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Abstract

accommodation space.

Hot, thick continental crust is susceptible to ductile flow within the middle and lower crust where quartz controls
mechanical behavior. Reconstruction of subsidence in several sedimentary basins around the South China Sea,
most notably the Baiyun Sag, suggests that accelerated phases of basement subsidence are associated with phases
of fast erosion onshore and deposition of thick sediments offshore. Working together these two processes induce
pressure gradients that drive flow of the ductile crust from offshore towards the continental interior after the end of
active extension, partly reversing the flow that occurs during continental breakup. This has the effect of thinning the
continental crust under super-deep basins along these continental margins after active extension has finished. This
is a newly recognized form of climate-tectonic coupling, similar to that recognized in orogenic belts, especially the
Himalaya. Climatically modulated surface processes, especially involving the monsoon in Southeast Asia, affects the
crustal structure offshore passive margins, resulting in these “load-flow basins”. This further suggests that reorganiza-
tion of continental drainage systems may also have a role in governing margin structure. If some crustal thinning
occurs after the end of active extension this has implications for the thermal history of hydrocarbon-bearing basins
throughout the area where application of classical models results in over predictions of heatflow based on observed

Introduction

The process of continental crustal extension and the for-
mation of sedimentary basins have been quantified and
described using a number of different approaches that
explain how strain is accommodated in the continen-
tal lithosphere (McKenzie 1978; Royden and Keen 1980;
Tankard and Welsink 1987; Wernicke 1985). Although
it is possible to think of rifted, passive continental mar-
gins as being simply extreme examples of this type of
intra-continental deformation, culminating in seafloor
spreading as extension reaches a maximum (beta = infin-
ity), there is evidence to indicate that the style of strain
accommodation may be different when breakup occurs.
Simple application of uniform extension models (i.e.
when the amount of extension is the same at all depths
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if changes were made.

in a continental plate) to passive margins has resulted
in the identification of subsidence anomalies, usually in
the form of greater subsidence than would be expected
from the degree of extension as measured on normal
faults identified within the upper crust in seismic profiles
(Driscoll and Karner 1998; Davis and Kusznir 2004; Clift
et al. 2002; Boillot et al. 1988; Lister et al. 1991). Not all
brittle extension is identified on industrial style, deep-
penetrating seismic reflection profiles (Walsh et al. 1991).
Nonetheless, the anomalies found in passive margins are
so large that even accounting for this uncertainty does
not resolve the mismatch between the total amount of
subsidence recorded. The anomalies require high degrees
of total crustal thinning and a higher degree of upper
crust extension than actually observed (Clift et al. 2002).
Early attempts to address this conundrum involved
invoking simple shear type mechanisms, similar to those
developed by Wernicke (1985) and colleagues in the
Basin and Range province of the Western United States
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(Lister et al. 1991; Boillot et al. 1988; Whitmarsh et al.
2001). In this scenario high degrees of subsidence could
be explained if the lower crust was extended more than
the upper crust as a result of the passive margin being
located in the upper plate of a simple shear system. This
would imply contrasting reduced subsidence anomalies
on the facing conjugate margin. However, as noted by
Driscoll and Karner (1998), although many marine geolo-
gists were keen to label the particular margin that they
were studying as being in the upper plate position, very
few seem to consider the possibility of a lower plate set-
ting. Driscoll and Karner (1998) labeled this phenom-
enon as the “upper plate paradox” because more often
than not conjugate margins both exhibited the “upper
plate” characteristics.

Lower crustal flow

One possible solution to the upper plate paradox is to
understand the role of ductile flow in the ductile part
of the crust. In regions where the crust was thick and/
or the heatflow is high there is the possibility of large
thicknesses of middle and/or lower crust that are ductile
(McKenzie et al. 2000) (Fig. 1). If this type of crust is com-
mon then this allows for the possibility of non-uniform
strain accommodation (i.e., where the amount of exten-
sion is not the same through the plate). There is certainly
abundant evidence that such thick, warm crust is sus-
ceptible to flow during the formation of wide rifts, such
as the Basin and Range (Buck 1991). Zuber et al. (1986)
recognized that although the topography of the Basin and
Range was corrugated, the Moho underlying that area
was remarkably flat, seemingly at odds with the normal

o-d o-d o-d
a o ZGIPa bO ZGIPa c o ZGIPa
1o-> 10 10
20 20 20 Moho —
30 30— 30
Moho — Moho —
. 407 40 40
£
< 504 50 50
S
& 60 60 60
o
70 70 70
80 801 80
Hainan Margin South China Margin South China Margin
90 90 - Pre-rift 90+ Post-rift
100~ 100~ 100-
Fig. 1 Schematic strength profiles for the different types of crust
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prediction of local isostatic equilibrium. These workers
suggested that the reason for the lack of Moho topogra-
phy was because of flow in the lower crust removing the
hills and troughs in the Moho after extension had ceased
and because the ductile lower crust flowed away from the
deepest crusts keels.

Ductile crustal flow is also thought to be important in
many orogenic settings. Clark and Royden (2000) pro-
posed that the smooth, low-gradient eastern flanks of
the Tibetan Plateau are largely caused by flow of the mid-
dle crust away from the thickened crust in the center of
Tibet towards the southeast. Such flow would be driven
by the gravitational potential of the thick crust under
Tibet compared to the relatively thin crust under south-
ern China and Indochina. At the same time, southward
flow of Tibetan middle crust is inferred to play a role
in the formation of the Greater Himalayan Crystalline
Sequence (Beaumont et al. 2001). Focused erosion along
the southern flank of the plateau has been proposed as
the mechanism that causes the high degrees of denu-
dation seen in the Greater Himalaya in which shallow
rocks have been removed allowing the ductile mid crust
to flow to the surface in a well-defined channel, which is
bounded by brittle faults at shallow levels (Harris 2007;
Hodges 2006; Godin et al. 2006). Although there are
significant criticisms of the channel flow model for the
Himalaya (Harrison 2006; Webb et al. 2007) the con-
cept that thick, weak crust might be susceptible to flow
is common in both convergent and extensional plate set-
tings. However, this concept has not yet been fully appre-
ciated in offshore zones.

South China Sea

The South China Sea has become a natural laboratory
for understanding the processes of continental breakup
because of the ease by which conjugate margins might be
compared. Furthermore, rifting was terminated during
active propagation as result of the collision of the south-
ern Dangerous Grounds margin with Borneo (Hutch-
ison et al. 2000; Clift et al. 2008; Hinz et al. 1989). This
basin was formed as a result of extension starting in the
Late Cretaceous and accelerating during the Eocene, cul-
minating in breakup and the onset of seafloor spread-
ing likely around 30 Ma, at least offshore of southern
China (Su et al. 1989; Briais et al. 1993; Ru and Pigott
1986; Franke et al. 2014; Barckhausen et al. 2014). Stud-
ies of extension in this system, based on industrial seis-
mic reflection profiles, suggested that the high degrees of
subsidence seen, especially in the oceanward parts of the
rifted margins around this basin could be explained in
terms of depth-dependent extension (Davis and Kusznir
2004; Clift and Lin 2001). The mis-match between upper
crustal extension and total crust thinning inferred from
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subsidence increased towards the continent-ocean
boundary (Clift et al. 2002; Davis and Kusznir 2004).

In this type of deformation the lower crust is consist-
ently more extended than the upper crust, which explains
the large amounts of subsidence that occur following the
cessation of active extension. Typically the post-rift is a
time normally associated with slowing basement sub-
sidence (McKenzie 1978). The wide nature of the South
China Sea rifted margins and the rough bathymetry
observed on both sides of the basin suggested that con-
tinental extension prior to breakup in this region is com-
parable to the Basin and Range (Hutchison and Vijayan
2010), i.e. that this is a wide rift that occurred in a ther-
mally warm setting (Clift et al. 2002), consistent with the
fact that the extension took place in an area which had
been an active continental margin during the Cretaceous
(Zhu et al. 2004; Gilder et al. 1996). Critically, seismic
profiles on both sides of the basin showed that upper
crustal extension was insufficient to explain the subsid-
ence observed and that the degree of this mismatch
increases approaching the continent-ocean transition
(Clift et al. 2002).

Strength in the lithosphere

Figure 1 shows estimated strength profiles for both strong
and weak parts of the passive margin offshore southern
China based on basic models of lithospheric strength
(Burov and Watts 2006). Observations of the slope to
the basement offshore the central Chinese margin (Pearl
River Mouth Basin; Fig. 2) showed low gradients consist-
ent with low degrees of middle crustal viscosity 1 x 10'8
Pa.s (Clift et al. 2002), comparable to those seen in the
asthenosphere (Doglioni et al. 2011). In contrast, south
of Hainan in the Qiongdongnan Basin (Fig. 2) steep sides
to the basin imply higher degrees of viscosity (1 x 10*
Pa.s) (Clift et al. 2002). Such profiles might be expected
given the assumed common abundance of quartz in the
crust in the case of an active continental margin with
typical andesitic and granitic lithologies dominating
(Rudnick and Fountain 1995). Because quartz is able to
flow in a ductile fashion when hotter than around 300 °C
(Tullis 1979) it might be anticipated that below around
10-15 km the continental crust could deform in a ductile
fashion. The models shown in Fig. 1 factor in the possi-
bility that the lowermost crust may be free from quartz
as a result of being composed of cumulate mafic igne-
ous rocks, in which case feldspar would be the control-
ling mineral. Feldspar is ductile above temperatures of
around 500 °C (Smith 2013) and would be expected to
be ductile below depths of around 15-20 km, compris-
ing much of the lower crust, although likely with some-
what higher viscosities than seen in the quartz-bearing
mid crust. Nonetheless, given the tectonic setting and
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best estimates of the andesitic bulk crustal composition
the expectation is that crustal flow should have affected
this region during the breakup. As extension proceeded
to high values thinning of the crust must eventually result
in the entire crust becoming brittle so that faults are able
to cut completely through it ending the flow (Hayes et al.
1995; Pérez-Gussinyé et al. 2006).

Gravitational considerations would suggest that, as
in the case of Eastern Tibet, flow within the continental
margin should be from the thick part of the crust towards
those parts of the margin where extension was at a maxi-
mum (Fig. 3). Such a model requires that some of the
crust be incorporated, perhaps being remelted and mixed
with new mantle melts, into the oldest oceanic crust fol-
lowing the onset of seafloor spreading, as it cannot be
accommodated under the conjugate margin when both
are seen to experience excess subsidence. Such reason-
ing would suggest that this type of deformation should
be common in warm lithospheric rift settings and not be
unique to the South China Sea.

Woodlark Basin

I examine the possibility of widespread ductile non-uni-
form extension by looking at the Woodlark Basin from
the Southwest Pacific where a propagating spreading
center is tearing apart arc crust in the eastern parts of
Papua New Guinea to form a new oceanic basin (Weissel
et al. 1982). Although the region is tectonically compli-
cated by a number of small plates that are independently
rotating and may also be affected by subduction zones
(Baldwin et al. 2012) the region is clearly one of exten-
sion within warm orogenic type crust, similar to what
was inferred for the South China Sea prior to the onset of
seafloor spreading. The Woodlark Basin spreading center
rift tip has propagated >500 km westward in a stepwise
process resulting in the separation of the once contigu-
ous Woodlark and Pocklington Rises (Fig. 4a). Extension
across the rift is accommodated on both active low-
angle (25-30°)(Abers 2001) and high-angle normal faults
(Kington and Goodliffe 2008). West of the Moresby Sea-
mount, which I model in this study, there are exposures
of metamorphic core complexes within the active Wood-
lark Rift (Little et al. 2007).

Figure 4a shows an interpretation of a seismic reflec-
tion profile collected perpendicular to the strike of the
Woodlark Basin immediately ahead of the new sea-
floor spreading center (Taylor et al. 1995; Mutter et al.
1996). Figure 4b shows the prediction of what this basin
would look like if it had formed as a result of extension
as applied by the uniform flexural cantilever model of
Kusznir et al. (1991) and using the Stretch™ software of
Badley Ashton. In this model the upper crust is deformed
in a brittle fashion, but the lower crust stretches in a
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more ductile mode over long wavelengths, but with
the same degree of total extension, as inferred from the
seismically imaged faults, across which total horizontal
extension has been measured to form the input to the
forward model. The forward model furthermore uses the
measured dips on the faults to generate a prediction of
basin geometry. The flexural cantilever has been used to
successfully model intra-continental rifts (Roberts et al.
1993; Kusznir and Egan 1989) and to identify subsidence
anomalies in South China Sea (Clift et al. 2002).

This modeling approach provides a reasonably good
reproduction of the shape of the basement at the end of
active extension but fails to predict the depth of the basin
very accurately. Figure 4b shows the prediction that the
Moresby Seamount, a structural high in the middle of the
rift basin, should rise slightly above sea level, as should
some of the structural highs located around the 20-km
mark on the profile. Instead, Fig. 4a shows the reality in that
neither of these features comes close to sea level, but mostly
lies around 1 km water depth. This mismatch is a robust
result that changes slightly depending on how the faults
are interpreted on the seismic image but does not disap-
pear if the angle of dip is adjusted or the geometry changed
from being planar to listric. How then do we explain the
discrepancy between the model and the observed bathym-
etry? Figure 4c proposes one solution in which the degree

of extension in the lower crust would be much higher than
that seen in the upper brittle part of the plate. In order to
generate additional subsidence extra extension would be
required in order to thin the lithospheric plate. This would
allow isostacy to cause the high amounts of subsidence
observed. Although dynamic effects related to subduction
might also explain some of the subsidence anomaly seen in
the Woodlark Rift (Lithgow-Bertelloni and Gurnis 1997).
suggest that this example follows the behavior seen in the
South China Sea in a similar tectonic setting and forms part
of a wider pattern of excess subsidence in margin rift set-
tings associated with break-up.

It is noteworthy that assuming a brittle-to-ductile
transition between depths of 10 and 15 km, and assum-
ing normal continental thermal gradients (Zuber et al.
1986), the greatest amounts of lower crustal thinning still
have to occur where the greatest amounts of upper crus-
tal extension are observed. Thus, although the extension
is not uniform, upper and lower crustal deformation are
coupled to some extent. The profile shown in Fig. 4a lies
immediately ahead of the seafloor spreading center and
represents the state of strain accommodation prior to the
onset of seafloor spreading. The example of the Woodlark
Basin, therefore, provides us with strong evidence that
ductile lower crustal flow is active in advance of final con-
tinental breakup in warm arc-type crust environments.
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Because there are no corresponding areas of uplift across
the rift in the region of the considered cross section it
may be inferred that lower crust is being lost in advance
of the seafloor spreading center across the entire rift, but
particularly in those regions with the highest degrees of
extension. Gravitational potential and buoyancy consid-
erations preclude flow of the missing crust back under
the thicker crust of the D’Entrecasteaux Islands or Papua
New Guinea to the west of the rift axis modeled here.
In this case the ductile lower part of the crust is flow-
ing away from the areas of thickened (unextended) crust
towards thinner regions in the way that might be antici-
pated given the gravitational potential, and similar to the
situation highlighted by Clark and Royden (2000). The
expectation, therefore, would be that continental breakup
of thickened arc type crust might often lead to signifi-
cant degrees of lower crustal flow and to the generation
of subsidence anomalies on the order of a kilometer or
more.
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Baiyun Sag Basin

Rifted continental margins often include super-deep
extensional basins, as well as the more typical rift basins,
that are filled with substantial quantities of sediment and
which provide us with the opportunity of understanding
when the additional extension has taken place. Although
examples like the Woodlark Basin allow us to infer that
lower crustal flow must be active during extension prior
to the onset of seafloor spreading, the existence of sub-
sidence anomalies in modern passive margins does not
preclude some of the flow occurring after the end of
extension. Often the timing of preferential extension is
unknown. The Baiyun Sag represents a good example of
one of these super-deep basins where such questions can
be posed.

This particular basin was formed on the outer part of
the continental shelf offshore southern China and now
preserves around 14 km of sedimentary rocks overlying a
very thin (~4 km) section of continental crust (Pang et al.
2008; Sun et al. 2008). Recently, this basin was analyzed
to determine the degree of excess subsidence, as well as
the timing of when this particular subsidence anomaly
formed. It has been recognized for some time that much
of the subsidence that is observed in this basin occurred
after the end of active extension under the continental
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shelf, i.e., after ~24 Ma (Clift and Lin 2001; Xie et al.
2014). Various theories have been advanced to explain
why such great subsidence has occurred in this particu-
lar place, with some arguing that this extra subsidence
is related to the intrusion of very dense, mafic magmatic
bodies at the base of the crust (Shi et al. 2005). Such mod-
els are largely based on seismic reflection images that
suggest similarities between this continental margin and
those which are known to have been affected by magma-
tism during breakup, such as Norway or East Greenland
(Huang et al. 2005). However, such approaches ignore the
fact that magmatic underplating generates permanent
uplift of continental margins, not extra subsidence, as
has been recognized, for example, across the rifted mar-
gins of Northwest Europe (Brodie and White 1994; Hall
and White 1994). Unless the magmatic underplating has
a density greater than that of the upper mantle astheno-
sphere then thickening of the crust must lead to perma-
nent uplift not to the subsidence actually observed.
Recently the Baiyun Sag was examined by a subsid-
ence analysis study, which used regional seismic reflec-
tion profiles coupled to industrial drill sites that provide
age control (Clift et al. 2015). Figure 5 shows one of
the reconstructions for a “pseudo-well” in the center of
the basin using age and water depth constraints from a
nearby exploration well (33-1-1; Fig. 2). The lithology,
age, water depth, and thickness information were ana-
lyzed using the standard 1-D backstripping approach of
Sclater and Christie (1980), which allows the tectonic
component of the subsidence history to be isolated, after
correcting for sediment loading and sea level variability.
It is important to realize that this type of analysis already
accounts for the loading of the sediment in driving long-
term tectonic subsidence of the basement and is a stand-
ard method when examining drilling data in sedimentary
basins (Sclater and Christie 1980). In this analysis the
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potential range of basement depths was shown by verti-
cal bars that are largely a function of the uncertainty in
water depths of sedimentation (Fig. 5).

Clift et al. (2015) estimated the amount of subsidence
that would be anticipated based on the degree of subsid-
ence that occurred prior to the onset of seafloor spread-
ing, which would normally be considered the syn-rift
period (>30 Ma). This prediction was made based on
the uniform extension model of McKenzie (1978) with
the timing of the onset of seafloor spreading used as the
end of the time of maximum continental extension. The
results of this analysis suggested that the center of the
basin had experienced beta factors of 2.7-3.4. If such
values are realistic then it is possible to predict the long-
term post-rift, thermal subsidence that occurred after
extension ceased. Figure 5 shows that the predicted post-
rift subsidence results in a basin that is substantially less
deep than that actually observed today. Indeed, the pre-
dicted curves begin to diverge from the reconstructed
depth to basement starting around 20 Ma and now
amount to more than 1 km of anomaly of the unloaded
basement depth.

Because the deepening of the basin occurred after the
end of active tectonic extension, Clift et al. (2015) pro-
posed that this deepening was caused by lower crustal
flow taking place during the post-rift period. Because
tectonic-induced deformation of the crust could not be
the cause of this flow, they proposed that flow was being
driven by loading of the offshore basin by the addition of
significant sedimentary loads. This triggered ductile flow
when mid crustal viscosities were relatively low. I propose
the name “load-flow basin” to describe basins with this
type of origin. In this scenario basins that were gener-
ated during normal tectonic extension are further deep-
ened as a result of having substantial loads placed into
them during the post-rift phase (Fig. 6). Such an explana-
tion had previously been applied to the Malay and Pat-
tani Basins by Morley and Westaway (2006) and had also
been proposed in the case of the Pearl River Mouth Basin
(Westaway 1994).

Initially such an explanation seems very unlikely
because it requires ductile lower crust to move from areas
of thin crust back under those parts of the continental
margin where crust is thicker, effectively the reverse of
what was proposed by Clark and Royden (2000). Such an
understanding neglects the fact that the margin is mov-
ing out of the state of equilibrium achieved at the end of
active extension, as a result of stresses imposed by the
erosional processes. Ductile crustal flow towards the rift
during active extension will cease as the extension itself
finishes and these stresses are relaxed (Fig. 6a). If ero-
sion then results in transfer of mass into the basin center
then the equilibrium of the system is again perturbed and
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Fig. 6 Schematic drawing showing how the addition of sediment
into a tectonically generated basin might cause a reversal of ductile
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during active extension while b, € and d shows the progressive devel-
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crustal flow may again occur to reestablish a new equilib-
rium state.

Although we tend to think of isostatic readjustments
occurring due to flow in the asthenosphere this need not
be the case if the viscosity of the lower crust is the same
or even lower than the asthenosphere. Finite element
modeling by Clift et al. (2015) showed that provided the
lower crustal viscosity is 10'¥~10' Pa.s, as was estimated
for the Pearl River Mouth and adjacent margin, then mid
and lower crustal flow of this variety may be significant
and that loading might be accommodated by lower crust,
not asthenospheric flow. Not surprisingly, the process
would be expected to become less important when the
lower crust is more rigid and cold.

Clift et al. (2015) proposed that the mid and lower
crustal flow was initiated due to a climatically triggered
sharp increase in sediment flux on to the continental
margin starting around 20 Ma, which they associated
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with an intensification of the East Asian summer mon-
soon around that time. Whatever the reason for the
increase, independent three-dimensional mapping of the
continental margin stratigraphy now confirms that accu-
mulation in the Baiyun Sag did increase sharply around
this time (Xie et al. 2013). This is a time when there is
little evidence for extensional faulting. It is important to
understand that this additional tectonic subsidence is not
caused just by the loading of the sediment itself, which is
accounted for in the backstripping analysis, but instead
by the thinning of the underlying crystalline crust caused
by the loading.

Other South China Basins

If this explanation for the extreme subsidence in Bai-
yun Sag is to be believed then one would expect other
basins to show additional tectonic subsidence related to
episodes of rapid sediment delivery. These accelerated
subsidence phases might not necessarily coincide with
phases of subsidence in their neighbors, depending on
the sediment distribution and the infilling pattern of the
sub-basins themselves. Clift et al. (2015) pointed out the
fact that times of anomalous accelerating basement sub-
sidence in the Song Hong-Yinggehai Basin after ~5 Ma
could also be correlated with delivery of thick sequences
of sediment into the southern part of that basin during
the Pliocene—Pleistocene. Again this was a time when
there is little evidence for upper crustal extension. South
of Hainan a similar pattern appears to taken place after
around 10 Ma, well after the end of active extension,
but during a period of rapid sediment delivery into the
Qiongdongnan Basin (Zhao et al. 2013). I anticipate that
this process is not limited to basins around the South
China Sea and has been recognized in the Gulf of Thai-
land (Morley and Westaway 2006) and likely in other
regions of post-rift subsidence anomalies that have not
yet been identified, or have not yet been satisfactorily
explained, e.g. Paleozoic passive margin of West North
America (Levy and Christie-Blick 1991), the early postrift
offshore Gabon, West Africa (Dupré et al. 2007), and the
Gulf of Lions, Mediterranean Sea (Burrus et al. 1987).

The role of surface processes

The modeling presented by Clift et al. (2015) emphasized
the importance of the offshore loading in driving lower
crustal flow. Because Baiyun Sag is close to the continent-
ocean boundary located ~140 km to the south the flow
was forced northward in a landward direction because
the mafic composition of the oceanic crust does not allow
this type of flow to occur. This reflects the absence of duc-
tile quartz and the small crustal thickness that keeps tem-
peratures within the crust at relatively cold levels, within
the brittle deformation zone. In this review I emphasize



Clift Geosci. Lett. (2015) 2:13

the importance of processes onshore that accentuate the
tendency for the ductile flow to be towards, not away
from the continent. Sediment delivered into the off-
shore basin is largely being derived from erosion of the
neighboring landmass; in the case of the Baiyun Sag this
is the Pearl River drainage. As the bedrock of southern
China is eroded and transformed into sediment, which
is then deposited offshore, the underlying rocks are able
to exhume as their shallower overburden is removed
driven by isostatic stresses. This rock uplift has the effect
of increasing the pressure gradient between the offshore
and the onshore (Westaway 1994). If we imagine that the
system is in equilibrium at the end of the rifting then the
simultaneous loading of the offshore coupled with uplift
onshore results in a reverse pressure gradient that would
drive the flow of ductile crust under the continental mar-
gin. Although this means ductile crust flowing from an
area of thin crust into an area of thicker crust it is pos-
sible because the thin crust created by rifting has effec-
tively become a little thicker, while the thicker crust
onshore is becoming a little thinner during the post-rift
period.

Onshore erosion
Low-temperature thermochronology in the form of
apatite fission track analyses allows us to estimate the
amount of erosion that has occurred across southern
China during the Cenozoic. Yan et al. (2009b) indicate
that around 4-5 km of bedrock has been removed over
much of the Pearl River drainage and that because the
Pear] River has not been involved in large-scale drain-
age capture, unlike the neighboring large river basins
(Brookfield 1998; Zheng et al. 2013; Clift et al. 2006),
most of this material has been delivered to the southern
Chinese continental margin. Indeed, the amount of ero-
sion appears to be approximately similar to the volume
of sediment on the continental margin (Yan et al. 2009a).
Although this is not a huge amount of erosion it would
have increased the tendency of ductile lower crust to
flow towards the area of erosion because of regional rock
uplift (Fig. 7), in the same way that focused erosion in the
Greater Himalaya is believed to have driven ductile flow
towards that mountain range within the ductile “channel”
proposed by Beaumont et al. (2001). Because the erosion
is less focused in southern China than in the Himalaya
we can consider the reaction of the continental margin
to erosional unroofing to be a form of channel flow. The
process of exhumation and flow would be the same but
simply spread out over a wider area as a result of the lack
of a topographic front to concentrate the precipitation
and, therefore, erosion.

Understanding that these super-deep basins are
formed after the extensional phase and not during, it
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is important when we consider the fact that the pre-
sent depth of Baiyun Sag could not be produced even
if extension had proceeded to an infinite degree in this
location, equivalent to seafloor spreading. Uniform
extension models suggest that such depths are impos-
sible for a basin of such youth (McKenzie 1978). Such
great depths of subsidence are only possible because of
continued crustal thinning driven by the flow induced
by loading, because the observed depth is greater than is
possible given the known age of the basin and assuming
uniform extension.

If extension had really proceeded to the point where the
beta factor had reached infinity during active extension
then one might ask why seafloor spreading did not initi-
ate along the Baiyun Sag rather than towards the south
as we know it to have done. The simple answer to this
conundrum is that the Baiyun Sag was not so extended at
the end of active tectonic extension as it is today but has
experienced further thinning after the end of faulting.

Wider implications

Recognizing this type of extensional basin is impor-
tant when we consider hydrocarbon exploration along
similar continental margins, especially those in Eastern
Asia. This is because typical thermal models are based
on the concept that after the end of active extension the
progressive thickening of the mantle lithosphere results
in reduced heatflow and that the heatflow history can
be predicted based on the degree of extension which is
in turn derived from the subsidence history (McKen-
zie 1978). However, if the degree of subsidence is much
higher than would be predicted then thermal models
may be in error because the mantle lithosphere may not
be as extended as the lower crust, resulting in thermal
models that over-predict heatflow. For example, using
the amount of subsidence in the Baiyun Sag as a guide to
total lithospheric extension would probably be in error
and result in over prediction of heatflow, with serious
consequences for our understanding of how hydrocarbon
source rocks might have matured in the lower parts of
that stratigraphy.

Clearly care needs to be exercised when understanding
how strain has been accommodated along continental
margins formed where ductile flow may be an impor-
tant factor. Given typical continental geothermal gradi-
ents this should be an influence even on Atlantic passive
margins in relatively cold, stable lithosphere, but these
effects will be greatly magnified in rift settings where the
lithosphere is hotter than usual. As well as the Wood-
lark Basin, areas like the Gulf of California or the Sea of
Japan/East Sea of Korea have likely been influenced by
this type of strain accommodation modulated by sedi-
mentation patterns and surface processes.



Clift Geosci. Lett. (2015) 2:13

Page 9 of 11

Summer Monsoon wind

Sediment
loading

SE

o+ 4 o+

+ + + =+ =+ Lessductile lowercrust+ + + -+

Py — +
¥+ + + + + + + + + + + + + + + +

T T T T T T T T T T
0 100 200 300

crust

T

Distance (km)
Fig. 7 Cartoon representation of lower crustal flow driven by coupled on shore erosion and offshore loading. Offshore basin structure from Sun
et al. (2008), showing reflectors at 10, 21, 30, and 36 Ma and basement at 45 Ma. Crustal thickness is derived from seismic refraction data of Nissen
etal. (1995). Black arrows indicate laminar flow in the quartz-bearing mid crust while gray arrows show slower ductile flow in the feldspathic lower

rr 1 r. 1 1. 1.1 1.1 1 1 1T 1 1 T T T
400 500 600

It is also worth noting the fact that continental sedi-
ment distribution systems will also affect passive margin
structure. Large-scale reorganization of drainage systems
is well documented across much of East and Southeast
Asia (Clift et al. 2006; Zheng et al. 2013; Robinson et al.
2013) and because this process of drainage capture is
driven largely by topographic uplift of the Tibetan Plateau
this means that the tectonics of the continental interior is
guiding where large sediment masses are being deposited
and preserved on the continental margins, with some
additional control exercised by the location and timing
of basin formation around the continental margins that
generate suitable sediment traps. As a result topographic
uplift in Eastern Tibet and the resultant reorganization of
drainage patterns will also have an effect on the subse-
quent crustal flow and structure of rifted passive margins
around East Asia.

Conclusions

Strain accommodation in passive continental margins
does not follow the typical rules used to understand
extension in intra-continental extensional basins. It has
long been recognized that uniform extension models
do not apply well to passive margin systems and that
excess subsidence is often recognized, exceeding that
which would be predicted based on brittle upper crus-
tal normal faulting. Efforts to apply simple shear mod-
els to passive margins have had limited success as they
often predict contrasting subsidence patterns, which
are rarely observed in the predicted fashion observe

in practice. In rifts affecting thick and/or warmer than
normal continental crust (i.e., ~35 to 40 km thick)
(Christensen and Mooney 1995), lower and mid crustal
ductile flow may be invoked to account for the exces-
sive amounts of subsidence seen close to the continent-
ocean transition. Flow of this variety has long been
recognized in wide rift settings, like the Basin and
Range, as well as under orogenic regions such as the
Tibetan Plateau, and would be anticipated in warm rifts
based on our understanding of the physical character-
istics of major rock-forming minerals and the thermal
structure of the lithosphere.

Crustal flow during continental breakup appears to be
away from the continent and towards the propagating
rift, as shown around the South China Sea, as well as in
the Woodlark Basin of the Southwest Pacific. However,
studies of sediment-filled basins around the margins of
South China Sea show that some of the anomalous sub-
sidence occurs after the end of active tectonic extension,
requiring a mechanism unrelated to break-up tecton-
ics to explain the anomalous depths of these structures.
Finite element modeling now indicates that loading of
the basins with rapidly delivered siliciclastic sediment
may be responsible for driving lower crustal flow back
towards the continent and away from the centers of these
super-deep basins (Clift et al. 2015). The flow in the duc-
tile crust is driven by a combination of loading in the off-
shore and rock uplift onshore, which is the response to
erosional unroofing. The landward ductile crustal flow
proposed in the Baiyun Sag, Song Hong-Yinggehai, and
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Qiongdongnan Basins occurs at different times, reflect-
ing the contrasting periods of rapid sedimentation in
each of these areas. Similar processes are inferred to have
occurred in the Gulf of Thailand and under the Sunda
Shelf (Morley and Westaway 2006) and ought to be com-
mon worldwide in similar tectonic settings.

Ductile lower crustal flow affects not only orogenic
belts in collision settings but also rifted passive margins.
Surface processes, modulated by climatic evolution, may
be important in exerting stresses on the crust, which may
drive this ductile flow. Much as focused erosion controls
uplift and exhumation in the Himalaya, so more diffuse
erosion can also drive flow in passive margin settings and
help control the structure of continental margins. Such
types of deformation might be considered to affect all
rifts that are warm enough to allow large-scale lower and
mid crustal flow. This represents a new type of climate-
tectonic coupling previously unrecognized.
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