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Pacific subduction control on Asian continental
deformation including Tibetan extension and
eastward extrusion tectonics
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The India-Asia collision has formed the highest mountains on Earth and is thought to account
for extensive intraplate deformation in Asia. The prevailing explanation considers the role of
the Pacific and Sunda subduction zones as passive during deformation. Here we test the
hypothesis that subduction played an active role and present geodynamic experiments of
continental deformation that model Indian indentation and active subduction rollback. We
show that the synchronous activity and interaction of the collision zone and subduction zones
explain Asian deformation, and demonstrate that east-west extension in Tibet, eastward
continental extrusion and Asian backarc basin formation are controlled by large-scale Pacific
and Sunda slab rollback. The models require 1740 + 300 km of Indian indentation such that
backarc basins form and central East Asian extension conforms estimates. Indentation and
rollback produce ~260-360 km of eastward extrusion and large-scale clockwise upper mantle
circulation from Tibet towards East Asia and back to India.
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he Eurasian plate has accommodated significant short-

ening due to India-Asia convergence since the Early

Cenozoic onset of collision, with estimates in the range
1000-2000 km!-3. Such estimates, however, fall significantly short
to explain the total amount of convergence of ~2400-3600 km*-7.
This could be because convergence is partly accommodated
through continental subduction®, because of uncertainty in east-
ward extrusion estimates, ranging from ~250 to 1250 km>%19,
because proposed shortening values underestimate actual short-
ening in the intraplate deformation zone or a combination of the
above. In the current paradigm for the Cenozoic evolution of this
intraplate zone, all deformation, including shortening, strike-slip
and extensional deformation (Fig. 1a), is ascribed to the collision
and progressive indentation of the Indian subcontinent into the
Eurasian plate!:%11.12, Moreover, backarc basin formation in the
Japan Sea, Kuril Basin and the Sea of Okhotsk (Fig. 1a) has been
interpreted as a far-field effect of the India~Eurasia collision!3-1°.

Although India-Eurasia convergence has driven Himalayan
mountain building and Tibetan Plateau formation, its role in
extensional faulting along north-south striking grabens in Tibet
and in widespread deformation outside the zones of mountain
building remains speculative and has been questioned. Early
works have argued in favour of a role for the Pacific margin in
driving extension in East China specifically!®17, and East Asia
more generally!8. In the past two decades, conceptual models
have been proposed that argue for an active role of the Pacific
subduction margin in driving East Asian extension through slab
rollback!0:19:20, Extension along the East and Southeast Asian
margins suggests an active role for the Pacific and Sunda sub-
duction zones, in particular considering the continuity of
extension in space and time (Fig. la). Indeed, extensional
deformation and strike-slip faulting are observed over an enor-
mous area covering some 30 million square kilometres, from
Indonesia to Kamchatka. This deformation took place across the
entire region during the Eocene-Oligocene. In several locations,
extension was also active in the latest Cretaceous/Paleocene (e.g.
Beibuwan basin, Pearl River Mouth basin, Taiwan Strait basins,
East China Sea basins, Yellow Sea basins, Bohai basin, Hei-
longjiang basin), thus preceding collision!8, and/or during part
of the Miocene-Present (e.g. Mergui basin, Banda Sea, southern
South China Sea, Okinawa Trough, Japan Sea and margins,
Kuril Basin).

Previous geodynamic models simulating Asian deformation
used an active rigid indenter to simulate India progressively
moving into and colliding with the Asian lithosphere, thereby
applying compressive deviatoric normal stresses>!219. Another
model focused on gravitational spreading of the East Asian
lithosphere and did not include an active Indian indenter20, All
these earlier models used passive lateral boundaries in East and
Southeast Asia with zero stress or lithostatic stress boundaries,
simulating passive subduction zone rollback (i.e. subduction zone
migration that resulted only from the Indian indenter and/or
gravitational spreading and not from forces originating from the
subduction zone itself). However, geodynamic models show that
subduction zones actively deform overriding plates during slab
rollback by applying deviatoric stresses at the subduction zone
interface and flow-induced shear tractions at the base of the
overriding plate?1-23,

Recent studies have investigated the formation of the Himalaya
and the Tibetan Plateau through modelling subduction and
continental subduction?42>, Such models involved a relatively
limited spatial domain of Asian continental lithosphere and
excluded the Western Pacific subduction margin and most of the
Sunda subduction margin. Our current study focusses on a much
larger domain of Asian continental lithosphere (about an order of
magnitude larger), stretching from the Himalaya and Tibet in the

west, Indonesia in the southeast and Kamchatka in the northeast
(Fig. 1). Here we investigate the role of the Western Pacific
subduction margin and the entire Sunda subduction margin in
Asian deformation and their interaction with Indian indenter
tectonics and large-scale mantle flow. Our models reveal that the
synchronous activity and interaction of the collision zone and
subduction zones are crucial for explaining the entire deforma-
tion field in Central, East and Southeast Asia and demonstrate
that enigmatic east-west extension in Tibet, eastward continental
extrusion and backarc basin formation along the East and
Southeast Asian margins are controlled by large-scale Pacific and
Sunda slab rollback. The experiments constrain the amount of
Indian indentation, thereby predicting the amount of eastward
continental extrusion. Our quantification of Indian indentation
and Western Pacific rollback also makes predictions on the large-
scale mantle flow in the region and implies large-scale clockwise
upper mantle circulation from the Tibetan region towards East
Asia and from the Philippine Sea region along a path south of the
Sunda-Banda slab wall into the Indian Ocean domain. As such,
our experiments demonstrate the crucial role that the Western
Pacific and Sunda subduction zones have played in actively
deforming the continental lithosphere and underlying mantle in
Central, East and Southeast Asia.

Results

Experimental approach. Here we present the first geodynamic
models of widespread continental deformation in Central, East
and Southeast Asia combining two separate approaches that
simultaneously simulate active Indian indentation!? and active
rollback?® of the Western Pacific and Sunda subduction zones
(Fig. 2). The active rollback boundaries apply deviatoric tensile
stress conditions (trench suction) and slab rollback-induced basal
mantle flow tractions to the overriding continental Eurasian
lithosphere. The analogue experiments use glass microspheres
with a frictional plastic rheology to simulate the brittle upper
continental lithosphere and high-viscosity silicone to simulate the
viscous continental lower lithosphere of Eurasia. Low-viscosity
glucose syrup is used to simulate the low-viscosity sub-litho-
spheric mantle for isostatic compensation and mantle flow. The
models are scaled for gravity, including gravitational body forces
and potential energy differences between the continental and
oceanic domains. Furthermore, we implement length scaling and
geometrical aspect ratios such that, for the first time, the model
components accurately represent the size of the Indian indenter
(~2400 km), the western Pacific subduction margin (~8000 km),
the Sunda subduction zone (~4000km) and the Asian litho-
spheric thickness (~104km) at the onset of collision (see
“Methods”).

We test the role of the advance rate (indentation rate) of the
India-Eurasia convergent boundary, i.e. the Indian continental
subduction zone hinge and slab (vy), relative to the rollback rate
of the Western Pacific (vywp) and Sunda (vg,) subduction zones
on the style and extent of continental deformation in Asia. In
three experiments, we test different rates for v; (keeping vyp and
vsu constant). We test minimum and intermediate rates of 2.0 cm
year—! (experiment Iyin-R) and 3.6 cm year—! (experiment Ipgr-
R) based on minimum and maximum Asian shortening estimates
of ~1000 and 1800-2000 km, respectively?3, averaged over the
past ~52 Myr. And we test a maximum rate of 5.2 cm year~!
(experiment Iyjax-R) assuming that the India-Eurasia conver-
gence rate averaged over ~52 Myr® is accommodated entirely by
shortening in Eurasia (“Methods”). In two additional experi-
ments, we test Indian indentation without Pacific-Sunda rollback
(vwp = vsy =0) (experiment Ijnp-NR) and Pacific-Sunda roll-
back without Indian indentation (v;=0) (experiment NI-R).
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Fig. 1 Structural-tectonic maps showing widespread Cenozoic continental deformation in Central, East and Southeast Asia. a Structural-tectonic map
showing structures and ages of extensional basins (see Supplementary Note 1). Arrows indicate present-day plate velocities (in cm year—") in the Indo-
Atlantic hotspot reference frame8!. Numbers next to extensional structures/basins indicate timing of extensional activity (in Ma). Light blue areas
represent extended continental crust, dark blue areas represent backarc/marginal basin oceanic crust. b, ¢ Present-day tectonic setting and simplified
tectonic reconstruction at ~50 Ma of Central, East and Southeast Asian convergent plate boundaries showing oceanic/continental subduction zone
migration (blue arrows) and proposed large-scale upper mantle flow patterns (orange arrows) that accommodate lateral slab migration (Indian continental
slab advance and predominant retreat for oceanic slabs). Red bars in b indicate regional pattern of upper mantle anisotropy based on seismic shear wave
splitting measurements derived from various sources#>46:49.82 Dashed lines with numbers 1-4 in b indicate sections along which Cenozoic finite
extension has been estimated (see “Methods"). Blue dashed lines in ¢ indicate present-day position of main Asian convergent boundaries to illustrate finite
plate boundary migration since ~50 Ma. Green areas in ¢ illustrate surface areas of upper mantle volumes displaced since ~-50 Ma by lateral slab migration.
The simplified reconstruction in ¢ is based on earlier reconstructions for the Himalaya-Tibet region and Southeast Asia’47>, for the East China region'’, for

the Japan region’677 and for the Kuril-Kamchatka-Sea of Okhotsk region2®

Below we show that the style and distribution of Asian
deformation depends critically on the relative velocities of v
and vyp, expressed as ratio R = (v; — vwp)/ (v + vwp), and on the
amount of Indian indentation (Ij).

Experimental results of Asian deformation. The experiments all
show the development of a fold-and-thrust belt north of the
Indian indenter, comparable to nature and earlier models!219,
which becomes increasingly asymmetric with decreasing R
(Figs. 3-5, Supplementary Figs. 1-4). By increasing Indian finite
indentation from Iyn-R to Ipyt-R to Iyax-R, extension in East
Asia is progressively suppressed, in particular in the central East
Asian region located west of the Japan, Ryukyu and Manila
subduction zones, but strike-slip faulting and eastward extrusion
are enhanced (Figs. 3a-c, 4a-c, 6a, b). Strike-slip faulting is
mostly confined to the regions east and west of the indenter and
to a zone extending from the northeast corner of the indenter to
the Kuril-Kamchatka region, which accommodates sinistral
shear. The deformed grid and displacement field show eastward

and southeastward extrusion of continental material but only
with active Pacific and Sunda rollback (Figs. 3, 5 and 6b, Sup-
plementary Fig. 3). The infinitesimal displacement fields for the
last stage of the experiments (Fig. 5a-c), which represent the
present-day displacement field, are generally consistent with and
comparable to the Global Positioning System (GPS) velocity field
observed in Central and East Asia?’. Indeed, both experimental
and observational fields show approximately radially divergent
vectors north of the Indian indenter that decrease in length with
increasing distance from the indenter, east-directed vectors in
central and northern East Asia and a clockwise rotating vector
pattern near the northeast corner of the indenter and in Southeast
Asia. For models Iyyn-R and Inr-R, the east-directed vectors in
central and northern East Asia increase in length towards the east
(Fig. 5a, b) but they decrease for model Iy;ax-R (Fig. 5¢).

With low I; =~1049 km and R =0.25, strike-slip faulting is
limited but extensional deformation in East and Southeast Asia is
penetrative, with normal faulting and rifting distributed over a
wide area (Figs. 3a and 4a). With intermediate indentation (I; =
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Fig. 2 Schematic diagrams illustrating the experimental apparatus set-up. The experiments investigate widespread deformation of a layered brittle-ductile
system simulating part of the Eurasian continental lithosphere. a Top view of the experimental apparatus. Deformation in the model lithosphere is induced
by northward motion of a rigid boundary (simulating progressive indentation of India into Eurasia and roll forward of the Indian slab and hinge) and outward
motion of two retreating boundaries (simulating eastward slab rollback of the Western Pacific subduction margin and southward rollback of the Sunda
slab). Motion of the three boundaries is driven by three step-motors. b, ¢ East-west cross-sectional views through the model lithosphere and the southern
boundary. d Cross-sectional view through the eastern boundary. e Vertical profile of the model layers with a frictional-plastic top layer made of fine-grained
glass microspheres to simulate the brittle upper lithosphere, a linear-viscous layer of filled silicone oil simulating the ductile lower lithosphere (dynamic
shear viscosity of 5.8 +0.2 x 104 Pas), and a bottom layer made of low-viscosity glucose syrup with a linear viscous rheology (dynamic shear viscosity of
254 +7 Pas) to simulate the sub-lithospheric mantle. Note that only the inner compartment of the box is filled with the layered system (continental
lithosphere), while the entire box is filled with the low-viscosity bottom layer (sub-lithospheric upper mantle) to isostatically support the model continental
lithosphere. Also note that 1cm in the model represents 80 km in nature
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Fig. 3 Top views of four experiments with different velocity ratios showing finite horizontal normal strain (exx + eyy) and deformed model grid. The

experiments simulate Asian continental deformation and the velocity ratio is expressed as R = (v,

— vwp)/ (v, + vwp), where v, = Indian

continental

subduction hinge and slab advance (roll-forward) velocity and v\wp = Pacific subduction hinge and slab retreat (rollback) velocity. The results are shown for
the end of each experimental run. a Experiment Iyyn-R with R = 0.25 (minimum indentation). b Experiment I;yt-R with R = 0.50 (intermediate indentation).
¢ Experiment Iyax-R with R = 0.62 (maximum indentation). d Experiment I;yt-NR with R =1.00 (intermediate indentation and no rollback). Note that the
colour scheme indicates exx + eyy. The locations of four east-west sections (1-4) along which east-west finite strain (exx) and finite extension are
calculated are indicated with green, brown, orange and purple arrows (extension is positive, shortening is negative). These sections are the model
equivalents of sections 1-4 shown in Fig. 1b. Experimental results showing the horizontal finite strain ellipse field, digital photographs, horizontal finite
displacement field and surface topography are presented in Supplementary Figs. 1-4. Four evolutionary stages of experiments lyt-R and Ipn-R are shown

in Supplementary Figs. 5 and 6, respectively
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Fig. 4 Top views of four experiments simulating Asian deformation with different velocity ratios (R) showing the surface structures. The results are shown
for the end of each experimental run. a Experiment |y n-R with R =0.25 (minimum indentation). b Experiment I;\t-R with R =0.50 (intermediate
indentation). ¢ Experiment Iyax-R with R=0.62 (maximum indentation). d Experiment I;yt-NR with R =1.00 (intermediate indentation and no rollback).
Note that thrust faults and anticlinal fold axes are in blue, strike-slip faults are in green and normal faults are in orange

~1888 km) and R = 0.50, normal faults, rifts and grabens are still boundary, dominated by dextral north-south to NNE-SSW
widely distributed but smaller in number and size, while strike-  striking faults and lesser conjugate ENE-WSW striking sinistral
slip faults are more pronounced (Figs. 3b and 4b), a number of faults but limited strike-slip faulting along its western boundary
which form conjugate pairs. Interestingly, model I;n-R shows an  (Fig. 4b). This is in agreement with the first-order strike-slip
asymmetry of strike-slip faulting east and west of the Indian faulting patterns observed east and west of the Indian indenter,
indenter with significant strike-slip faulting along its eastern showing limited strike-slip faulting west of India and significant
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Fig. 5 Top views of four experiments simulating Asian deformation with different velocity ratios (R) showing the horizontal infinitesimal displacement field.
The results are shown for the end of each experimental run. a Experiment Iyyn-R with R=0.25 (minimum indentation). b Experiment I;y7-R with R = 0.50
(intermediate indentation). € Experiment Ipax-R with R = 0.62 (maximum indentation). d Experiment |;yt-NR with R =1.00 (intermediate indentation and
no rollback). The infinitesimal displacement field is determined for the last 40 min (~0.866 Myr) of the experiment. Note that the displacement fields in a-c¢
generally mimic the GPS velocity field observed in Central, East and Southeast Asia2’

strike-slip faulting east of India with north-south striking dextral
faults (e.g. Sagin fault) and lesser conjugate ENE-WSW striking
sinistral faults (Fig. 1a).

The widespread extensional structures as observed in Iyg-R
and Ijyr-R are absent in earlier experimental models that lack
active Pacific and Sunda rollback®!%1%, The extensional
structures in Iyn-R and Ipyp-R occur up to ~5000km (for

I;=~1049km) and ~4000km (for I;=~1888km) from the
Pacific subduction boundary (Fig. 4a, b), comparable in distance
to the far-field extension in the Baikal rift zone.

Along the Pacific subduction boundary, the nearest rift and
graben structures form some 400-600 km west of this boundary
(Fig. 4a, b), which is comparable to the distance between the
Pacific trench and the Okinawa, Japan, Okhotsk and Kuril
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Fig. 6 Continental extension and extrusion as a function of Indian indentation (/}) and indenter-rollback ratio R. a East-west extension as a function of |,
along two sections (1 and 2) for experiments with Western Pacific slab rollback (open symbols) and without Western Pacific slab rollback (filled symbols)
and for the representative sections in nature (see “Methods”). b Average and maximum eastward continental extrusion as a function of /, for experiments
with Western Pacific slab rollback (circles) and without Western Pacific slab rollback (diamond and square). Predicted indentation and predicted average
eastward extrusion in nature are shown in a and b, respectively. Black dashed and black dotted lines in a and b are least-squares linear best-fit lines

(coefficients of determination of 0.964 (a, dashed), 0.951 (a, dotted), 0.970 (b, dashed) and 0.980 (b, dotted)). Correlations are statistically significant at
95% (a, dotted, p value = 0.028), 98% (a, dashed, p value = 0.019), 99% (b, dotted, p value = 0.008) and 98% (b, dashed, p value = 0.014) confidence
level using Fisher's z. Black dash-dot line in a is quadratic best-fit line (coefficient of determination 0.996). ¢, d Finite east-west extension in East Asia and
Tibet as a function of R along experimental sections 1and 2 and sections 3 and 4, respectively, and the ranges for these sections in nature (see “Methods").
For section locations in nature and experiments, see Figs. 1b and 3, respectively. Note that errors in measuring experimental values are smaller than the
sizes of the individual markers. Also note that the black bars in b are not error bars but represent the minimum and maximum values measured for the
average eastward extrusion and the maximum eastward extrusion as determined from the grid lines in Fig. 3 originally located north of the easternmost

600-850 km of the Indian indenter

backarc basins. The extensional structures mostly run sub-parallel
to the Pacific and Sunda subduction boundaries, both in the
experiments (Fig. 4a, b) and in nature (Fig. 1a). However, they
also strike obliquely to perpendicularly to the boundaries in
some regions (both in the experiments and in nature), such as in
the northeastern region (Sea of Okhotsk), which results from the
asymmetric rotational rollback of the Pacific slab20, and in the
southeast, which results from the interference pattern of
deformation produced by the two retreating subduction zones,
in combination with asymmetric rollback. The occurrence of
obliquely oriented extensional structures, postulated oblique
backarc spreading ridges, and their spatial association with
strike-slip faults in the Japan-Kuril-Okhotsk domain has been
used as an argument against slab rollback as their driving agent.
The current model results and an earlier regional study2® indicate
that such obliquely oriented extensional structures and strike-slip
faults can in fact result directly from subduction zone processes
along the Sunda and Western Pacific plate boundaries.

In case of a high I;=~2728km and R=0.62 (experiment
Inax-R), folds, thrusts and strike-slip faults, the latter often in
conjugate pairs, are very pronounced, while normal faulting is
limited to the southeast and northeast (Figs. 3¢ and 4c). Notably,
normal faulting and rifting are absent in central East Asia (west of

Japan, Ryukyu and Manila), resulting in a ~3000 x 3000 km? area
that lacks east-west extension but instead shows east-west
shortening with approximately north-south striking zones of
dextral transpression in the western part of the area (Fig. 4c).
Also, no extensional structures form along the Western Pacific
subduction boundary, in disagreement with observations of
Cenozoic backarc extension along the Pacific margin and
extension in East China (Fig. la). In addition, model Iyjsx-R
shows a symmetrical pattern of strike-slip faulting east and west
of India (Fig. 4c), which is not in agreement with nature with
significant strike-slip faulting along the eastern boundary but
limited strike-slip faulting along the western boundary (Fig. 1a).

In the experiment that lacks Western Pacific and Sunda
rollback (Iiyr-NR, R=1), eastward extrusion is negligible
(Figs. 3d, 5d and 6b, Supplementary Fig. 3d) and the regions
east and northeast of the collision zone show minor east-west
shortening (Figs. 3d and 6c¢), in disagreement with observations.
Furthermore, no deformation structures are observed in East and
Southeast Asia (Fig. 4d), which is also in disagreement with
observations (Fig. 1a).

Four evolutionary stages of models Ijyr-R and Iyn-R are
shown in Supplementary Figs. 5 and 6, respectively, illustrating
that shortening north of the Indian indenter and extension north
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and west of the Sunda and Western Pacific subduction margins,
respectively, are active from the earliest stages. Such early
extension is consistent with extension observed in East and
Southeast Asia that starts already in the Early Cenozoic, such as
the Sumatra, Java and East Borneo Basins, the margins of the
South China Sea, the basins in East and Northeast China, the
Baikal Rift zone and the basins in the Sea of Okhotsk region
(Fig. 1a).

Pacific subduction drives east-west extension in Tibet. Tibet is
characterized by extensional structures, which are best developed
in southern and central Tibet at 200-800km from the
India-Eurasia plate boundary. The extensional structures consist
of north to north-northeast striking normal faults, grabens and
dikes?8 active since at least ~19 Ma”?°, with some dikes with
reported activity at 47-38 Ma3’. The extensional structures
have been ascribed to various driving mechanisms that have
been simulated in geodynamic models focussing on the
Himalaya-Tibet region, including gravitational collapse of the
plateau that is triggered by convective removal of the lithospheric
root!!, underthrusting of India and related basal shear tractions?!
and lower crustal flow®2. Our geodynamic models focus on a
much larger spatial domain, about an order of magnitude larger,
than these earlier models and do not incorporate convective
removal of the lithospheric root, nor Indian underthrusting nor
lower crustal flow. Yet, our models reproduce east-west extension
in the Tibetan Plateau region (Figs. 3 and 6), indicating that the
earlier proposed mechanisms are not essential for reproducing
the east-west extension. As such, our models provide an alter-
native driving mechanism in which east-directed rollback of the
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Western Pacific subduction boundary and associated mantle flow
(Fig. 7) induce east-west extension north of the Indian indenter.
Several tens of kilometres of east-west extension in southern and
central Tibet are reproduced in our experiments but only for
those experiments that have eastward Pacific slab rollback (Iyn-
R, In-R and Iyjax-R, Figs. 3 and 6d). These experiments can also
account for a possible Eocene onset of east-west extension3’, as
Pacific rollback was already active during this time. There is no
east-west extension in southern Tibet without Pacific rollback
(Iint-NR with R=1; Fig. 6d), suggesting that such rollback is
indeed required for extension to take place. Estimates of total
east-west extension in Tibet range from 20 to 70 km22833,
comparable to our experiments with R=0.25-0.62 showing
16-54 km of east-west extension.

Our general finding that the Pacific subduction zones can affect
the continental deep interior of Asia, including Tibet and
the Baikal region located many thousands of kilometres
(~3000-4000 km) from the subduction margin, has implications
for the extension recorded in ancient orogens. Examples include
the Paleozoic Variscan, Caledonian and Appelachian orogens,
which experienced syn-orogenic, late-orogenic and/or post-
orogenic extension that could have resulted from far field
subduction forces in a manner alike that for East Asia. Indeed,
subduction zones were located far from these mountain belts at
the time of extension.

Constraining Indian indentation. The least-squares best-fit
trend lines for experimental data showing central East Asian
extension as a function of Indian indentation I; (Fig. 6a) can be
used to constrain I in nature through comparison with observed

Stream lines of mantle flow —
(late stage, ~Miocene—Present)

Kamchatka

Western Pacific rollback

indentation

‘Philippine Manila  Ryukyu ‘Japan Kuril
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5000

Fig. 7 Top views of experiment I-Ryo showing the horizontal mantle streamline pattern. The streamline pattern illustrates the general flow pattern at the
lithosphere-asthenosphere boundary and in the ductile lithospheric mantle and results from Indian indentation (continental subduction hinge and slab
advance) and Western Pacific and Sunda subduction zone rollback (hinge and slab retreat). a Horizontal mantle flow pattern for an early stage of the
experiment (corresponding to the early-middle Eocene). b Horizontal mantle flow pattern for a late stage of the experiment (corresponding to the

Miocene-Present). Note that I-Ryo has an R=0.62 and no brittle top layer
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extension. The best-fit lines imply that I; < ~2040 km, because
otherwise the trend lines predict too little extension (<75 km) or
east-west shortening in central East Asia, which is in disagree-
ment with geological observations of 75-165km of extension.
Additionally, I; = ~1440 km, because otherwise the trend lines
predict extension in central East Asia that is larger than observed.
The above leads us to conclude that 1740+300km of
India-Eurasia convergence since the start of collision has been
accommodated by indentation (Indian subduction hinge
advance) causing Central, East and Southeast Asian deformation,
in agreement with recent data3. Such indentation predicts
~260-360 km of average eastward extrusion (Fig. 6b), comparable
to estimates of ~250 km based on tectonic reconstructions® but
significantly less than high values (800-1250km) proposed
earlier®10. Indian indentation amounts to about one-half to two-
thirds of the total estimated convergence, the remainder of which
has to have been accommodated by Indian continental subduc-
tion, for which there is evidence®34.

Discussion

The first-order agreement between nature and our best fitting
model I;yr-R (and to a lesser extent model Iyn-R) is striking and
relates to the spatial distribution and orientation of thrust faults,
strike-slip faults and normal faults, to the morphology of the
mountain ranges, to the amount of extension in East Asia,
Southeast Asia and Tibet and to geodetic observations. Regarding
shortening and mountain building, the main agreements include
shortening structures north of the Indian indenter with
approximately east-west to NNE-SSW striking folds and thrust
faults (Figs. 1a, 3a, b and 4a, b), a mountainous region north of
the Indian indenter that is narrower in the west and widens
eastward, similar to the Himalaya-Tibet mountains (Supple-
mentary Fig. 4), and topographic elevations of the experimental
mountain ranges in the Himalaya-Tibet region with respect to
the undeformed foreland that scale to 5.3-9.2km (I;nyr-R) and
3.5-6.7km (Ipgn-R) in nature (Supplementary Fig. 4). As for
strike-slip faulting, the main similarities are dextral, approxi-
mately north-south striking, strike-slip faults east of the indenter
and associated conjugate sinistral faults, similar to the Sagin fault
and conjugates east of India, and less developed sinistral,
approximately north-south striking strike slip faults west of the
indenter (Figs. la, 3a, b and 4a, b), as well as sinistral, NE-SW
striking strike-slip faults that run from the northern edge of the
mountainous region to the northeast (Sea of Okhotsk region),
similar to sinistral shear zones such as the Altyn Tagh fault,
Bolnai fault and Stanovoy sinistral shear zone (Figs. 1a, 3b and
4b). The agreement relating to normal faulting and extension
includes normal faults, rifts and grabens in East Asia that strike
predominantly sub-parallel to the strike of the Western Pacific
subduction margin and occur up to several thousand km from the
margin (Figs. 1a and 4a, b), normal faults, rifts and grabens near
the Sunda margin that strike predominantly sub-parallel to the
strike of this subduction margin (Figs. la and 4a, b) and a sub-
ordinate number of normal faults, rifts and grabens in East and
Southeast Asia that strike at an oblique angle or sub-
perpendicularly to the Western Pacific and Sunda subduction
margins (Figs. 1a and 4a, b). We note that there is also agreement
in terms of extension magnitude, with major extension in
northern East Asia, moderate extension in central East Asia and
minor east-west extension in the Tibetan region (Fig. 6a-d).
Finally, there is also agreement between the best-fitting models
and nature in terms of displacements, with east- and southeast-
directed displacement fields in East and Southeast Asia, respec-
tively, that are reproduced in the experiments (Fig. 5a, b).

Some discrepancies between observations and models are also
evident, such as the occurrence in nature of local zones of com-
pressive tectonics along the Pacific and Sunda margins during the
latest Cenozoic. For example, a local segment of the Sunda con-
vergent margin in the southeasternmost part of Southeast Asia
(Timor-Banda segment) has experienced shortening tectonics
due to continental subduction of Australian continental passive
margin, which initiated ~3.5 Ma3>, while backarc spreading and
extensional tectonics in the Banda Sea took place until as recently
as 3Ma3¢ (Fig. la). Along the Pacific margin, Taiwan and
northern Honshu Island in Japan have also experienced short-
ening, but again, these are relatively local phenomena compared
to the scale of East and Southeast Asia and they have only been
active since 3-2Ma for Taiwan®’ and ~3.5Ma for northern
Honshu38. There are also reports of short-lived (~1-2Myr)
inversion and compression for older times along the East and
Southeast Asian margins, such as during the late Oligocene in the
southern Sumatra basin3® and the Chezhen basin, a sub-basin of
the Bohai basin in Northeast China%. Such local, short-lived
phases of overriding plate compression and shortening can be
explained, for example, by subduction of a short aseismic ridge or
small oceanic plateau*!. These phases of compression, shortening
and inversion are thus local and lasted only for a short duration,
while the overall, large-scale, tectonics of East and Southeast Asia
during most of the Cenozoic has been dominated by extension, as
is evident from Fig. 1a.

Another discrepancy between our models and observations
relates to large dextral strike-slip faults located near, and running
sub-parallel to, or striking obliquely to, the East Asian margin,
such as the Tan-Lu fault and the Sakhalin-Hokkaido dextral
shear zone (Fig. la). The latter, bordering the Sea of
Okhotsk-Kuril basin backarc domain, has up to several hundred
kilometres of dextral offset and has been explained by local
asymmetrical slab rollback of the Kuril-Kamchatka subduction
segment2°. The Tan-Lu fault, although hundreds of kilometres
long, has a Cenozoic dextral offset of only ~21km#*2. Further-
more, this fault and the Bohai Bay basin immediately west of it
have accommodated dextral transtension, of which the dextral
component has been interpreted as resulting from the oblique
convergence between the Pacific and Eurasian plates?>43. We
note, however, that model I;n7-R also shows signs of dextral
transtension near the Western Pacific subduction boundary along
the Ryukyu-Japan-Kuril-Kamchatka segment.

The conclusion that the Asian tectonic evolution is best char-
acterized by I; = 1740 + 300 km (R = ~0.40-0.52) has important
implications for domain boundary migrations and upper mantle
volume fluxes in the eastern hemisphere. With I; = 1740 km, the
total upper mantle volume flux induced by the advancing Indian
slab is roughly 3.5x 10°km3 over 52 Myr, while those of the
retreating Western Pacific slabs and Sunda slab are roughly 2.0 x
10° km3 and 1.7 x 10° km3 over ~52 Myr, respectively (Fig. 1c). It
implies that, since ~52 Ma the upper mantle domain beneath East
Asia has been growing at an average rate of ~100m3s~1, the
Indian upper mantle domain has been growing at ~1100 m3s~1,
while the Pacific upper mantle domain has been shrinking at
~1200 m3 s~1. We propose that, to accommodate the expansion
in easternmost Asia, mantle material north of the Indian slab has
moved eastward, consistent with East Asian geochemistry of
Cenozoic magmatic rocks showing a Dupal signature** and
shear-wave splitting observations showing an overall approxi-
mately east-west trend below East China%>4¢ (Fig. 1b, c) and in
agreement with the general mantle flow pattern observed in our
models (Fig. 7). Locally, Pacific mantle material has likely infil-
trated the Asian domain through slab windows below northern-
most Kamchatka and the Taiwan-Philippines region (Fig. 1b, c).
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The hole left by Indian indentation and slab advance has been
partly filled by Burma-Sunda slab-rollback-induced mantle flow
and by toroidal mantle return flow around the eastern and wes-
tern Himalayan syntaxes, as suggested by shear-wave splitting
observations®.

We note that shear-wave splitting observations imply a tighter
toroidal flow around the eastern syntaxis than observed in the
models. This could be because of two reasons. First of all, it is
likely that there is a small slab window just south of the eastern
syntaxis, because the Arakan slab only continues to ~26.5°
north*’, while the northern edge of the eastern syntaxis is at ~28°
north. In addition, there is likely a slab window between the
Arakan slab and the Andaman slab (between ~15° and ~20°
north) and the Arakan slab is likely also segmented and torn’.
Such slab windows/gaps/tears would allow mantle material to
flow from the Tibetan side (higher dynamic pressure), around
the eastern syntaxis and towards the Indian side south of the
Himalayan slab (lower dynamic pressure), as illustrated by the
orange arrow in Fig. 1b. The orientation of flow is consistent with
shear-wave splitting results*’. In the analogue models, there is no
slab window present in the Indian indenter near the eastern
syntaxis, so inflow into the region south of the Indian indenter
front is not possible and so toroidal return flow is more limited. A
second reason could be that the analogue models use a linear
viscous (Newtonian) rheology for the sub-lithospheric mantle,
while the sub-lithospheric mantle in nature is possibly dominated
by a non-linear power law rheology*®. Such a power law rheology
enhances strain localization thereby promoting tighter, more
localized, toroidal return flow patterns around lateral slab edges.

To return to the topic of mantle flow in the Indian domain, we
propose that inflow into the Indian domain is also partly
accommodated by southwest to west-directed Pacific mantle flow
from the Philippine Sea domain towards New Guinea and
northern Australia south of and sub-parallel to the Java-Banda
slab wall (Fig. 1b, c). This is consistent with shear-wave splitting
observations*. Our models thus imply large-scale exchange and
mixing of mantle material between the Indian, Asian and Pacific
domains along a clockwise circulation pattern, leaving an imprint
on the structure, dynamics and chemistry of crust and mantle.

Methods

Experimental set-up. We use four-dimensional analogue laboratory experiments
of Asian deformation, as they allow us for the first time to integrate several geo-
dynamic processes including continental indentation, subduction rollback, mantle
flow and continental gravitational spreading on a very large spatial scale. The
experiments provide us a means to quantify and reproduce the surface strain field,
displacement field, mantle flow patterns and topography at an unprecedented large
scale (representing thousands of kilometres) and at the same time allow us to
simulate small-scale (representing kilometre scale) strain localization through
faulting and shearing.

The experiments consist of a layered rheological system, with a brittle top layer
and underlying high-viscosity layer representing the continental lithosphere and a
low-viscosity bottom layer representing the sub-lithospheric mantle, following
earlier experimental work on continental lithospheric deformation and backarc
extension%°0. The lithosphere is confined within an internal rectangular
compartment, 100 cm x 110 cm horizontally, that is located within a larger
rectangular box, 130 x 150 cm, that is filled with the sub-lithospheric mantle
(Fig. 2). At sub-lithospheric mantle depth, the internal compartment (representing
the Eurasian domain) and the outer domain (representing the oceanic domains)
are connected through a window in the southeastern corner (representing a slab
window zone in Southeast Asia) such that the continental lithosphere inside the
internal compartment is isostatically supported by the sub-lithospheric mantle and
is in isostatic equilibrium with the oceanic domains.

Continental deformation in the Central, East and Southeast Asian lithosphere is
enforced through three externally driven boundaries to simulate approximately
northward Indian indentation, approximately southward rotational rollback of the
Sunda subduction zone and approximately eastward translational-rotational
rollback of the Western Pacific subduction zones (Fig. 2). Considering that we
impose velocities, our models are not fully dynamic (exclusively buoyancy-driven)
but include both kinematically imposed forces and internal buoyancy forces. The
velocities of the three boundaries can be set individually by three individual step-

motors. The northern (leading) boundary of the Indian intender block represents
the Indian subduction hinge and slab, and so the advance velocity of this block,
which is determined by step-motor 1, is exactly the advance velocity of the
subduction hinge and slab. The retreating boundaries that are connected to step-
motors 2 and 3 represent the retreating slabs and subduction hinges of the Sunda
and Western Pacific subduction margins, respectively, and their velocities represent
the retreat velocities of the subduction hinges and slabs. The boundary velocity
values for the different experiments discussed in the text are listed in Table 1.

Our models do not include subduction zone plate boundary-induced simple
shear, as is also the case for earlier models of India—Asia indentation and Asian
deformation®111219 We note that the simple shear at the continental and oceanic
subduction boundaries impose a local deformation on the overriding plate, as the
length-scale of the deformation induced by the simple shear scales with the down-
dip length of the subduction zone interface (e.g. see ref. >!), which is of the order
100-200 km. As such, the simple shear at the subduction boundaries is not
significant for the large-scale (thousands of km), widespread deformation of
Central, East and Southeast Asia that is the focus of this study.

For the current study, we have chosen analogue experiments as our geodynamic
modelling method, as they have a number of advantages for the purpose of this
study compared to other geodynamic modelling methods, namely: (1) The
analogue models are inherently four-dimensional (three-dimensional space+time).
(2) The analogue models can be conducted at a massive scale (e.g. continental
lithosphere of 8000 km x 8800 km), while still retaining enough resolution at small
scale to simulate shear localization and brittle faulting in the upper part of the
continental lithosphere. (3) The models have a free top surface such that they can
produce mountain topography and morphology that are comparable to that in the
Tibet-Himalaya region, as well as basin bathymetry and morphology that are
comparable to the marginal basins in East and Southeast Asia.

Scaling of experiments and experimental materials. The experiments are scaled
for gravity such that they fulfil the requirements of geometrical, kinematic and
dynamic similarity with respect to the natural prototype>->7. The scaling para-
meters are listed in Table 2. Previous models simulating Asian deformation that
were scaled for gravity and were isostatically supported by an asthenosphere!21%:20
used smaller scaled lengths than the current study. In the current experiments, a
length-scale factor of 1.25 x 10~7 is applied (1 cm represents 80 km) such that the
Indian indenter width (east-west) of 30 cm represents 2400 km in nature
(approximate width of Indian indenter), a 50 cm retreating Sunda subduction
boundary represents 4000 km, a 100 cm Western Pacific retreating subduction
boundary represents 8000 km and a continental lithosphere thickness of 1.3 cm
represents 104 km. These scaled model dimensions are of comparable magnitude as
those in nature at the onset of collision at ~50 Ma (Fig. 1c). The sub-lithospheric
mantle layer is 7.7 cm thick, representing 616 km in nature. Each experiment lasts
40 h, which represents ~52 million years in nature, giving a model/nature timescale
factor of 8.781 x 10~11. We note that, in our models, the thickness of the Asian
continental lithosphere and the thickness of its individual layers are constant at the
start of each model run. It is therefore evident that we did not consider any
potential lateral variations in lithospheric thickness caused by earlier phases of
deformation of the Asian lithosphere.

In the experiments, we scale for density contrasts®® and we adopt a constant
density for the continental lithosphere of 1232+ 7kgm™3 and a constant density
for the sub-lithospheric mantle of pgi v = 1426 + 2 kg m™>, giving a density
contrast Ap(model) = 194 + 9 kg m~3. This is equivalent to the density contrast in
nature of Ap(nature) = 194 kg m—3 assuming a sub-lithospheric mantle density of
3250 kg m~3, a 40-km-thick crust with density 2745 kg m—3 and 64-km-thick
lithospheric mantle with density 3250 kg m~3. Scaling for density contrasts
requires that for the scaling of surface topography we need to apply a correction
factor Cropo as discussed in ref. 56, with Cropo = psm(model)/psp m(nature) = 0.44.

The rheological layering of the continental lithosphere and underlying sub-
lithospheric mantle in the experiments is achieved using different materials with
different rheological behaviour, following earlier work!%1926:50,52 The 1.3-cm-
thick-layered model lithosphere (0.3 cm brittle top and 1.0 cm viscous bottom)
represents a simplified layered Asian continental lithosphere with a 24-km-thick
brittle top and an 80-km-thick viscous bottom.

The brittle top layer of the continental lithosphere consists of fine-grained glass
microspheres (grain size = 90-180 pm) mixed with hollow glass microspheres to
attain the correct density. Granular materials such as sand and glass microspheres
have a frictional-plastic (brittle) rheology that follows the Mohr-Coulomb failure
criterion®-%0, show strain localization®! and display strain weakening®®. The
microspheres used here have a coefficient of internal friction y = 0.65 at peak
strength®®, which falls in the natural range (0.49-1.00)%, are well rounded, have a
high sphericity and have a very low cohesion of 0-15 Pa, which scales to values of
0-120 MPa in nature, in accordance with reported values for the natural prototype
(15-110 MPa)>°.

The viscous lower layer of the continental lithosphere consists of a high-
viscosity silicone oil mixed with fine-grained iron powder to attain the right
density. The silicone is a polydimethylsiloxane that has been used frequently in
lithospheric and mantle scale laboratory experiments!219:26,50,5262-64 and has a
Newtonian viscosity at experimental strain rates (<1072 s~ 1)6566_ The mix has a
dynamic shear viscosity of 5.8 +0.2 x 104 Pas.
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Table 1 Experimental and scaled displacements and displacement rates of the three plate boundaries

Experiment Plate boundary  Advance/ Advance/retreat Scaled advance/ Scaled advance/retreat R (v — vwp)/
retreat [cm] rate [cmh—1] retreat [km] rate? [cm year—1] (v, + vwp)

Imin-R (minimum India 13.12 0.328 1050 2.02 0.25
indentation, with rollback) ~ Western Pacific  7.95 0.199 636 1.22

Sunda 11.00 0.275 880 1.69
Iint-R (intermediate India 23.60 0.590 1888 3.63 0.50
indentation, with rollback)  Western Pacific  7.95 0.199 636 1.22

Sunda 11.00 0.275 880 1.69
Imax-R (maximum India 34.10 0.852 2728 5.25 0.62
indentation, with rollback)  Western Pacific ~ 7.95 0.199 636 1.22

Sunda 11.00 0.275 880 1.69
Iint-NR (intermediate India 23.60 0.590 1888 3.63 1.00
indentation, no rollback) Western Pacific 0 0 0 0

Sunda 0 0 0 0
NI-R (no indentation, with  India 0 0 0 0 —1.00
rollback) Western Pacific  7.95 0.199 636 1.22

Sunda 11.00 0.275 880 1.69
I-Rmo (maximum India 0.852 5.25 0.62
indentation, with rollback)  Western Pacific 0.199 1.22
(no brittle top) Sunda 0.275 1.69

aThis is calculated from the scaled advance/retreat and the timing of onset of India-Eurasia collision, which we take as 52 Ma3

Table 2 Experimental scaling parameters

Parameter Notation Dimensions Experiment Nature Scaling factor (experiment/nature)
Gravity g [ms=2] 9.8 9.8 1
Thickness 1.25%x10~7
Continental lithosphere TeL [m] 0.013 1.04 x10°
Sub-lithospheric mantle Tsim [m] 0.08 6.40 x 10°
Density
Continental lithosphere peL [kg m—3] 12327 3056
Sub-lithospheric mantle Psim [kg m—3] 1426 £2 3250
Density contrast (psim - pcL) Ap [kg m—3] 194 194 1
Time t [s] 3600 4100x1018  8781x10-T
Coefficient of internal friction (brittle lithosphere)  p 0.65 0.65 1
Cohesion (brittle lithosphere) C [Pa] 0-15 0-12x108  1.25x10~7
Viscosity 11x10-17
Viscous lithosphere el [Pas] 58+0.2x104 53x102
Sub-lithospheric mantle nsLm [Pas] 254+7 2.31x101°
Topography h [m] 0.001 3520 1.25 %1077 /Cropo = 2.84 x 10~/

The bottom layer representing the sub-lithospheric mantle consists of glucose
syrup, which is a Newtonian viscous material®’, with a dynamic shear viscosity of
254 +7Pas at 20 + 0.5 °C, which is the temperature at which the experiments are
conducted. With a viscosity scaling factor of 1.1 x 10717, the experimental sub-
lithospheric upper mantle viscosity represents 2.3 x 101° Pa's in nature, which is in
general accordance with values estimated previously®®-70, which are of the order
1019-10%0 Pass.

Dynamic scaling requires that the experiments are conducted in the same flow
regime as in nature®® (laminar flow regime with dihedral symmetry across two
orthogonal planes), which demands that the Reynolds number Re << 1, with Re =
pvd/n. Here p is the density of the ambient fluid (1426 kg m~3 for the sub-
lithospheric mantle), v is the characteristic velocity (we take the velocity of the
Indian indenter for experiment Ijnr-R, v =1.6 x 10~°ms~1), d is the
characteristic length scale (we take the width of the Indian indenter, d=0.30 m)
and # is the dynamic shear viscosity of the ambient fluid (254 Pa s for the sub-
lithospheric mantle). This gives an experimental Re =2.7 x 1076 << 1.

Considering that the experiments are scaled for gravity, that the Asian
continental lithosphere is isostatically supported and that there are lateral density
differences between the continental and oceanic domains, there are elevation
differences and gravitational potential energy differences in the experiments. The
average density of the continental Asian lithosphere is lower than that of the
oceanic domains, and therefore its elevation and potential energy are higher than
that of the surrounding oceanic domains. With a length scaling factor of 1.25 x
10~7 in our models and a Crop, = 0.44, we calculate that the elevation of the
undeformed continental lithosphere with respect to the oceanic domains scales to

6.2 km. This is effectively the same as the elevation difference in nature (~6 km)
with an average ocean basin depth in the Western Pacific and Northeast Indian
Ocean of ~5-6 km below sea level and an average continental elevation of ~0-1 km
above sea level.

Recording of experiments. The experiments have been recorded with a particle
image velocimetry (PIV) system using four digital cameras. Camera one provided a
top view overview of the entire experiment in order to record the progressive
evolution of the surface structures and to extract the evolution of the surface strain
field and displacement field. Cameras two and three were set up in stereoscopic
arrangement (sPIV) in order to extract the progressive evolution of the surface
topography of part of the experimental surface area. Camera four provided an
oblique view to record the progressive evolution of the surface structures. Details
on PIV and sPIV recordings for flow, surface strain and surface topography can be
found in earlier works®371-73,

Rates of advance and retreat. We test the role of the advance rate (indentation
rate) of the India-Eurasia collisional boundary, i.e. the rate of migration of the
Indian continental subduction zone hinge and slab towards the overriding Eurasian
plate, on the style and extent of widespread continental deformation in Central,
East and Southeast Asia. This advance rate is varied with respect to the rollback
(retreat) rates of the Western Pacific and Sunda subduction zones, which are kept
constant except for experiment Ingr-NR where the rollback rates are zero. We keep
these Western Pacific and Sunda rollback rates constant because they are better
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constrained from reconstructions, total extension estimates and seismic
tomography?074-78 than the Indian hinge advance rate, which is less constrained
due to uncertainty in the total amount of Asian shortening. With this analogue
modelling approach, we can, for the first time, provide insight into the possible
dynamic interaction between the Pacific and Sunda subduction zones and the
collision zone and how this has shaped the Asian landscape and interior. The
advance rate can be derived from the amount of shortening that has been
accommodated in the overriding plate since the start of collision between India and
Eurasia, which we assume to have occurred at 52 Ma and is within the range of
52-55 Ma proposed recently?. Total shortening estimates range from a minimum
of ~1000 km to a maximum of 1800-2000 km?3. These estimates provide geolo-
gically constrained lower and upper bounds for the advance rate of 2.0 and 3.6 cm
year—1, respectively. We also test Asian deformation with an absolute maximum
advance rate of 5.2 cm year~! assuming that the India-Eurasia convergence rate
(some 5-6 cm year—! averaged over the past 52 Myr©) is accommodated entirely by
indentation of Eurasia. Finally, we have run several other experiments (not shown),
one of which tested Asian deformation without India-Asia indentation (Indian
advance rate =0 cm year~1). This experiment is dominated by rift and graben
structures, most of them striking (sub)parallel to the Pacific subduction boundary
in the east and northeast and sub-parallel to the Sunda subduction boundary in the
south, as well as a significant number of extensional structures that have an oblique
or perpendicular strike with respect to the subduction boundaries.

East-west extension in Asia. The approximate range of values for the total
amount of WNW-ESE extension in northern East Asia along profile 1 in Fig. 1b
due to Cenozoic extensional faulting and backarc basin opening is presented in
Fig. 6a, c. This range is based on 31-56 km of extension in the Japan arc3® (we
choose 40 km + 15 km), 500 km (+100 km) of Japan Sea opening based on tectonic
reconstructions for the region’®77, an estimated 10 km (+5km) for the narrow
Yilan Yitong graben and 30 km (+10km) of extension in the Baikal rift zone”®.
This gives a total extension of 580 km (+130 km).

The approximate range of values for the total amount of WNW-ESE extension in
central East Asia along profile 2 in Fig. 1b due to Cenozoic extensional faulting and
backarc basin opening is presented in Fig. 6a, c. This range is based on estimates of
relatively minor extension of 5km (+5km) for each of the following rifts/basins:
Hetao-Yinchuan rift, Shanxi rift, Southwest Bohai basin, and the region between the
Southwest Bohai Basin and East China Sea (giving a sub-total of 20 km + 20 km);
40km (+10 km) for the East China Sea margin; and 60 km (+15km) for the
Okinawa Trough. These last two estimates are based on the present-day average
crustal thickness in the East China Sea margin (27 km) and Okinawa Trough
(18 km) and the average crustal thickness of the undeformed margins (30 km) as
derived from a regional crustal thickness map®” and the extension implied by this
crustal thickness difference. This gives a total extension of 120 km (+45km).

The approximate range of values for the total amount of east-west extension in
Tibet due to Cenozoic normal faulting along approximately north-south to
NNE-SSW trending grabens and rifts is presented in Fig. 6d. This range is based
on earlier published estimates, which are of the order 20 km?3, <40 km? and
50-70 km?33.

Data availability

All the data generated by the laboratory experiments that are necessary to evaluate this
work are included in this published article. All the data and information that are required
to reproduce the laboratory experimental results are presented in this published article.

Received: 5 April 2019; Accepted: 4 September 2019;
Published online: 02 October 2019

References

1. Molnar, P. & Tapponnier, P. Cenozoic tectonics of Asia: effects of a
continental collision. Science 189, 419-426 (1975).

2. Tapponnier, P. et al. Oblique stepwise rise and growth of the Tibet Plateau.
Science 294, 1671-1677 (2001).

3. Huang, W., van Hinsbergen, D. J. J., Lippert, P. C., Guo, Z. & Dupont-Nivet,
G. Paleomagnetic tests of tectonic reconstructions of the India-Asia collision
zone. Geophys. Res. Lett. 42, 2642-2649 (2015).

4. Patriat, P. & Achache, J. India-Eurasia collision chronology has implications
for crustal shortening and driving mechanism of plates. Nature 311, 615-621
(1984).

5. van Hinsbergen, D.J. J. et al. Restoration of Cenozoic deformation in Asia and
the size of Greater India. Tectonics 30, TC5003 (2011).

6.  White, L. T. & Lister, G. S. The collision of India with Asia. J. Geodynamics 56-
57, 7-17 (2012).

7. Li, Y. et al. Propagation of the deformation and growth of the
Tibetan-Himalayan orogen: a review. Earth-Sci. Rev. 143, 36-61 (2015).

11.

12.

13.

14.

15.

16.

17.

18.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Ingalls, M., Rowley, D. B., Currie, B. & Colman, A. S. Large-scale subduction
of continental crust implied by India—Asia mass-balance calculation. Nat.
Geosci. 9, 848-853 (2016).

Tapponnier, R, Peltzer, G., Le Dain, A. Y., Armijo, R. & Cobbold, P.
Propagating extrusion tectonics in Asia; new insights from simple experiments
with plasticine. Geology 10, 611-616 (1982).

Royden, L. H., Burchfiel, B. C. & van der Hilst, R. D. The geological evolution
of the Tibetan Plateau. Science 321, 1054-1058 (2008).

England, P. & Houseman, G. Extension during continental convergence,
with application to the Tibetan Plateau. J. Geophys. Res. 94, 17561-17579
(1989).

Davy, P. & Cobbold, P. R. Indentation tectonics in nature and experiment. 1.
Experiments scaled for gravity. Bull. Geol. Inst. Univ. Upps. NS 14, 129-141
(1988).

Jolivet, L., Tamaki, K. & Fournier, M. Japan Sea, opening history and
mechanism; a synthesis. J. Geophys. Res. 99, 22237-22259 (1994).

Worrall, D. M., Kruglyak, V., Kunst, F. & Kuznetsov, V. Tertiary tectonics of
the Sea of Okhotsk, Russia: far-field effects of the India-Eurasia collision.
Tectonics 15, 813-826 (1996).

Xu, J., Ben-Avraham, Z., Kelty, T. & Yu, H.-S. Origin of marginal basins of the
NW Pacific and their plate tectonic reconstructions. Earth Sci. Rev. 130,
154-196 (2014).

Watson, M. P., Hayward, A. B., Parkinson, D. N. & Zhang, Z. M. Plate
tectonic history, basin development and petroleum source rock deposition
onshore China. Mar. Pet. Geol. 4, 205-225 (1987).

Ren, J., Tamaki, K., Sitian, L. & Junxia, Z. Late Mesozoic and Cenozoic rifting
and its dynamic setting in Eastern China and adjacent areas. Tectonophysics
344, 175-205 (2002).

Northrup, C. J., Royden, L. H. & Burchfiel, B. C. Motion of the Pacific Plate
relative to Eurasia and its potential relation to Cenozoic extension along the
eastern margin of Eurasia. Geology 23, 719-722 (1995).

Fournier, M., Jolivet, L., Davy, P. & Thomas, J.-C. Backarc extension and
collision: an experimental approach to the tectonics of Asia. Geophys. J. Int.
157, 871-889 (2004).

Schellart, W. P. & Lister, G. S. The role of the East Asian active margin in
widespread extensional and strike-slip deformation in East Asia. J. Geol. Soc.
Lond. 162, 959-972 (2005).

Shemenda, A. Subduction of the lithosphere and back arc dynamics: insights
from physical modeling. J. Geophys. Res. 98, 16167-16185 (1993).

Schellart, W. P. & Moresi, L. A new driving mechanism for backarc extension
and backarc shortening through slab sinking induced toroidal and poloidal
mantle flow: results from dynamic subduction models with an overriding
plate. J. Geophys. Res. Solid Earth 118, 3221-3248 (2013).

Chen, Z., Schellart, W. P., Strak, V. & Duarte, J. C. Does subduction-induced
mantle flow drive backarc extension? Earth Planet. Sci. Lett. 441, 200-210
(2016).

Pusok, A. E. & Kaus, B. J. P. Development of topography in 3-D continental-
collision models. Geochem. Geophys. Geosyst. 16, 1378-1400 (2015).
Capitanio, F. A., Replumaz, A. & Riel, N. Reconciling subduction dynamics
during Tethys closure with large-scale Asian tectonics: insights from
numerical modeling. Geochem. Geophys. Geosyst. 16, 962-982 (2015).
Schellart, W. P, Jessell, M. W. & Lister, G. S. Asymmetric deformation in the
backarc region of the Kuril arc, northwest Pacific: new insights from analogue
modeling. Tectonics 22, 1047 (2003).

Wang, W. et al. Horizontal crustal deformation in Chinese mainland analyzed
by CMONOC GPS data from 2009-2013. Geodesy Geodyn. 5, 41-45 (2014).
Armijo, R, Tapponnier, P., Mercier, J. L. & Tong-Lin, H. Quaternary
extension in Southern Tibet: field observations and tectonic implications.

J. Geophys. Res. 91, 13803-13872 (1986).

Mitsuishi, M., Wallis, S. R., Aoya, M., Lee, J. & Wang, Y. E-W extension at 19
Ma in the Kung Co area, S. Tibet: evidence for contemporaneous E-W and
N-S extension in the Himalayan orogen. Earth Planet. Sci. Lett. 325-326,
10-20 (2012).

Wang, Q. et al. Eocene north-south trending dikes in central Tibet: new
constraints on the timing of east-west extension with implications for early
plateau uplift? Earth Planet. Sci. Lett. 298, 205-216 (2010).

Copley, A., Avouac, J.-P. & Wernicke, B. P. Evidence for mechanical coupling
and strong Indian lower crust beneath southern Tibet. Nature 472, 79-81
(2011).

Royden, L. H. et al. Surface deformation and lower crustal flow in Eastern
Tibet. Science 276, 788-790 (1997).

Styron, R. H. et al. Miocene initiation and acceleration of extension in the
South Lunggar rift, western Tibet: evolution of an active detachment system
from structural mapping and (U-Th)/He thermochronology. Tectonics 32,
880-907 (2013).

Van der Voo, R., Spakman, W. & Bijwaard, H. Tethyan subducted slabs under
India. Earth Planet. Sci. Lett. 171, 7-20 (1999).

| (2019)10:4480 | https://doi.org/10.1038/541467-019-12337-9 | www.nature.com/naturecommunications 13


www.nature.com/naturecommunications
www.nature.com/naturecommunications

ARTICLE

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

Audley-Charles, M. G. Ocean trench blocked and obliterated by Banda forearc
collision with Australian proximal continental slope. Tectonophysics 389,
65-79 (2004).

Spakman, W. & Hall, R. Surface deformation and slab-mantle interaction
during Banda arc subduction rollback. Nat. Geosci. 3, 562-566 (2010).
Malavieille, J. et al. Arc-continent collision in Taiwan: new marine
observations and tectonic evolution. Geol. Soc. Am. Spec. Pap. 358, 189-213
(2002).

Okada, S. & Ikeda, Y. Quantifying crustal extension and shortening in the
back-arc region of Northeast Japan. J. Geophys. Res. 117, B01404

(2012).

Doust, H. & Noble, R. A. Petroleum systems of Indonesia. Mar. Pet. Geol. 25,
103-129 (2008).

Su, J. et al. Fault growth and linkage: implications for tectonosedimentary
evolution in the Chezhen Basin of Bohai Bay, eastern China. AAPG Bull. 95,
1-26 (2011).

Florez-Rodriguez, A. G., Schellart, W. P. & Strak, V. Impact of aseismic ridges
on subduction systems: insights from analog modeling. J. Geophys. Res. Solid
Earth 124, 5951-5969 (2019).

Huang, L., Liu, C.-y. & Kusky, T. M. Cenozoic evolution of the Tan-Lu Fault
Zone (East China)—Constraints from seismic data. Gondwana Res. 28,
1079-1095 (2015).

Allen, M. B., MacDonald, D. I. M., Xun, Z., Vincent, S. J. & Brouet-Menzies,
C. Transtensional deformation in the evolution of the Bohai Basin, northern
China. Geol. Soc. Lond. Spec. Publ. 135, 215-229 (1998).

Flower, M. F. J., Russo, R. M., Tamaki, K. & Hoang, N. Mantle contamination
and the Izu-Bonin-Mariana (IBM) ‘high-tide mark": evidence for mantle
extrusion caused by Tethyan closure. Tectonophysics 333, 9-34 (2001).
Wistefeld, A., Bokelmann, G., Barruol, G. & Montagner, J.-P. Identifying
global seismic anisotropy patterns by correlating shear-wave splitting and
surface-wave data. Phys. Earth Planet. Inter. 176, 198-212 (2009).

Li, H. et al. Seismic imaging of lithosphere structure and upper mantle
deformation beneath east-central China and their tectonic implications. J.
Geophys. Res. Solid Earth 123, 2856-2870 (2018).

Russo, R. M. Source-side shear-wave splitting and upper-mantle flow beneath
the Arakan slab, India-Asia-Sundalind triple junction. Geosphere 8, 158-178
(2012).

Mackwell, S. J., Bai, Q. & Kohlstedt, D. L. Rheology of olivine and the strength
of the lithosphere. Geophys. Res. Lett. 17, 9-12 (1990).

Lynner, C. & Long, M. D. Sub-slab anisotropy beneath the Sumatra and
circum-Pacific subduction zones from source-side shear wave splitting
observations. Geochem. Geophys. Geosyst. 15, 2262-2281 (2014).

Hatzfeld, D., Martinod, J., Bastet, G. & Gautier, P. An analog experiment for
the Aegean to describe the contribution of gravitational potential energy. J.
Geophys. Res. 102, 649-659 (1997).

Schellart, W. P. Andean mountain building and magmatic arc migration
driven by subduction-induced whole mantle flow. Nat. Commun. 8, 2010
(2017).

Davy, P. & Cobbold, P. R. Experiments on shortening of a 4-layer model of the
continental lithosphere. Tectonophysics 188, 1-25 (1991).

Koyi, H. Analogue modelling: from a qualitative to a quantitative technique-a
historical outline. J. Pet. Geol. 20, 223-238 (1997).

Malavieille, J. Impact of erosion, sedimentation, and structural heritage on the
structure and kinematics of orogenic wedges: analog models and case studies.
GSA Today 20, 4-10 (2010).

Graveleau, F., Malavieille, J. & Dominguez, S. Experimental modelling of
orogenic wedges: a review. Tectonophysics 538-540, 1-66 (2012).

Schellart, W. P. & Strak, V. A review of analogue modelling of geodynamic
processes: approaches, scaling, materials and quantification, with an
application to subduction experiments. J. Geodynamics 100, 7-32 (2016).
Bose, S., Mandal, N., Mukhopadhyay, D. K. & Mishra, P. An unstable
kinematic state of the Himalayan tectonic wedge: evidence from experimental
thrust-spacing patterns. J. Struct. Geol. 31, 83-91 (2009).

Krantz, R. W. Measurements of friction coefficients and cohesion for faulting
and fault reactivation in laboratory models using sand and sand mixtures.
Tectonophysics 188, 203-207 (1991).

Schellart, W. P. Shear test results for cohesion and friction coefficients for
different granular materials: scaling implications for their usage in analogue
modelling. Tectonophysics 324, 1-16 (2000).

Panien, M., Schreurs, G. & Pfiffner, A. Mechanical behaviour of granular
materials used in analogue modelling: insights from grain characterisation,
ring-shear tests and analogue experiments. J. Struct. Geol. 28, 1710-1724
(2006).

Mandl, G. Mechanics of Tectonic Faulting: Models and Basic Concepts
(Elsevier, Amsterdam, 1988).

Duarte, J. C., Schellart, W. P. & Cruden, A. R. Three-dimensional dynamic
laboratory models of subduction with an overriding plate and variable
interplate rheology. Geophys. J. Int. 195, 47-66 (2013).

63.

64.

65.

66.

67.

68.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

Chen, Z., Schellart, W. P., Duarte, J. C. & Strak, V. Topography of the
overriding plate during progressive subduction: a dynamic model to explain
forearc subsidence. Geophys. Res. Lett. 44, 9632-9643 (2017).

Strak, V. & Schellart, W. P. A subduction and mantle plume origin for
Samoan volcanism. Sci. Rep. 8, 10424 (2018).

Weijermars, R. Flow behaviour and physical chemistry of bouncing putties
and related polymers in view of tectonic laboratory applications.
Tectonophysics 124, 325-358 (1986).

Rudolf, M., Boutelier, D., Rosenau, M., Schreurs, G. & Oncken, O. Rheological
benchmark of silicone oils used for analog modeling of short- and long-term
lithospheric deformation. Tectonophysics 684, 12-22 (2016).

Schellart, W. P. Rheology and density of glucose syrup and honey:
determining their suitability for usage in analogue and fluid dynamic models
of geological processes. J. Struct. Geol. 33, 1079-1088 (2011).

Peltier, W. R. Global glacial isostasy and the surface of the ice-age Earth: the
ICE-5G (VM2) model and grace. Annu. Rev. Earth Planet. Sci. 32, 111-149
(2004).

James, T. S., Gowan, E. J., Wada, I. & Wang, K. Viscosity of the asthenosphere
from glacial isostatic adjustment and subduction dynamics at the northern
Cascadia subduction zone, British Columbia, Canada. J. Geophys. Res. 114,
B04405 (2009).

Harig, C., Zhong, S. & Simons, F. J. Constraints on upper mantle viscosity
from the flow-induced pressure gradient across the Australian continental
keel. Geochem. Geophys. Geosyst. 11, Q06004 (2010).

Adam, J. et al. Shear localisation and strain distribution during tectonic
faulting — new insights from granular-flow experiments and high resolution
optical image correlation techniques. J. Struct. Geol. 27, 283-301 (2005).
Boutelier, D. & Oncken, O. 3-D thermo-mechanical laboratory modeling of
plate-tectonics: modeling scheme, technique and first experiments. Solid Earth
2, 35-51 (2011).

Strak, V. & Schellart, W. P. Evolution of 3-D subduction-induced mantle flow
around lateral slab edges in analogue models of free subduction analysed by
stereoscopic particle image velocimetry technique. Earth Planet. Sci. Lett. 403,
368-379 (2014).

Replumaz, A. & Tapponnier, P. Reconstruction of the deformed collision zone
between India and Asia by backward motion of lithospheric blocks. J.
Geophys. Res. 108, 2285 (2003).

Pubellier, M. & Morley, C. K. The basins of Sundaland (SE Asia): evolution
and boundary conditions. Mar. Pet. Geol. 58, 555-578 (2014).

Kim, H.-J. et al. Evolution of the eastern margin of Korea: constraints on the
opening of the East Sea (Japan Sea). Tectonophysics 436, 37-55 (2007).

Van Horne, A., Sato, H. & Ishiyama, T. Evolution of the Sea of Japan back-arc
and some unsolved issues. Tectonophysics 710-711, 6-20 (2017).

Replumaz, A., Kérason, H., van der Hilst, R. D., Besse, J. & Tapponnier, P. 4-D
evolution of SE Asia's mantle from geological reconstructions and seismic
tomography. Earth Planet. Sci. Lett. 221, 103-115 (2004).

Zorin, Y. A., Kozhevnikov, V. M., Novoselova, M. R. & Turutanov, E. K.
Thickness of the lithosphere beneath the Baikal rift zone and adjacent regions.
Tectonophysics 168, 327-337 (1989).

Liu, B. et al. The geological nature and geodynamics of the Okinawa Trough,
Western Pacific. Geol. J. 51, 416-428 (2016).

O'Neill, C., Miiller, D. & Steinberger, B. On the uncertainties in hot spot
reconstructions and the significance of moving hot spot reference frames.
Geochem. Geophys. Geosyst. 6, Q04003 (2005).

Bai, L., lidaka, T., Kawakatsu, H., Morita, Y. & Dzung, N. Q. Upper mantle
anisotropy beneath Indochina block and adjacent regions from shear-wave
splitting analysis of Vietnam broadband seismograph array data. Phys. Earth
Planet. Inter. 176, 33-43 (2009).

Acknowledgements

We thank G. Lister for helpful discussions and comments. W.P.S. would also like to
thank Casper Schellart for help with producing Fig. 4. W.P.S. has been funded by a Vici
Fellowship (016.VICI.170.110) from the Dutch National Science Foundation (NWO) and
a Future Fellowship (FT110100560) from the Australian Research Council. J.C.D. and
F.M.R. acknowledge funding from FCT project UID/GEO/50019/2019-IDL. J.C.D.
acknowledges funding from exploratory project grant ref. IF/00702/2015.

Author contributions

W.P.S,, V.S. and J.C.D. designed the experimental apparatus, while W.P.S., Z.C. and V S.
conducted the experiments. W.P.S. conceived the ideas and wrote the first draft of the
manuscript. All the authors contributed towards analysing and interpreting the experi-
ments and towards editing of the paper.

Competing interests
The authors declare no competing interests.

| (2019)10:4480 | https://doi.org/10.1038/s41467-019-12337-9 | www.nature.com/naturecommunications


www.nature.com/naturecommunications

ARTICLE

Additional information
Supplementary information is available for this paper at https://doi.org/10.1038/s41467-
019-12337-9.

Correspondence and requests for materials should be addressed to W.P.S.

Peer review information Nature Communications thanks Jacques Malavieille, Ray Russo
and the other, anonymous, reviewer(s) for their contribution to the peer review of this
work. Peer reviewer reports are available.

Reprints and permission information is available at http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
B

Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2019

| (2019)10:4480 | https://doi.org/10.1038/541467-019-12337-9 | www.nature.com/naturecommunications 15


https://doi.org/10.1038/s41467-019-12337-9
https://doi.org/10.1038/s41467-019-12337-9
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
www.nature.com/naturecommunications
www.nature.com/naturecommunications

	Pacific subduction control on Asian continental deformation including Tibetan extension and eastward extrusion tectonics
	Results
	Experimental approach
	Experimental results of Asian deformation
	Pacific subduction drives east–nobreakwest extension in Tibet
	Constraining Indian indentation

	Discussion
	Methods
	Experimental set-up
	Scaling of experiments and experimental materials
	Recording of experiments
	Rates of advance and retreat
	East–nobreakwest extension in Asia

	Data availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




