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[11 The present work investigates the formation of curved ranges and syntaxes with scaled
laboratory experiments. We simulated subduction and collision processes comparable to
India-Asia configuration involving a continental upper plate and a subducting plate composed
of'an oceanic lithosphere and a continental indenter. The experiments reveal that the shape of
the mountain range (concave, straight, or convex) and the development of syntaxes are controlled
by the subduction interface, the buoyancy number (F3,) of the upper plate (i.e., thickness and
viscosity), and the boundary conditions. Four end-members regimes of indentation can be
defined depending on the range shape and dynamics of the upper plate. The curvature of the
range is convex toward the subducting plate with syntaxes for a weak subduction fault and
concave without syntaxes for a strong subduction fault. Convex curvature and syntaxes form
by overthrusting of upper plate material on the subducting plate, which is faster at the center
than at the extremities. They are associated with a rather flat slab (underthrusting) during
continental collision. Low-F}, experiments show less pronounced curvatures associated to
thickening comparable to the early stages of the India-Asia collision. In contrast, a thick
and weak upper plate (high F}) leads to gravity collapse that increases the amplitude of

the curvature and lateral escape, similar to the late evolution of the Himalaya-Tibet system.
Important lateral decoupling on the sides of the indenter enhances

the indentation and produces sharper syntaxes.

Citation: Bajolet, F., A. Replumaz, and R. Lainé (2013), Orocline and syntaxes formation during subduction and

collision, Tectonics, 32, 1529-1546, doi:10.1002/tect.20087.

1. Introduction

[2] One striking feature of mountain belts worldwide is the
diversity of shapes they can adopt. Most of the mountain
ranges show a curvature concave toward the overriding plate
(e.g., Andes, Alps, and Bitlis) or straight (e.g., Pyrenees and
Rockies Mountains). On the contrary, the Himalayas show an
unusual shape convex toward the overriding plate. The overall
geometry of the range is more complex, with a large penetra-
tion of India far north into the Asian continent and two curves
in the trend of the range at both east and west extremities,
named large-scale syntaxes (Figure 1). This penetration is
accommodated by two north-south strike-slip faults: the
Sagaing fault to the east and the Chaman fault to the west.
India slid north, leaving behind the two lateral oceans
subducting beneath Makran to the west and Sumatra to the east.
The Tsangpo suture, which is the trace of the Tethys Ocean
closed between India and Asia, follows the shape of the range
(Figure 1). In detail, the suture shows two small-scale sharp
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curves around the Nanga Parbat to the west and around the
Namche Barwa to the east named small-scale syntaxes. The
curvature of the range generates oblique convergence and
strain partitioning in the Asian upper plate, which has a funda-
mental influence on stress pattern and faulting [e.g., Seeber and
Pécher, 1998; McCaffiey and Nabelek, 1998; Kapp and
Guynn, 2004; Bonnardot et al., 2008; Mohadjer et al., 2010].
However, the origin of the curvature of the Himalayan range
and possible links with the subduction/collision processes
remain poorly understood.

[3] The indentation process is driven by a vigorous advance
of the Indian plate [Molnar and Stock, 2009]. Mantle tomogra-
phy shows that pieces of the Indian lithosphere have
subducted and that India is overriding its own continental slab
[e.g., van der Voo et al., 1999; Replumaz et al., 2010b]. The
Indian continental lithosphere has long been considered too
buoyant to actively drive subduction, and external forcing,
such as Indian Ocean ridge push or pull of neighboring slabs,
has to be invoked [Chemenda et al., 2000; Li et al., 2008].
Recently, it has been shown that the continental lithosphere
of India could not lead to a continuous subduction unless
India is scraped off its upper crust and part of its lower crust
[Capitanio et al., 2011]. This is the case for the Himalayan
range, which grows up as a sedimentary wedge [e.g.,
Malavieille, 1984] by scraping of the Indian upper crust along
the Main Himalayan Thrust [e.g., Lavé and Avouac, 2000].
The subduction process could also be facilitated by the
eclogitization of the lower crust, becoming denser than the
mantle, when it bent beneath the Himalaya range [e.g.,
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Figure 1.

Map of the geodynamic context of India-Asia collision. Main faults are drawn in bold, and the

suture between Indian and Asian plate is underlined in pink. STD: South Tibetan Detachment; MCT: Main
Central Thrust; MBT: Main Boundary Thrust; MFT: Main Frontal Thrust; SZ: Subduction Zone.

Hetenyi et al., 2007]. But external forcing has still to be invoked
to reproduce the high velocity of the India-Asia convergence, the
trench advance, and the overriding of the Indian slab. The mantle
drag exerted on the base of the lithosphere by a large-scale
convective belt with an active upwelling component is likely
the main cause for the ongoing indentation of the Indian plate
into Eurasia [Alvarez, 2010; Becker and Faccenna, 2011]. The
northward motion of India occurs at about 5 cmyr~ ', an almost
constant rate since the beginning of the collision about 50 My
ago [Patriat and Achache, 1984; Molnar and Stock, 2009].
[4] The curvature of the trench has been observed in sub-
duction experiments where an oceanic plate subducts under
its own weight. The trench curves toward the subducting plate
if the slab retreats or is straight if steep subduction occurs
[Funiciello et al., 2003; Stegman et al., 2010]. This is consis-
tent with natural examples [Lallemand et al., 2005]. With a
continental upper plate, the trench curves toward the
subducting oceanic plate if an older thus denser part is intro-
duced in the middle of the subducting plate, while an opposite
curvature is obtained with the denser heterogeneity placed in
the upper plate [Capitanio et al., 2011]. But very few studies
explore orocline evolution in continental collision settings,
and most models applied to India-Asia orogen do not include
the influence of the subduction process [e.g., England and
Houseman, 1986; Copley, 2012] or use a preshaped plate bound-
ary with a convex curvature [e.g., McCaffirey and Nabelek,
1998; Seeber and Pecher, 1998; Bonnardot et al., 2008]. The
indentation process has been previously simulated with a rigid,
non-deformable indenter thus preventing any curvature but
reproducing lateral escape and extrusion [Tapponnier et al.,
1982; Sokoutis et al., 2000; Cruden et al., 2006; Rosenberg
et al., 2007]. Strong but deformable plates indenting weaker
ones have been used resulting in a straight or concave curvature,
but without taking into account the subduction stage [e.g., Keep,
2000; Sokoutis and Willingshofer, 2011]. Regard et al. [2005]
use a deformable subducting plate including lateral variations

to explore the links between indentation and subduction
dynamics. In that setup, the curvature of the oceanic slab
(convex) opposes that of the continental one (concave). In this
paper we present analog models performed to simulate in three
dimensions, at the scale of the mantle-lithosphere system, the
mechanics of the indentation process for a continental litho-
sphere. We test (1) which geometry and rheological parame-
ters favor arcuate orogen and syntaxes formation, (2) what
are the consequences on the topography and strain of both
the orogenic front and the plateau, and (3) how they relate to
the subduction/collision dynamics.

2. Model Setup and Experimental Procedure

2.1. Model Setup

[5] The model is composed of thin sheets of silicone putty
(analog for lithospheres) lying on top of low-viscosity glu-
cose syrup simulating the asthenospheric mantle. One sili-
cone layer reproduces the overriding continental plate. The
subducting plate is composed of a dense silicone layer
representing the oceanic lithosphere (analog for the Tethys
Ocean at the front) attached to a light continental indenter
(analog for the Indian continent). The subduction fault (plates
interface) is lubricated with lubricant paste (petroleum jelly),
and glucose syrup is filling a small space comparable to a
weak zone (Figure 2). The distance between the plates filled
by glucose syrup is variable during the first 4—5 min of the
experiment but rapidly stabilizes at approximately 2 mm.
The use of a weak subduction fault is required in order to
have a continuous one-sided subduction [Faccenda et al.,
2008; De Franco et al., 2008; Sokoutis and Willingshofer,
2011]. This configuration is similar to the low-coupling
models of laffaldano et al. [2012]. In some experiments,
the initial configuration is completed by lateral oceans,
analog for Makran and Indonesian domains on each side
(Figure 1). Silicone putties are viscoelastic materials, quasi-
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Figure 2. Experimental setup. Some experiments were
performed only with the frontal ocean, others with both
frontal and side oceans (Table 3). The subduction fault
(plates interface) is lubricated with lubricant paste (petroleum
jelly, in light colors), and glucose syrup is filling a small
space between the plates, comparable to a weak zone.

Newtonian at experimental strain rates [Weijermars, 1986]
and the glucose syrup a Newtonian fluid. The properties of
analog materials are listed in Table 1. The subducting plate
is attached to a rigid piston advancing at constant velocity
and reproducing the convergence between India and Asia.
The piston is confined to the upper part of the tank, and the
glucose syrup is free to move underneath.

[6] The model is placed in a Plexiglas box (75 x 75 x 25 cm®)
with the overriding plate attached to the fixed back wall, far
enough from the box sides to minimize boundary effects
[Funiciello et al., 2006]. The experiments are properly scaled
for gravity, length, density, viscosity, and velocity following
the method of previous studies [e.g., Weijermars and
Schmeling, 1986; Davy and Cobbold, 1991; Funiciello et al.,
2003]. The scaling factor for length is 1.7 x 107 so that 1 cm
of the model corresponds to 60 km in nature. The density and
viscosity ratios between the oceanic silicone putty and astheno-
spheric glucose syrup are 1.05 and 1.5 x 10°, respectively. The
piston’s velocity of 0.54 cmmin™" is scaled to correspond to
5.7cmyr ! of convergence in nature, and 1 min in experimen-
tal time corresponds to 0.55 My in nature. Further details on
scaling procedures are presented in Table 2.

[7] Our models are performed with the following assump-
tions and consequent limitations as described in Funiciello
et al. [2003]: (1) isothermal system (we neglect thermal
diffusion and phase changes), (2) the viscosity and density
are constant with depth in each individual layer, (3) lack of
global background mantle flow, (4) the bottom of the
Plexiglas tank simulates the 660 km discontinuity considered
as an impermeable barrier, (5) the models do not include any
brittle upper layer, the lithospheres being modeled only by sil-
icone putties. This material is scaled to the bulk viscosity of the
lithosphere in nature as well as density and viscosity ratios
between lithosphere and asthenosphere (Table 2) and repro-
duces a linear viscous behavior. Thus, although no localization
of the deformation occurs, this setup allows us to reproduce
subduction dynamics and overall strain patterns comparable
to natural systems.

[8] Each experiment is monitored over its entire duration by
top- and lateral-view photos taken at regular time intervals.

Topography evolution is recorded by a laser scanner (Real
Scan USB) whose precision is 0.1 mm corresponding to 600 m
in nature. A squared grid of passive markers drawn on the sili-
cone layers enables visualization of the surface deformation.

[s] For representative experiments, we compute the dis-
placement field for a small increment of deformation (over a
1 min time step). We used the procedure Cosi-Corr integrated
to the software EN'VI, made for subpixel correlation of images
[Leprince et al., 2007; Ayoub et al., 2009]. This procedure cor-
relates 1 pixel of the picture of step n with 1 pixel of the picture
of step n+ 1 using a window moving across the picture. The
result is the displacement field between both steps. We used
Cosi-Corr frequency parameters depending on the experi-
ments of 128 or 64 pixels for initial window size (size of initial
search zone around the considered pixel), 32 or 16 pixels for
final window size, and 16 pixels for step (one measurement
each 16 pixels of the picture).

2.2. Forces Equilibrium

[10] In collisional systems, the growth and shape of the
mountain belt is controlled by the equilibrium between body
and boundary forces [England and McKenzie, 1982].
Boundary forces are the driving forces favoring collision,
whereas buoyancy forces resist it.

2.2.1. Driving Forces

[11] The two main driving forces are the tectonic force (Fy)
and the slab pull (F). The tectonic force applied at the plate
boundary produces the motion of the indenting plate toward
the collision zone. In nature, the motion of the indenter could
be also supported by far-field stress related to plume push
[van Hinsbergen et al., 2005], ridge push [Ghosh et al.,
2010], or mantle drag generated by a large-scale convection
cell [Alvarez, 2010; Becker and Faccenna, 2011]. In our
experiments, we simulate the far-field stress with a piston
pushing the indenter at constant rate. The slab-pull force
depends on the slab buoyancy given by the density contrast
between lithosphere and asthenosphere, and the slab volume
(i.e., length and width). The oceanic slab is denser than the
asthenosphere, and when its length increases as oceanic sub-
duction goes on, Fy, becomes more negative (increasing neg-
ative buoyancy) favoring extensional backarc basin formation
[e.g., Funiciello et al.,2003]. When the lighter continental slab
enters the trench and subducts, Fy, increases toward positive
values (increasing positive buoyancy). Our model setup using
a mean viscosity for the continental lithosphere leads to a
continuous continental subduction, equivalent to the subduc-
tion observed after the scraping off of the upper crust by
Capitanio et al. [2011], showing that the force balance is
similar. During continental subduction, the trench switches

Table 1. Properties of Experimental Materials

Material Density (kgm )  Viscosity® (Pas)
Black ocean 1495 3.4x10*
Indenter (silicone 4) 1411 4.9x10*
Light indenter (silicone 6) 1388

Black continent 1364 32x10*
Weak black continent 1350 3x10*
White continent 967 1x10*
Intermediate syrup (asthenosphere) 1428 22

*Viscosities are given for room temperature (22°C) and an experimental
strain rate of 10 %s " (scaled for nature).
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Table 2. Scaling of Parameters for the Reference Experiment (SH7)

Parameter Nature Model

Gravitational acceleration (m sfz) 9.81 9.81
Thickness”
he Continental lithosphere (m) 100,000 0.016
ho Oceanic lithosphere (m) 70,000 0.012
Pasth Upper mantle asthenosphere (m) 660,000 0.11
Density
Pe Continental lithosphere (kg m3) 3,200 1,411
Po Oceanic lithosphere (kg m3) 3,320 1,495
Pasth Upper mantle asthenosphere (kg m3) 3,220 1,428
Pe/Pasth Density ratio continent 0.99 0.99
PolPasth Density ratio ocean 1.04 1.05
Viscosity
e Continental lithosphere (Pas) 107 4.9x10*
7o Oceanic lithosphere (Pas) 104 3.4x10*
Nasth Upper mantle asthenosphere (Pas) 10*! 22
Ne/Nasth Viscosity ratio continent 10 22x10°
Ho/Nasth Viscosity ratio ocean 10° 1.5%10°

Dimensionless parameters Equivalence model-nature
I Characteristic time: 3.46x107 "
(tmodel/tnature) = (Apgh)lith nature/(Apgh)lith model % (771 mndel/”] nature) 1 n'1innr|odel —0.55 MYnature
1 hmudel —33 Mynature

[0 Characteristic velocity: 49,563

(l]model/Unature) = tnature/tmodel x Lmodel /Lnature

—1 —1
lemh model —> 0.18cm y nature

Scale factor for length Ly,odel/Lnature = 1.7 % 1077,

to either stationary or advancing regime [Bellahsen et al.,
2003; Regard et al., 2003; Magni et al., 2012]. In this case,
positive slab-pull force may favor continental collision, even
though the amount of trench advance is always rather limited
[Magni et al., 2012]. Events such as break-off of the dense
oceanic root attached to the continental slab favors trench
advance and collision since slab pull is no longer effective to
drive trench retreat [Chemenda et al., 2000, Wortel and
Spakman, 2000; Regard et al., 2003; Replumaz et al.,
2010b]. However, such mechanism is not reproducible with
our model setup and will not be considered in this paper.
2.2.2. Resisting Forces

[12] Resisting forces in the system are the forces acting at
the plates interface. We can distinguish the coupling (Ry), the
bending resistance of the plate (Ry,), the resistance to sliding
in the mantle (R;), and the buoyancy of the upper plate (F,).
They depend on the nature of the plates and trench motion,
as previously quantified in experimental studies [e.g., Becker
et al., 1999; Bellahsen et al., 2005; Funiciello et al., 2008].
In our viscous simplified system, R¢is proportional to the plate
thickness and the viscosity of the plate interface, considered of
the same order as the asthenospheric mantle. The geometry of
the subduction interface is shown in Figure 2, and viscosities
of the asthenospheric mantle () depending on temperature
(T,) for each experiment are reported in Table 3. These
parameters will influence the lubrication of the subduction
zone and can lead to an efficient or inefficient subduction.
Computations of the frictional shear stress range between
15 and 30 MPa and contribute for~10-30% of the energy
dissipated during subduction [Zhong and Gurnis, 1994]. The
viscous dissipation at the trench scales with the plate’s strength
(i.e., viscosity) and thickness and is inversely proportional to
the cube of the radius of curvature [Conrad and Hager,
1999; Becker et al., 1999]. It may contribute for about 10
to 30% of the energy dissipated during subduction. The

resistance to bending Ry, is proportional to the viscosity, the
cube of the thickness of the slab and the velocity of subduc-
tion, and inversely proportional to the cube of the radius of
curvature of the subducting plate [Turcotte and Schubert,
1982; Becker et al., 1999]. The resistance to subduct Rs
represents the viscous dissipation exerted at the slab-mantle
interface during subduction and is directly proportional to
the area of the slab surface and asthenosphere viscosity.

[13] The last resisting force is produced by the buoyancy of
the continental plate. During continuous thickening, the
upper plate stores potential energy with respect to the low-
lands (i.e., subducting plate) generating a differential stress.
Following Artyushkov [1973], Turcotte [1982], and Stein
et al. [1989], the force per unit length due to potential energy
scales with the gravity and the density contrast of the upper
plate with respect to the mantle and its thickness. This stress
generates the deformation of the upper plate, which in our
case is distributed. Only ductile strain is monitored as no brit-
tle layers have been used. This strain is proportional to upper
plate viscosity.

2.2.3. Buoyancy Number

[14] The dimensionless ratio between the buoyancy of the
upper plate (ApgH) and its resistance to deformation (yde/df)
can be expressed as a buoyancy number (F}), similar to the
Argand number [England and McKenzie, 1982]. This number
is expected to vary with time during progressive thickening or
thinning of the plate and can be written as

Fyv = ApgH,f /(nde/dt) ¢))

where Ap is the density contrast between the upper plate and
the asthenosphere, g the gravity acceleration, H; and # the
initial thickness and viscosity of the plate, respectively,
de/dt the experimental strain rate, and fthe thickening factor
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Table 3. Experimental Parameters for Each Experiment

Continental Plates Size of Frontal Size of Side Curvature Trench Trench
Experiment (Upper Plate Oceanic Plate Oceanic Plates Thickness at 40 min Temperature ~ Viscosity =~ Buoyancy
set Silicone, Size in cm)* (cm) (cm) (cm)? (cm)® (°O) (Pas) Number
SH6 UP (BC): 40 %20 40x4 10x25 UP: 0.6 43 21 46 0.8
Ind: 1.20
Ind: 20 x 25 ocean: 1.2
SH7 UP (BC): 40x 20 40x7 None UP: 0.55 1 21.6 425 0.7
Ind: 1.13
Ind: 20 x 25 ocean:
1.26
SH8 UP (BC): 55%20 35x7 None UP: 0.8 -1.1 23.1 34.5 1.4
Ind: 1.10
Ind: 35 %25 ocean: 1.3
SH9 UP (WBC): 40 x 20 20%7 None UP: 0.75 —-0.2 23.1 345 1.7
Ind: 1.16
Ind: 20 x 25 ocean:
1.18
SH10 UP (WBC): 40 %20 20%7 None UP: 0.58 -0.5 21.9 41.5 1.0
Ind: 1.2
Ind: 20 x 25 ocean:
1.18
SH11 UP (WBC): 40 %20 20%7 None UP: 0.57 0.8 23.1 35 1
Ind: 1.18
Ind: 20 x 25 ocean:
1.12
SH12 UP (WBC): 40 %20 20% 10 None UP: 0.6 1.6 24 30 1.1
Ind: 1.18
Ind: 20 x 25 ocean:
1.05
SH13 UP (WC): 40 x 20 20%7 None UP: 1.9 -1.3 26.3 18.5 181.4
Ind: 1.47
Ind: 20 x 25 ocean:
1.16
SH14 UP (WC): 40 x 20 20%7 None UP: 0.6 1 22.3 39 18.1
Ind: 1.22
Ind: 20 x 37 ocean:
1.19
SH15 UP (WC): 40 x 20 20%7 None UP: 0.64 1.7 21.8 42 20.8
Ind: 1.2
Ind: 20 x 37 ocean:
1.17
SH16 No UP 207 None Ind: 1. 21.2 44.5
Ind: 20 x 37 ocean:
1.07
SH17 UP (WC): 40%20 20x7 None UP: 1.88 0.9 21.5 43.5 177.6
Ind: 1.17
Ind: 20 x 37 ocean:
1.21
SH18 UP (WC): 40%20 20x5 None UP: 1.98 —-0.4 21.7 42 197
Ind: 1.27
Ind: 20 x 37 ocean:
1.18
SH19 UP (WC): 40%20 20x7 None UP: 1.9 -0.5 21.3 445 181.4
Ind: 1.28
Ind (light): 20 x 37 ocean:
1.28
SH20 UP (WC): 40%20 20x7 10x37 UP: 1.93 —-1.3 24.2 30 187.2
Ind: 1.22
Ind: 20 x 37 ocean:
1.15
SH21 UP (WC): 40%20 20x7 10x37 UP: 1.90 1 19.8 53 181.4
Ind: 1.27
Ind: 20 x 37 + lateral cuts © ocean:
1.26
SH22 UP (BC): 40 %20 20x7 None UP: 0.60 -1.9 24.1 29.5 0.8
Ind: 1.20
Ind: 20 x 37 ocean:
1.14
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Table 3. (continued)

Continental Plates Size of Frontal Size of Side Curvature Trench Trench
Experiment (Upper Plate Oceanic Plate Oceanic Plates Thickness at40min  Temperature  Viscosity =~ Buoyancy
set Silicone, Size in cm)* (cm) (cm) (cm)? (cm)® (°C) (Pas) Number
SH23 UP (sil. 4): 40 x 20 20x7 None UP: 0.56 -1.6 24.2 29 0.1
Ind: 1.20
Ind: 20 x 37 ocean:
1.16

“UP: upper plate; Ind: indenter; BC: Black continent; WBC: weak black continent; WC: white continent.
Curvature is measured as shown in Figure 1. The value is positive when it is concave (toward the north) and negative when it is convex (toward the south).
“In experiment SH21, we cut between lateral oceans and indenter to allow free motion along this limit.

@ 1 min (0.6 My) @ 25 min (13.8 My) 47 min (25.9 My)

50 Time (min)
Il

T
25 Time (My)
equivalent
TSN NN A =T
- e z
-0.2 =a
-0.4 ‘_%
)

— 0.5 cm displacement =
0 5cm
s wid
. . \\'?"b ) &'b‘\ —6— indenter curvature
. oceanic subduction @@\
oC X0 é\O .
@ & —#— indenter curvature (W)
. continental subduction <—}
—4— indenter curvature (E)
. continental collision | slabtouches negative < 0 — positive —%— slab pull
bottom of the box curvature curvature

Figure 3. (a, b, and c) Top- and side-view photos of experiment SH7 at 1 min, 25 min, and 47 min,
respectively. On top views, the solid yellow line highlights trench location and shape. On side views, oceanic
slab is outlined in green, continental slab in orange, upper plate in white. (d) Displacement field computed
with Cosi-Corr plugin (see text for details) over a 1 min time-step. (¢) Timeline illustrating the main phases
of subduction and collision, with evolution of curvature and slab pull over time. The amplitude of curvature
is measured as shown on the sketch in the legend. Curvature is positive when concave, negative when convex.
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@ 1 min (0.6 My) ®

25 min (13.8 My) ©

45 min (24.8 My)

50 Time (min)
1 1 1 1 1 1 1 1 1

Time (My)
equivalent

— 1,

)
o
(&
|

Curvature (cm
(4]
L

Slab pull (N)

| SH22

— 0.5 cmdisplacement

5cm

Figure 4.

(a, b, and ¢) Top- and side-view photos of experiment SH22 at 1 min, 25 min, and 45 min,

respectively. (d) Displacement field. (¢) Timeline, curvature, and slab-pull evolution. Legend is the same

as for Figure 3.

measured in the center of the upper plate. The strain rate is
calculated as

de/dt = v/H; )

where v is the piston velocity. The thickening factor allows us
to estimate the evolution of the buoyancy number through
time and is calculated as

[ =H;/H; 3)

where Htis the thickness at the considered stage. The method
used for thickness calculation is detailed in Appendix A.
From equations (2) and (3), (1) is equivalent to

Fy = ApgHiHy /v “4)

3. Experimental Results: Generating Curvature
and Syntaxes

[15] We performed 21 experiments varying geometrical
and rheological parameters and selected 16 whose charac-
teristics are listed in Table 3. By analogy with India-Asia
collision, we shall refer thereafter to regions of the experi-
ment in terms of geographical directions, the southern
boundary corresponding to the piston that is moving toward
the north (i.e., from left to right in all figures).

[16] For each experiment, we observed three successive pro-
cesses, the subduction of the frontal ocean, the subduction of the
light continental indenter pulled by the denser oceanic slab, and
finally the continental collision when the continental lithosphere
stops sinking vertically into the mantle. We classified the exper-
iments in different sets. The first set includes experiments with a
buoyancy number of 0.5 to 3 where the thickening of the upper
plate is large, the second set experiments with a buoyancy num-
ber of 20 to 170 where the lateral escape of the upper plate is
large, and the third set includes experiments with lateral oceans
on each side of the indenter simulating Makran and Indonesian
subduction zones. In each set, we tested the influence of the
viscosity of the upper plate and efficiency of the subduction.

[17] We first present three experiments from the first set.
SH7 is our reference experiment (Table 3).

3.1. First Set (Low F}), Inefficient Subduction (SH7)

[18] The reference experiment SH7 is composed of an
upper plate (“black continent” silicone appearing as red) of
40 %20 x0.55cm? and a subducting plate made of an oce-
anic plate (“black continent” silicone appearing in green,
40 x 7 x 1.26 cm?) attached to a continental indenter (pink sil-
icone) of 20 x 25 x 1.13 cm® (Figure 1). The buoyancy number at
the onset of the experiment is 0.7 (Table 3). The viscosity of the
trench is 42.5 Pa s corresponding to a poorly lubricated trench.

[19] The experiment starts by the subduction of the oceanic
silicone located at the front of the subducting plate accompanied
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(a, b, and c¢) Top- and side-view photos of experiment SH9 at 1 min, 25 min, and 50 min, respec-

tively. (d) Displacement field. (e) Timeline, curvature, and slab-pull evolution. Legend is the same as for

Figure 3.

by trench retreat (Figure 3). Subduction is driven by the negative
buoyancy of the slab and the push of the advancing piston. The
trench gently curves toward the south (Figures 3a and 3e) due
to active toroidal flow around the corners of the downgoing
plate producing along-strike variations in subduction velocity
[Funiciello et al., 2006]. Importantly, it generates a small pertur-
bation at each extremity of the downgoing plate, similar to
a proto-syntaxis. At the beginning of continental subduction,
buoyant material enters the trench and changes the force equilib-
rium: slab pull decreases in magnitude (Figure 3e) and the trench
advances. The curvature remains oriented toward the subducting
plate during early continental subduction (Figure 3¢). When slab
pull approaches zero, subduction becomes less efficient and the
trench adopts a straight shape (Figure 3b), which progressively
reverses to form a concave arc without syntaxes (Figure 3c).
Finally, when the buoyancy of the slab becomes positive,
the trench locks, no more material subducts, and continental
collision initiates. The curvature amplifies during the conti-
nental collision phase. It generates an indentation opposite to
the Himalayan curvature without any syntaxis.

[20] The displacement field in the upper plate is dominated
by N-S shortening in the center of the model that rotates
NW-SE and NE-SW in the northwestern and northeastern cor-
ners, respectively (Figure 3d). We measure the partitioning of
the convergence along a midnorth-south line after 40 min of
piston advance (Appendix B). We conclude that in the north-

south direction, the convergence is accommodated at 52%
by continental subduction, 38% by shortening of the upper
plate and 10% by shortening of the indenter.

3.2. First Set (Low F}), Efficient Subduction (SH22)

[21] Experiment SH22 has a buoyancy number similar to
SH7 (F,=0.8) but differs by a higher temperature of the
glucose syrup. The viscosity of the syrup is thus lower, which
generates a more efficient lubrication of the trench and
efficient subduction. The early evolution is the same as SH7:
the trench forms a convex arc during oceanic subduction, with
a proto-syntaxis at each extremity (Figures 4a and 4¢). As for
SH7, the early convex curvature decreases slowly during
continental subduction and reaches an almost straight shape,
while the proto-syntaxes perpetuate, although smaller in
amplitude (Figure 4e). The trench did not lock at the onset of
collision as in experiment SH7, and the continental subduction
is continuous. The slab pull increases continuously, and when
it approaches a positive value at approximately 20min
(11 My), the trend reverses and both the curvature and proto-
syntaxes amplify, forming an orocline convex toward the
south (Figures 4b and 4e). Although the slab does not sink ver-
tically anymore, a little amount of continent is forced to
subduct, forming a rather flat slab in late stages (underthrust-
ing). The more efficient lubrication of the trench allows more
continent to subduct despite the positive buoyancy of the slab,

1536



BAJOLET ET AL.: OROCLINE SYNTAXES IN CONVERGENT SETTINGS

@ 1 min (0.6 My) ®

25 min (13.8 My) ©

50 min (27.5 My)

15 20 25 30 35 40 45 50 55 60 65 Time (min)
Pt S A

)

Curvature (cm

a5 Time (My)
equivalent

T T T T T
10 15 20 25 30

S

e o o
o O o
o &~ N
Slab pull (N)

-]
0 5cm

— 0.5 cm displacement

Figure 6.

(a, b, and ¢) Top- and side-view photos of experiment SH15 at 1 min, 25 min, and 50 min, respec-

tively. (d) Displacement field. (e) Timeline, curvature, and slab-pull evolution. Legend is the same as for

Figure 3.

driven by the push of the piston combined with the anchor of
the oceanic slab. As for SH7, the displacement field in the
upper plate is dominated by N-S shortening in front of the
indenter that rotates on each side (Figure 4d). The difference
in N-S shortening between the center of the indenter and its
sides results in a relative transversal flow of upper plate mate-
rial overthrusting the subducting plate. This transversal flow
enhances the convex orocline and the development of syntaxes
during collision (Figures 4¢ and 4e).

[22] After 40 min of experiment (equivalent to 22 My), the
convergence has been accommodated in the N-S direction by
subduction (41%), shortening of the upper plate (36%), and
of the indenter (23%).

3.3. First Set (Low F}), Efficient Subduction, Weak
Upper Plate (SH9)

[23] Experiment SH9 is similar to SH22 but performed with
a weaker upper plate to test the influence of its viscosity
(Table 3). The early stages of oceanic and continental subduc-
tion are similar to that of experiment SH22 with the formation
of proto-syntaxes and a convex arcuate trench (Figure 5a),
which progressively straightens during late continental
subduction (Figures 5b and 5e). However, unlike SH22, it
passes through a concave stage correlating with an almost zero
slab-pull force (neutral buoyancy; Figure 5¢). Similarly to
SH22, when the slab pull reaches positive values, the curva-
ture evolution reverses to a convex shape that is amplified
during continental collision (Figures 5c¢ and 5e). The upper

plate undergoes N-S shortening at the orogenic front, E-W ex-
tension in the central area of the plate, and rotation at the free
edges as shown on the velocity field (Figure 5d), similar to that
of SH22. After 40 min of experiment (22 My), 54% of the
convergence has been accommodated at the trench, 26% by
N-S shortening of the upper plate, 20% by that of the indenter.

3.4. Second Set (High F)), Inefficient Subduction, Weak
Upper Plate (SH15)

[24] In experiment SH15, we used an upper plate 3 times
weaker than for SH7 to further explore the influence of rheol-
ogy. This experiment has a high buoyancy number (£}, = 20.8).
The main effect of the weaker silicone is to favor gravitational
collapse (Figure 6). The viscosity of the trench is 42 Pas lead-
ing to poor lubrication and inefficient subduction.

[25] The subduction stage is rather different from SH7, with
a constant straight shape of the trench in early stages. When the
slab pull approaches zero (neutral buoyancy of the slab), the
trench curves concavely. During collision, the orocline grows
and produces a moderate indentation (Figure 6). Despite a
viscosity of the upper plate lower than for SH9, the poor lubri-
cation of the trench prevents efficient overthrusting. The final
curvature is concave and no syntaxes are formed, as for exper-
iment SH7. The orogenic front is characterized by N-S shorten-
ing, while lateral escape and rotation predominate at the edges
of the upper plate (Figure 6d). The total thickening is lower
than for the first set of experiments and compensated by a
larger amount of lateral escape. The subduction undertakes
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62% of the convergence, N-S shortening of the upper
plate 28%, and N-S shortening of the indenter 10%.

3.5. Second Set (High F), Efficient Subduction, Thick
and Weak Upper Plate (SH13)

[26] Experiment SH13 has one of the highest buoyancy
numbers (F,=181.4), due to thicker upper plate compared
to SH15 (Table 3). The viscosity of the trench is 18.5Pas
leading to good lubrication of the plates interface.

[27] Asinreference experiment SH7, the trench forms a con-
vex arc during oceanic subduction and early continental sub-
duction (Figures 7a and 7¢). Due to an experimental bias (the
silicones of the subducting and upper plate stick together in
one point on the eastern part of the trench), the evolution then
becomes asymmetric. Only one syntaxis forms on the western
corner of the downgoing plate, where the subduction is contin-
uous. The eastern half of the trench curves concavely where the
trench locks. For both sides, the major change in curvature ori-
entation occurs when, or soon after, the buoyancy reaches

positive values (Figures 7c and 7e). In the region of convex
orocline, the curvature rapidly accentuates during continental
collision as overthrusting is amplified by a collapse of the over-
riding plate over the subducting plate (as observed in the first
set). This overthrusting and the final convex curvature are more
pronounced than in previous experiments due to the higher
buoyancy number (i.e., higher gravitational potential energy).

[28] The collapse dynamics of the system is confirmed by
the displacement field that indicates global E-W extension on
a large area of the upper plate (Figure 7d). As a consequence,
most of the convergence is accommodated by subduction
(83%), only 10% by N-S shortening of the upper plate, and
7% by that of the indenter.

3.6. Third Set (Lateral Oceans), Low Fj,, Inefficient
Subduction (SH6)

[29] In the third set, we add lateral oceans to the indenter
(Figure 2). We will present two end-member cases: one with
a low buoyancy number and poorly lubricated trench (SH6;
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Figure 8) and the other with a high buoyancy number and
well-lubricated trench (SH20; Figure 9).

[30] In experiment SH6, the upper plate is made of black
silicone identical to that of SH7 (Table 3). The buoyancy
number is low (F,=0.78) and the viscosity of the subduction
interface is high (46 Pas) leading to poor lubrication.

[31] The experiment starts by the subduction of the oceanic
silicone located at the front of the subducting plate accompa-
nied by trench retreat. The trench acquires a slightly concave
shape during this phase as trench retreat is faster on the sides
(Figure 8a). This curvature is then accentuated during the con-
tinental subduction stage. Oceanic subduction proceeds on the
sides while lighter indenter (continent) is subducted at the cen-
ter. Entrance of buoyant material at the trench changes the
force equilibrium: slab pull continues to increase on the sides
that still undergo trench retreat but decreases at the center that
switches to trench advance. The difference in slab-pull force
and hence trench motion leads to a more pronounced concave
curvature (Figure 8b). The orocline shape is finally amplified
during the entire continental collision phase (Figures 8c and 8e)
and generates a large indentation (approximately 40% of the
final length) opposite to the Himalayan curvature; no syntaxes
are formed.

[32] The displacement field in the upper plate is dominated
by N-S shortening in the center of the model that rotates NW-
SE and NE-SW in the northwestern and northeastern corners,
respectively (Figure 8d). However, the rotational component

is less important than in experiments without side oceans.
After 40 min of experiment (22 My), the convergence has
been undertaken at 62% by the subduction and 38% by short-
ening of the upper plate.

3.7. Third Set (Lateral Oceans), High F),, Efficient
Subduction (SH20)

[33] Experiment SH20 is performed with a weak upper
plate (white continent) as thick as SH13 and three times
thicker than SH15 (Table 3). This experiment has the highest
buoyancy number (Fy, =187), almost 10 times that of SH15,
similar to SH13. The viscosity of the trench is 44.5 Pa s, lead-
ing to poor lubrication.

[34] The stages of oceanic subduction and early continental
subduction are comparable to SH6 with a difference in trench
velocity between the center (light continent) and the sides
(dense oceanic lithosphere) leading to a concave orocline
(Figures 9a and 9¢). However, the curvature of the indenter
reverses rapidly and becomes convex toward the south as
the overriding plate overthrusts the center of the continent.
Between lateral oceans subducting vertically and the over-
flowed center of the continent, the edges of the continent form
proto-syntaxes (Figure 9¢). This change is amplified during
continental collision as slab pull approaches zero. At the end
of the experiment, we observe two syntaxes wider than in
experiments without side oceans (Figures 9¢ and 9¢). The
upper plate also undergoes pronounced lateral flow (Table 3).
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[35] Deformation of the upper plate is dominated by N-S
shortening and E-W lateral escape. We also observe a very lim-
ited rotation of the extremities of the upper plate (Figure 9d).

4. Discussion: Range Shape Evolution

[36] The continental lithosphere has long been considered
too buoyant to subduct on its own, and even when attached
to a dense oceanic slab, break-off should occur once the conti-
nent enters the trench [Ton and Wortel, 1997; Chemenda et al.,
2000; Regard et al., 2003]. However, by correlating the
positive wavespeed tomographic anomalies with the position
of the suture through time, it has been shown that pieces of
the Indian continent have subducted in the mantle [Replumaz
et al., 2010a]. Our models successfully reproduce continuous
continental subduction with a light indenter attached to a
dense oceanic plate as shown in numerical models with a con-
tinent scraped off its upper crust and part of its lower crust
[Capitanio et al., 2011]. Proto-syntaxes at each extremity
of the subducting plate and slight convex curvature initiate
during continental subduction that either grows or is repressed
during collision. This evolution and the final amplitude of the
curvature appear to be controlled by three main parameters:
the efficiency of the subduction (that is apparently correlated
to the viscosity of the plates interface), the buoyancy number
of the upper plate, and the lateral decoupling.

4.1. Subduction Efficiency

[37] During our experiments, we observed that similar ex-
periments give opposite curvature of the trench for low or high
temperature of the glucose syrup located at the trench. The
room temperature causes negligible variation of silicone
viscosity (maximum 10% of variation for a decrease of 5°C)
but not negligible for glucose syrup (130% of variation for a
5°C decrease). A similar decrease has been recently measured
for the lubricant paste used at the trench [Duarte et al., 2013].
It appears empirically to be a determinant parameter for the
trench curvature. We interpret the viscosity of the asthe-
nosphere to correspond to the viscosity of the subduction
interface and influencing the lubrication efficiency of the sub-
duction zone. If the viscosity of the trench is high (> 35 Pas),
the subduction interface is poorly lubricated. The continental
subduction will tend to lock early, and proto-syntaxes will
be annealed while a concave curvature appears (Figures 3, 6,
and 8). On the contrary, if the viscosity of the trench is low
(< 35Pas), the subduction interface is highly lubricated. A
more efficient lubrication of the trench allows more continent
to subduct, driven by the push of the piston combined with the
anchor of the oceanic slab. The slab pull increases continuously,
and when it approaches a positive value, the trend reverses and
both the curvature and proto-syntaxes are amplified forming
an orocline convex toward the south (Figures 4, 5, 7, and 9).
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Figure 10. (a) Continental slab length as a function of trench
curvature at 40 min (22 My). Filled circles are those of experi-
ments with syntaxes and convex curvature (positive), empty cir-
cles those of experiments without syntaxes and concave
curvature (negative). The shaded area represents the transition
zone between convex and concave oroclines. All experiments
with a convex orocline have undergone more than 10 cm of con-
tinental subduction (efficient; see text for details). (b) Graph
representing the buoyancy number (F},) versus the normalized
continental slab length (Lg,). The dotted line highlights the stage
of syntaxes formation. (¢) Buoyancy number and normalized
continental slab length (Ly,) at 40 min (22 My) plotted for each
experiment showing four domains with concave or convex cur-
vature, and thickening or collapse dynamic. The boundaries be-
tween domains are uncertain and illustrated by the shaded area.

The continuity of the subduction process coupled with the
positive slab pull generate a convex curvature.

[38] Such shape has been observed when an oceanic plate
subducts under its own weight and collapse, generating a
toroidal flow that curves the trench toward the subducting
plate [Funiciello et al., 2003; Stegman et al., 2010]. Such a
flow could not be invoked for a continental subduction, as
the trench advances continuously and the mantle flow is
directed forward (Figures 3-9).

[39] We can illustrate the effect of subduction efficiency on
range shape by plotting the continental slab length (L) versus
curvature at a certain time (Figure 10a). After 40 min, the
experiments showing a convex curvature are those with
L;>10+1. This efficient subduction is obtained only in
experiments with well-lubricated trench. Side-view pictures
of these experiments reveal a larger radius of curvature of
the subducting plate compared to experiments with concave
range (Figures 4c, 5c, 7c, and 9¢). Moreover, we observe that
the change from straight to convex curvature often occurs
when the buoyancy of the slab reaches or is close to neutral
value (e.g., Figures 4e and 5e). When this threshold is attained,
the slab is no longer pulling down and the subducting plate
adopts a larger radius of curvature and underthrusts the upper
one at a flat angle. A part of the convergence previously under-
taken by the subduction is accommodated by overthrusting of
the upper plate on the indenter. The transfer from vertical
motion (sinking slab) to horizontal one (relative transversal
flow/underthrusting) results in a convex orocline (Figure 11).
If the subduction stops, the radius of curvature of the slab is
small, and the underthrusting of the subducting plate is re-
duced. The upper plate does not overthrust the indenter nor
curves convexly (Figure 11). More complex shapes can occur
when the trench partially locks on one side because of local ad-
hesion of the plates. The trench shape becomes asymmetric,
with one convex syntaxis where the subduction is continuous
and one concave curve where the trench is locked (Figure 7).

[40] These results are consistent with those of other studies
showing the importance of the plates interface in subduction
dynamics, especially lubrication [Luth et al., 2010; laffaldano
et al., 2012]. A strong decoupling at the plate boundary has
been shown to lead to underthrusting, while strong coupling re-
duces subduction efficiency and enhances plate deformation
[Willingshofer and Sokoutis, 2009].

4.2. Buoyancy Number

[41] The buoyancy number, depending mainly on the thick-
ness and viscosity of the upper plate, is responsible for the am-
plitude and timing of syntaxes and curvature formation. During
convergence, the upper plate undergoes a competition between
thickening and collapse. The collapse generates both lateral
escape (E-W extrusion) and N-S overthrusting. Syntaxes and
convex curvature develop if the relative transversal flow
toward the subducting plate is larger at the center of the in-
denter than on its sides.

[42] The lower the buoyancy number is, the more stable the
upper plate is. Three-dimensional strain analysis (Appendix A)
performed on a typical experiment (SH9; presented in Figure 5)
reveals vertical flattening in the central area of the upper plate,
with A, vertical and A5 orogen-normal. The most external parts
are characterized by plane strain to slight horizontal constriction
(Figure 12a). This is coherent with the velocity field showing
N-S displacements in the central area and E-W extrusion and
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Sketch summarizing the possible indentation dynamics depending on buoyancy number and

subduction efficiency. (a) Reduced crustal thickening with indentation, large lateral flow, and no
overthrusting; (b) reduced crustal thickening, large lateral flow, and large overthrusting; (c) large crustal
thickening with indentation, reduced lateral flow, and no overthrusting; and (d) large crustal thickening, re-

duced lateral flow, and reduced overthrusting.

rotation in external areas (Figure 5d). In summary, a low F,
(thin and/or strong upper plate) favors the thickening of the up-
per plate, especially in front of the indenter (Figures 3—5 and 8).
Formation of convex curvature and syntaxes is possible if the
trench is well lubricated, but amplitude of overthrusting will
be small (Figure 11). In that case, both the convex shape of
the suture and the thickening of the upper plate are compatible
with the Tsangpo suture and thick crust of the Tibetan Plateau.

[43] The higher the buoyancy number is, the more unstable
the upper plate is. A high F,, favors gravitational collapse
expressed by lateral escape and relative transversal flow

. continental slab (indenter)

. oceanic slab

(Figures 11 and 12b). The strain in the upper plate is typically
that of experiment SH13 (presented in Figure 7) characterized
by a A, orogen-parallel and a A5 vertical. The central area
deforms by horizontal constriction, while external parts
undergo horizontal flattening (Figure 12b). This analysis con-
firms the strong lateral component observed in the velocity
field (Figure 7d). To summarize, for a thick and/or low viscos-
ity, upper plate convergence is more accommodated by a very
efficient lateral spreading that reduces the amount of thicken-
ing and can lead to vertical thinning. A well-lubricated plate
interface favors the overthrusting of the upper plate on the

Figure 12. Strain ellipsoids calculated at 40 min (22 My) on two typical experiments (a) SH9 (see Figure 5
for details) and (b) SH13 (see Figure 7 for details). The details of strain analysis are given in Appendix A.
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indenter (Figure 11). This dynamic generates a convex curva-
ture and syntaxes of large amplitude compared to experiments
with low Fy, (e.g., Figures 7, 9, and 11). These results are
consistent with thin-viscous-sheet models showing a more
important range curvature for upper plates of higher gravita-
tional potential energy [Copley, 2012]. However, we also
observe that the final shape of the trench is less pronounced
for experiment SH9 (Figure 5; F,=1.7) than for SH22
(Figure 4; F,=0.8). That can be explained by the temporary
stage of concave orocline in SH9 evolution, absent in the case
of SH22, that delays the development of convex curvature.
The slight difference of viscosity at the plates interface
(34.5Pas for SH9, 29.5 for SH22) could also account for the
lower amplitude of the curvature. In the case of high F},, the
convex shape of the suture is compatible with the Tsangpo su-
ture, but the upper plate is thinning unlike the Tibetan Plateau.

[44] The buoyancy number also influences the timing of
syntaxes formation. In all experiments, there is a competition
between thickening and lateral escape. High £, leads to impor-
tant lateral escape that inhibits thickening and N-S overthrusting
compared to low-F}, experiments. Consequently, a larger
amount of convergence is required to reach a similar range
shape. Figure 10b shows the buoyancy number plotted against
the normalized continental slab length. The normalized conti-
nental slab length is obtained by dividing the continental slab
length (L) by the total thickness of glucose syrup in the tank
(t;). The dotted line represents the amount of subduction after
which syntaxes form. It is shifted toward larger values for high
Fy, experiments. In other words, syntaxes and thus convex
curvature appear later. To summarize, for low-F}, experiments
syntaxes and curvature are of small amplitude and form early
in the collision history, while for high F}, experiments they
have a larger amplitude and appear later.

4.3. Lateral Decoupling

[45] If the continent is bounded by two lateral oceans
(Figures 8 and 9), they subduct vertically or slightly retreat,
while the continent moves forward and shapes the range. The
parameters controlling the orientation of the suture are identical
to experiments without lateral oceans: a low-viscosity trench is
required and the buoyancy number influences the amplitude of
curvature. However, with lateral oceans the syntaxes are wider
and the curvature less pronounced. The extreme lateral
decoupling reproduced with a continental indenter alone favors
the appearance of an arcuate suture convex toward the upper
plate as observed for the Himalayan range (Figure 1). This con-
figuration mimics the strong lateral decoupling of the Indian
continent sliding northward along the Sagaing fault to the east
and the Chaman fault to the west (Figure 1). It leads to a larger
indentation of the upper plate and sharper syntaxes.

4.4. Comparison With the India-Asia Collision

[46] The Himalaya range shape is convex toward the overrid-
ing plate, with two syntaxes at both east and west extremities
(Figure 1). This shape is correctly reproduced in our experi-
ments, when continental subduction is continuous (Figures 4,
5,7, and 9). An efficient subduction process seems to be driven
by a well-lubricated trench, corresponding to a lower viscosity
of the plates interface. When the force balance reaches neutral
buoyancy of the slab, the subducting plate underthrusts the up-
per one at a flat angle, which accommodates a part of the conver-
gence previously undertaken by the subduction. The transfer

from a vertical motion (sinking slab) to a horizontal one (relative
transversal flow/underthrusting) results in a convex orocline.
The global tomography shows that the continental subduction
of India has been active since the beginning of the indentation
[Negredo et al., 2007; Replumaz et al., 2010a]. It has been
shown that beneath southern Tibet [e.g., Nabelek et al., 2009]
and Hindu Kush [Negredo et al., 2007], this subduction process
is coupled with underthursting. The results of our laboratory
experiments suggest that this process, active since the beginning
of indentation and increasing as collision proceeds, is partly
responsible for the curvature of the Himalayan range. This
efficient subduction can be explained by the high velocity of
the Indian plate due to active convection. This is not the case
for other mountain belts showing a curvature concave toward
the overriding plate (e.g., Alps and Bitlis) or straight (e.g.,
Pyrenees and Rocky Mountains). Our results are in disagree-
ment with Copley et al. [2011], who conclude that coupling be-
tween India and the Tibetan plateau is strong. However, Copley
et al. [2011] focus on the present-day configuration of the plate
margin and do not take into account its subduction/collision his-
tory. The mechanism resulting in convex oroclines observed in
our experiments is consistent with the results of Copley [2012]
suggesting that gravitational spreading is a key condition.

[47] The convexity of the Himalayan range observed today
and measured in the same way as for our experiments is about
350 km. We have to take into account that we simulated approx-
imately 15My of collision (occurring generally from 20 to
45 min), while the process began 45 My ago for India-Asia.
Our experiments show a linear increase of curvature with time
during continental collision, and we can thus extrapolate the
value for 45 My. The curvature of experiment SH9 would be
equivalent to 310km after 45 My of collision and the one of
SH13 to 400km. This suggests that the current state of the
Himalayan range is best represented by a rheology intermediate
between these two experiments.

[48] Experiments with high F}, are dominated by collapse,
enhancing the lateral spreading and reducing the thickening
in front of the indenter (Figures 6, 7, and 9). The indentation
of such a high Fy, lithosphere could produce an overall range
shape similar to the Himalaya, with a convex curvature
(Figures 7 and 9), but could not reproduce the thickening of
the Tibetan Plateau and generates an overestimated extru-
sion. Nevertheless, it may be compared to the late evolution
of orogenic plateaux such as Tibet. Indeed, the Tibetan upper
plate may become weaker when it thickens [e.g., Kind et al.,
2002; Nabelek et al., 2009], increasing the component of
gravitational collapse. The induced lateral spreading would
enhance E-W extension activating N-S striking grabens in
southern Tibet at approximately 15 My [e.g., Armijo et al.,
1986; Williams et al., 2001] coupled with strike-slip motion
along the Jiali fault [Armijo et al., 1989]. However, the
amount and velocity of collapse of high F}, experiments is
probably overestimated compared to the Tibetan Plateau.

5. Conclusions: Four End-Members Regimes
of Indentation

[49] Our experiments highlight four end-members regimes
of indentation (Figures 10c and 11):

[s0] 1. High buoyancy number (collapse), inefficient sub-
duction: collision regime leading to concave curvature and
absence of syntaxes, with lateral extrusion as a main process
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of deformation of the upper plate and limited thickening
(SH1S5; Figures 6, 10c, and 11a).

[s1] 2. High buoyancy number (collapse), efficient subduc-
tion: indentation regime enhancing large amplitude syntaxes
and convex curvature with large lateral flow, and overthrusting
of'the upper plate and vertical thinning such as occurring today
in the Tibetan plateau (SH13; Figures 7, 10c, and 11b).

[52] 3. Low buoyancy number (thickening) and inefficient
subduction: collision regime leading to concave curvature
and absence of syntaxes, with thickening coupled to limited
lateral extrusion (SH7; Figures 3, 10c, and 11¢).

[53] 4. Low buoyancy number (thickening) and efficient
subduction: a collisional regime promoting convex curvature
and thickening coupled to lateral escape that could be com-
pared to early stages of India-Asia history, and shape of the
suture and thickening of the Tibetan Plateau (SH9; Figures 5,
10c, and 11d).

Appendix A: Quantification of Deformation

[s4] The grid drawn at the surface of the silicone putties
allows us to infer thickness evolution and determine finite strain
in various places of the plates. We know the initial dimensions
of each square (length L;, width #;, and thickness H;) and are
able to measure final length Ly and width W¢after a certain time
span from top-view pictures. Assuming isovolume deforma-
tion, the final thickness is

Hf:(LiX WiXHi)/(LfXWf) (Al)

[s5] Each length can be measured at+ 0.5 mm, thus giving
the final thickness H; with a precision of+ 10.5%. H;is used
to calculate the thickening factor as detailed in section 2.2.
Finite strain is determined at 40 min (equivalent to 22 My)
for six squares aligned following a longitudinal and a trans-
versal transect on the upper plate (Figure 10).

[s6] We can calculate the principal strains in the direction
of convergence (x), lateral escape ( ), and vertical (z) such as

I = (L¢/L)? (A2)
Ay = (Wi/Wg)? (A3)
A = (Hi/H¢)? (A4)

[57] Flinn’s K parameter defining the aspect ratio of the
strain ellipsoids can be expressed as

K=/ =1)/(2/43 — 1) (A5)

[s8] Ay, 42, and 43 being the maximal, intermediate, and

minimum principal axes of the strain ellipsoid, respectively.

They are represented for two typical experiments (SH9 and
SH13) in Figure 12.

Appendix B: Partitioning of the Convergence

[59] The N-S shortening of the upper plate (S,;,) is calcu-
lated as the difference between final and initial lengths (Lyp¢
and L., respectively)

Sup = Lupf - Lupi (Bl)

[60] For the shortening of the subducting indenter (S;), we
take into account the length of the continental slab (L)
such as

Si = Lit + Les — Lii (B2)
Where L;; and L;r are the initial and final lengths of the
indenter, respectively.

[61] The total shortening due to the piston advance (S,,) is
calculated as

Sp=vt (B3)
Where v is the piston velocity (0.54 cmmin~') and # the time
step at which we calculate the partitioning of the convergence
(40 min).

[62] The percentage of convergence accommodated by
shortening of the upper plate (P,,,) is

Py =100 Sy /S (B4
[63] The same expression applies for the indenter
P, =100 Si/S, (BS)

[64] The remaining part of N-S convergence that is not ac-
commodated by shortening of the plates is due to subduction.
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