Instead,
we infer that the rapid subsidence in the Middle Miocene
reflects the gravitational collapse of the basins, follow-
ing inversion driven by short-lived compression dur-
ing the collision of Borneo and the Dangerous Grounds
(Hutchison, 2005). The significant differences between
these relatively closely situated boreholes reflect the fact
that subsidence at a single site depends on a number of
factors, not least where it lies relative to the major faults
defining the basin. Thus, a drill site in the hanging wall of
a normal fault would be expected to subside during active
extension while one in the footwall block might show up-
lift. There might also be important differences in sediment
loading over modest horizon distances.

A more meaningful analysis of the basement subsid-
ence comes from a consideration of the pseudo-well esti-
mated for the shelf edge region (Figure 12). In this case,
the early syn-rift subsidence is clearly demonstrated and
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FIGURE 12 One-dimensional basement subsidence reconstructions derived from the backstripping analysis of drilled sections in oil

and gas wells on the outer eastern part of the Sunda Shelf. Vertical black bars show the uncertainty of the water depth estimates. Black

arrows on the left of each plot show the modern sediment-unloaded depth to the basement. Red lines show the expected subsidence

assuming uniform pure shear extension, with the thermal subsidence predicted from the amount of syn-rift subsidence. Green, orange

and blue vertical, coloured bars show times of accelerating subsidence interpreted as phases of extension. The pseudo-well represents an

extrapolation of the drilled section, including sediment below the depth of penetration by drilling but imaged on the seismic profiles.

is dated as having occurred during the Oligocene, per-
haps a little in the Late Eocene (Matthews et al., 1997).
The DRU-related uplift that occurred at the start of the
Middle Miocene is not reflected in the stratigraphy, except
in the form of the DRU itself, and the amount of uplift
is unknown. However, we note that there is a sharp, net

decrease in basement depth between the start and the end
of the DRU. This implies additional crustal thinning at
this time and was an important part of the total subsid-
ence. Because this is a time (ca. 16 Ma) when regional ex-
tension and seafloor spreading ceased (Li, Xu et al., 2014),
it is likely that most of this extension was caused by
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gravitational collapse in the aftermath of the compres-
sional event.

The amount of extra, rapid subsidence that occurred
at this time (ca. 14-16 Ma) can be used to infer how much
extension may have taken place (f=1.31 at the pseudo-
well (McKenzie, 1978)). This can be compared with the
reconstructed subsidence because a phase of crustal thin-
ning might be expected to be followed by renewed post-
rift thermal subsidence. Figure 12 shows that instead of
gradually slowing subsidence after the inversion, the area
continued to subside more rapidly than might be expected
from a simple uniform extension model. The basement
subsided more rapidly after than before the DRU. The dis-
parity between the expected subsidence record, and that
reconstructed means that we have as much as 500 m of ad-
ditional sediment-unloaded subsidence in the pseudo-well
than would be expected. It is noteworthy that the discrep-
ancy between the reconstruction and the projected subsid-
ence mostly occurred after 10 Ma and especially since the
onset of the Pliocene. This was a time when loading of the
shelf edge area was at its greatest during the formation of
the shelf edge clinoforms (Li et al., 2013), as well as during
the loading of the Cuu Long Basin by sediment delivered
from the Paleo-Mekong River 2. The faster post-rift sub-
sidence does not correlate with any brittle upper crustal
deformation that can be seen in the seismic profiles and
implies thinning by the mid-lower crustal flow.

4.4 | Strain accommodation

The mid-lower crust is always more extended than the
upper crust (Figure 9), and this observation indicates
a mass balance problem. If more mid-lower crust is lost
from the area than from the upper crust, then where does
this additional material go? Previous studies have sug-
gested that the ductile material would flow towards the
extended oceanic crust if the flow was related to break up
(Clift et al., 2002; Huismans & Beaumont, 2011). Because
this area lies in front of a now-defunct seafloor spreading
centre (Huchon et al., 2001), we know that the mid-lower
crustal loss must have preceded the final break-up. This
implies that the ductile crust must have flowed towards

the northeast, towards the oceanic crust and prior to final
break-up. The only alternative is that the ductile crust
flowed towards the north under Indochina. This is not
likely because the thicker crust present under that region
would favour flowing away from this area because of den-
sity and gravitational potential considerations (Clark &
Royden, 2000), at least during the time of active extension
(McKenzie et al., 2000). What is clear is that extension
under the Sunda Shelf is not uniform in character and re-
quires ductile flow to account for the subsidence. This is
consistent with the idea that this crust was hot and weak
prior to the onset of active extension and contrasts with
models that treat Indochina as a rigid block (Replumaz &
Tapponnier, 2003; Tapponnier et al., 1982). Much of this
crustal flow must have occurred during Oligocene active
extension. However, the subsidence history shown by the
one-dimensional analysis (Figure 12) indicates that some
of this flow occurred in the Late Miocene-Pliocene, fol-
lowing basin inversion, and subsequent collapse when
there were no regional extensional stresses.

We now investigate whether there might be coupling
between erosion onshore and the ductile flow under the
Sunda Shelf basins by examining the history of sedimen-
tation in the basins and erosion onshore. Models that
have favoured a coupling between the two invoke land-
ward flow of ductile, low-viscosity mid-lower crust (Clift
et al., 2015; Dong et al., 2020; Morley & Westaway, 2006;
Westaway, 1994). This mechanism might be applicable to
account for the patterns of extension reconstructed here.

4.5 | Climate-tectonic interactions

In order to understand how climate might be affecting ero-
sion and tectonics in the Sunda Shelf region, we have to
compare the subsidence records, reconstructed here, with
regional and global climate records. The peak in sedimen-
tation in the Sunda Shelf, which we see in the Pliocene,
correlates with the time of strengthening summer mon-
soon rains in southern China (Figure 13b). In SE Asia (SW
South China Sea), the Pliocene was a time of increasing
haematite/goethite values in South China Sea sediment
(at IODP Site U1433 and ODP Site 1143) (Liu et al., 2019).

FIGURE 13 Synthesis diagram comparing some of the results from this work with regional tectonic and climatic events. (a) Normalized

sedimentation rates for the Sunda Shelf. (b) Haematite/goethite values from ODP Site 1143, as a proxy for humidity in Indochina from Liu
et al. (2019). (c) Cgar monsoon proxy for clay mineralogy based on spectral data from the northern South China Sea from Clift, Hodges,

et al. (2008). (d) Global compilation of oxygen isotopes from benthic foraminifers, as a proxy for average ocean water temperatures

from Westerhold et al. (2020). (e) Mean global sea level from Miller et al. (2020). (f) Tectonic events in Southeast Asia that may have
influenced sedimentation on Sunda Shelf. Vietnamese exhumation from Carter et al. (2000), Central Highland Flood Volcanism from
Hoang and Flower (1998), Malaya Basin inversion age from Madon and Watts (1998), motion on the Red River Fault Zone (RRFZ) from
Gilley et al. (2003). DRU, Deep Regional Unconformity (Morley, 2016). End of the seafloor spreading in the South China Sea from Li, Xu
et al. (2014). Subsidence events are coloured blue as defined by this study.
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This is associated with drier or more seasonal conditions
in the Mekong Basin of Indochina (Liu et al., 2019; Miao
etal., 2017). However, most sediment in the river is eroded
from the upper reaches where the climate is more like that
of southern China (Clift et al., 2014). It is therefore possi-
ble that the faster sediment accumulation in the Pliocene
is linked to heavier rains in the upper Mekong in SE Tibet.

The source bedrock thermochronology around the
Sunda Shelf does not highlight this as a time of faster
exhumation locally, but the depths of unroofing are not
that great and this may not be resolvable. An exception
is the Central Highlands of Vietnam where rapid cool-
ing started just before the increase in sedimentation rate,
most notably in the adjacent Cuu Long Basin (Figure 6).
Numerical modelling has demonstrated that sediment
loading may cause ductile mid-lower crustal flow to occur
(Clift et al., 2015; Morley & Westaway, 2006). We suggest
that some of the preferential thinning seen in the Cuu
Long Basin may be related to the fast Pliocene sedimenta-
tion. Some of the mid-lower crust probably flowed north-
wards under southern Indochina, and back towards the
exhuming Central Highlands. Some of the flow may also
have been directed to the west where the amount of Plio-
Pleistocene subsidence is very low. Modest crustal thick-
ening could account for the pinching out of sedimentary
packages developed on the continental shelf in a westerly
direction. The loading of the offshore basins coupled with
onshore uplift alters the pressure gradient to allow some
reverse flow during the post-rift period.

Rapid exhumation in the Central Highlands postdated
the emplacement of flood basalts in this region when the
area was uplifted. Rapid sedimentation on the eastern edge
of the shelf is also within the Plio-Pleistocene and may
be responsible for some of the ductile deformation. This
is generally a time of cooling climate (Figure 13d), but it
is not clear why erosion might have increased as a result
of this shift except for in the Central Highlands. However,
falling sea levels (Figure 13e) would act to increase erosion.
We argue that changes in erosion and in sediment loading
are mostly driven by regional climate changes associated
with the Asian monsoon system and that have been recon-
structed since the Oligocene using weathering proxies and
palynology in the South China Sea (Clift et al., 2014; Liu
et al., 2019). Although the Oligocene extension is related to
regional extensional tectonics, and correlates with seafloor
spreading in the South China Sea, it is not clear that later
subsidence events are linked to regional solid Earth stresses.

5 | CONCLUSIONS

The eastern Sunda Shelf is underlain by two large sedi-
mentary basins, the Cuu Long and Nam Con Son basins.

These formed largely as a result of regional extension in
front of seafloor spreading centre propagating towards
the Southwest during the Oligocene-Early Miocene
(Barckhausen et al., 2014; Li, Xu et al., 2014). A crustal
extension was non-uniform, with greater extension in
the ductile mid-lower crust compared to the brittle upper
crust. Lower crust is inferred to have flowed towards the
continent-ocean boundary to the northeast. Sediment was
supplied to the basins from the surrounding basement
highs in Indochina, Peninsular and mainland Thailand,
and was ponded close by. Following the collision of the
Dangerous Grounds block with Borneo at ca. 16 Ma (Clift,
Lee, et al., 2008; Hinz & Schliiter, 1985; Hutchison, 2005),
the basins were inverted and partly eroded during a com-
pressional period. The extensional collapse of the inverted
basins was followed by a time of accelerated subsidence
that was especially marked after ca. 10 Ma and correlated
with a phase of significant sedimentation. Although the
rapid erosion and sediment supply occurred at a time of
stronger summer monsoon in South China environmental
proxies suggest that this was a drier time in Indochina,
indicative of a northerly migration of the Intertropical
Convergence Zone at that time (Liu et al., 2019). The wet
upper reaches of the Mekong were important sediment
suppliers and experienced faster erosion driven by strong
summer rains.

Emplacement of the Central Highland volcanic field
in Vietnam provided an important source of sediment
during the Late Miocene, with large volumes concen-
trated in the northern Cuu Long Basin. The sediment
loading, coupled with erosion and isostatically driven
uplift onshore drove enhanced ductile mid-lower crust
flow. This was largely directed towards the north under
Indochina from across the entire shelf, but especially from
under the basin depocenters and the shelf edge. The accel-
erated subsidence seen in the eastern shelf continued to
the present day and represents a form of climate-tectonic
coupling in which climate change drives exhumation
in one location and loading in another, fostering ductile
crustal flow. In contrast, Upper Miocene-Recent sedimen-
tation is very condensed in the western and central parts
of the surveyed region with most sediment accumulat-
ing in clinoforms along the shelf edge after filling of the
Cuu Long Basin. The sediment is partly supplied by the
Mekong River, whose delta has occupied its present loca-
tion at least since the Late Miocene (Breitfeld et al., 2022;
Liu et al., 2017). Regionally, there is little need for major
sediment supply from a river deriving material from the
Tibetan Plateau to account for the sediment volumes in
the basins. Nonetheless, the Mekong is a significant fac-
tor at the present time. We find little evidence for a strong
influence of an enlarged paleo-Chao Phraya River in sup-
plying sediment to the study region.
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