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Abstract

The focus of this work is to understand the interaction in space and time between mantle and
lithosphere under different conditions. In a first part, I explore the behavior of the lithosphere
under a vertical surface load whilst a second part deals with deep lithospheric load. The third
chapter presents preliminary results on dynamic topography in subduction zone. Finally, in a
fourth chapter I investigate the surface evolution under kinematically imposed convergence.
The adopted methodology consists in scaled analog experiments simulating the lithosphere
and upper mantle, during which mantle flow, kinematics, surface topography and deformation
can be recorded. The results are then compared with numerical simulations and natural data.
Surface loading/unloading experiments using a visco-elastic lithosphere show that we can
simulate isostatic rebound using layers of silicone putty and gelatin. Reequilibration occurs in
two phases: a fast elastic reequilibration at the My time-scale, and a slower viscous response
spanning over tenth of My.

The presence of a deep lithospheric load is modeled by a thick lithospheric root inducing
continental delamination. This process produces a complex topographic signal combining
isostasy, flexure and dynamic topography coupled with mantle flow and surface deformation.
The performed experiments provide a first order quantification of the forces at work alongside
with empirical constrains.

The third part aims at modeling subduction zone and tracking dynamic topography, especially
in the overriding plate.

Results of the fourth part of this work show that kinematically imposed convergence during
subduction and collision can lead to the formation of a curved orogen with various
topographic patterns. In that case, strength of the subduction fault zone, rheology of the upper
plate and boundary conditions are the most important parameters controlling mantle-

lithosphere interactions.
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General introduction



The topography on Earth has intrigued scientists for a long time, but only recently we started
to understand the influence deep processes can have on the surface, both in terms of
topography and deformation.

The very first models trying to understand topography were models of isostatic compensation
that can be of two types [Stiiwe, 2002; Watts, 2001]:

- Hydrostatic, where the compensation is determined by the topographic load [Airy model,
1855]. The principle is to do a vertical balance of stresses, the lithosphere is assumed to have
zero strength, and such methods are valid for large regions [ Turcotte and Schubert, 1982].

- Flexural models where the lithosphere is considered as a layered body with visco-elastic
behavior. This method takes into account horizontal elastic stresses, and can thus be applied
both in 2D or 3D.

Flexure of the lithosphere has an important impact on surface topography in numbers of
geologic contexts such as volcanic seamounts loading, bending of passive margins, foreland
basins, or post-glacial rebound. Several analytical or numerical models have been performed
in the last decades, but analog approach has not been deeply explored.

Additionaly, a dynamic component of can be added to the topography: it corresponds to the
part of the signal responding to stresses arising from the mantle [e.g. Colin and Fleitout,
1990; Conrad and Husson, 2009; Moucha et al., 2008]. Especially, dynamic topography in
subduction zones have been investigated as it can produce cahnges in elevation of the order of
kilometers [e.g. Gurnis, 1990b, 1992; Mitrovica, 1996; Liu et al. 2008; Guillaume et al.,
2009; Faccenna and Becker, 2010; Husson et al., 2012; Melosh and Raefsky, 1980; Zhong
and Gurnis, 1994; Husson, 2006].

However, in most cases, it difficult to distinguish the effects if isostasy, flexure and dynamic
topography. In the following chapters, we will investigate several geodynamic contexts and
try to decipher the relationships between deep processes and surface responses, both

topography and deformation.
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1. Introduction and purposes

The flexural isostasy arising from the rigidity of the lithosphere and accompanying
loading and unloading processes has a major contribution of Earth’s topography. It has been
observed in various settings such as loading in volcanic areas or foreland basins, bending of
passive margins, or post-glacial rebound. These processes have previously been quantified
with analytical and numerical means, but have not been tested with analog models.

The main purpose of this preliminary study is to elaborate an experimental procedure
reproducing surface loading/unloading and able to take into account the visco-elastic

properties of the lithosphere.

2. Experiments setup

2.1. Rheological properties of the materials

In our models, we use three types of analog materials: glucose syrup, silicone putties
and gelatin. The glucose syrup simulating the asthenospheric mantle is a simple Newtonian
fluid at experimental strain rates (ca. 107 s, whose viscosity varies with the temperature
(Figure I.1ab). The silicone putty is a visco-elastic material that is considered quasi-
Newtonian at experimental strain rates [ Weijermars, 1986], and also shows a dependence on

temperature (Figure I.1c).
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Gelatins are also visco-elastic material but with a non-negligible elastic component. The
response of these materials to stress is time-dependent and can be characterized measuring the
deformation energy stored during deformation and lost afterwards [Mezger, 2002]. If the
storage modulus G’ is largely superior to the loss modulus G’ at a given frequency w, the
material will behave elastically, while in the frequency range where G'>>G", it will behave
viscously [Figure [.2a; Mezger, 2002]. We use pig skin gelatin powder mixed with water at
2.5%wt and 10°C since it has been shown fitted to model lithosphere rheological behavior

[Figure 1.2b; Di Giuseppe et al., 2009].
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Figure 1.2. (a) Evolution of the storage and loss modulus, G" and G’ with the frequency
for an ideal visco-elastic material. In the visco-elastic domain, G’ and G’ are of the same
order of magnitude. The intersection between the two curves determines the relaxation time of
the system (4) [modified after Di Giuseppe et al., 2009]. (b) G’ and G’ measured for pig skin
gelatin at 2.5%wt and 10°C. The shaded area represents the visco-elastic domain [modified

after Di Giuseppe et al., 2009].
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2.2. Experimental procedure

We performed two types of models (Figure 1.3). In the first type of models, the
lithosphere is modeled by a single layer of silicone and the load is undeformable (Figure 1.3a).
In the second type of models, we add a thin layer of gelatin on top of the silicone and the load
itself is made of deformable gelatin (Figure 1.3b). Characteristics of the plates and loads are
given in Table I.1. In all cases, the modeled lithosphere is lying on top of low-viscosity
glucose syrup simulating the asthenosphere. The bottom of the box represents the 660 km
discontinuity. The model is unconstrained in all directions, and no tectonic forces are applied.
We place the load at the center of the plate and leave it for 30 min (loading phase), then
remove it (unloading phase). This setup implies the following assumptions, and consequent
limitations, that are detailed in Funiciello et al. [2003]: (1) isothermal system, (2) constant
viscosity and density over the depth of the individual layers, and (3) lack of global
background mantle flow. The topography evolution is monitored with a 3D laser-scanner

(Real Scan USB) whose precision is 0.1 mm corresponding to 600 m in nature.
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Figure 1.3. (a) Experimental setup for the first type of models with a single silicone layer
(brown) and a spherical undeformable load. (b) Models type 2 with silicone and gelatin layers

(white) and deformable load.

Parameters Model 1 Model 2
Plate size (cm”) 30x 30 30x 30
Silicone thickness (cm) 1.2 1.2
Gelatin thickness (cm) n/a 0.3
Load size diameter 12cm, height 3mm diameter 3 cm, height 2 cm
Load weight (g) 46 11

Table I.1. Experimental parameters.
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3. Preliminary results

All the topographic maps presented thereafter are the difference between two scans and thus
represent a difference in elevation (Az) for a certain time step. The vertical resolution of the

scanner is 0.1 mm and variations inferior to that value are background noise.

3.1. Model 1: viscous lithosphere, undeformable load

As soon as the system is loaded, a depression is created in the center edged by a flexural
bulge due to the bending of the plate (Figure [.4a). It induces about 1 mm of uplift during the
first 10 min of loading. The width of the area affected by the flexural bulge is about one half
of the load diameter. The elevation of the rest of the plate remains unchanged. Deformation of
the plate continues during the time span 10 to 30 min but with a smaller amplitude (Figure

[.4b). In 20 min, the flexural bulge is uplifted by ca. 0.5 mm.
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Figure 1.4. Map view and corresponding cross-section (along the axe x = -25) of topography
evolution (Az) for the model 1 during loading phase, (a) for the time step 0 to 10 min, (b) for
time step 10 to 30 min. The white circle highlights the position of the load.
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After 30 min, the elevation is stable, and we remove the load. We observe an uplift of
the plate, at first with a stronger amplitude in the centre, then propagating in the whole model
(Figure L1.5). On the contrary, the flexural bulge undergoes subsidence and progressively
reequilibrates. The main part of the reequilibration takes place during the first 15 min (Figure
I.5a). The variation of elevation from 15 to 45 min is reduced (+/- 0.25 mm; Figure 1.5b), and
from 45 to 210 min Az is negligible (+/- 0.15 mm; Figure [.5¢). The lateral gradient formed in
the late phases of loading and unloading (Figure 1.4b and I.5bc) is probably due to the laying
and removing of the weight non exactly positioned at the center of the plate and/or

disturbance by the operator’s gesture.
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Figure 1.5. Map view and corresponding cross-section (along the axe x = -25) of topography
evolution (Az) for the model 1 during unloading phase, (a) for the time step 0 to 15 min, (b)
for time step 15 to 45 min, (c) for time step 45 to 210 min. The white circle highlights the

previous position of the load.

This type of model, although made only of silicone putty, shows a non-negligible
flexural response to loading/unloading processes. This suggests that the usual approximation
of silicone putties behaving as Newtonian fluids [Weijermars, 1986] should be taken with
caution. The main part of isostatic reequilibration occurs within 15 min (elastic response)

while the last increments of deformation take one to several hours (viscous response).

3.2. Model 2: visco-elastic lithosphere, deformable load

As for the model 1, the response to loading starts as soon as we place the load and lead
to the formation of a depression edged by a flexural bulge (Figure 1.6a). However, the bulge
surrounding the load spread over a larger area than for model 1 (larger wavelength) and is
smaller in magnitude with a maximum of 0.5 mm of uplift after 10 min. Isostatic and flexural
adjustments continue from 10 to 30 min with 0.2 to 0.5 mm of uplift affecting all the plate’s
surface (Figure 1.6b).

After 30 min, we remove the load from the plate. The magnitude of the surface response
is more important than for the model 1, especially just below the load with an uplift of 3.25
mm in 5 min (Figure 1.7a). The flexural bulge has similar values of subsidence, but
reequilibration is occurring faster than for model 1 (0.5 mm in 5 min compared to 0.6 mm in
15 min). The isostatic response decreases with time and affects only the very center of the
model in the late stages (Figure I.7bc).

Compared to the first type of models, the delay between the applied stresses
(loading/unloading) and the surface response is shorter. The elastic component is enhanced by
the thin layer of gelatin. As for model 1, the viscous part of the response is spanning over a

longer time (one to several hours).
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Figure I.6. Map view and corresponding cross-section (along the axe y = -180) of topography
evolution (Az) for the model 2 during loading phase, (a) for the time step 0 to 10 min, (b) for
time step 10 to 30 min. The white circle highlights the position of the load.

Conclusions and perspectives

The use of silicone putties associated with pig skin gelatin opens new opportunities to adjust
the visco-elastic properties of analog materials to natural cases. The gelatin layer increases the
elastic response and shortens the delay between applied stresses and surface reequilibration.
Varying the thickness of the gelatin layer and using different types of loads would allow

modelers to simulate various processes implying flexure and isostatic response.
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Figure 1.7. Map view and corresponding cross-section (along the axe y = 180) of topography
evolution (Az) for the model 2 during unloading phase, (a) for the time step 0 to 5 min, (b) for
time step 5 to 15 min, (c) for time step 15 to 45 min. The white circle highlights the previous

position of the load.
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Abstract. One of the major issues of the evolution of continental lithospheres is the
detachment of the lithospheric mantle that may occur under certain conditions and its impact
on the surface. In order to investigate the dynamics of continental delamination, we
performed a parametric study using physically-scaled laboratory models. The adopted setup is
composed of a three-layers visco-elastic body (analog for upper crust, lower crust,
lithospheric mantle) locally thickened/thinned to simulate a density anomaly (lithospheric
root) and an adjacent weak zone, lying on a low viscosity material simulating the
asthenosphere. The results emphasize the interplay between mantle flow, deformation, surface
topography and plate motion during a three-phases process: (1) a slow initiation phase
controlled by coupling and bending associated with contraction and dynamic subsidence, (2)
lateral propagation of the delamination alongside with extension and a complex topographic
signal controlled by coupling and buoyancy, while poloidal mantle flow develops around the
tip of the delaminating lithospheric mantle, and (3) a late phase characterized by a
counterflow that triggers retroward motion of the whole model. A semi-quantitative study
allows us to determine empirically two parameters: (1) an initiation parameter that constrains
the propensity of the delamination to occur and correlates with the duration of the first stage,
(2) a buoyancy parameter characterizing the delamination velocity during late stages and
therefore its propensity to cease. Finally, we point out similarities and differences with the
Sierra Nevada (California, USA) in terms of topography, deformation and timing of

delamination.

1. Introduction

Continental delamination is presently one of the most discussed geodynamic processes
due to its significant impact on the long-term behavior of the continental lithosphere. The
concept of continental delamination was first introduced by Bird [1978, 1979], who proposed
the hypothesis that along a tectonically stable area, the dense lithospheric mantle could peel
away from the crust and sink into the asthenosphere. Delamination is permitted as soon as any
process provides an elongated conduit connecting the underlying asthenosphere with the base
of the continental crust. The delaminated mantle part of the lithosphere peels away as a
coherent slice, without necessarily undergoing major internal deformation, and is replaced by

buoyant asthenosphere. To avoid ambiguity, the term ‘delamination’ is used here to indicate
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the process that causes the asthenosphere to come into direct contact with the crust, and the
hinge of delamination, where the lithosphere peels off the overlying crust, to migrate laterally.
Others processes able to remove a part of the lithosphere such as convective removal of the
lithospheric mantle developing from Rayleigh-Taylor instabilities [e.g. Houseman et al.,
1981; England and Houseman, 1989] are not considered here.

Delamination has often been proposed to explain different observations such as regional
uplift associated with alkaline volcanism, anomalously high heat flow and change of stress
field toward extension in various geodynamic contexts: either near a plate boundary (western
Mediterranean [Channel and Mareschal, 1989]; Alboran sea [Seber et al., 1996; Calvert et
al., 2000; Valera et al., 2008]); for intracontinental zones (Variscan belt [Arnold et al., 2001];
Sierra Nevada in California [Ducea and Saleeby, 1998; Zandt et al., 2004; Le Pourhiet et al.,
2006]); plateau interiors (Tibet [Bird, 1978]; Anatolia [Gogus and Pysklywec, 2008a];
Colorado [Bird, 1979; Lastowka et al., 2001; Levander et al., 2011]); or in more complex
areas exhibiting unusual intermediate depth seismicity (East Carpathians [Girbacea and
Frisch, 1998; Knapp et al., 2005; Fillerup et al., 2010]).

In spite of the popularity of continental delamination, its basic aspects remain poorly
studied. For one part because most observables possibly indicating ongoing delamination are
indirect ones (tomography, seismicity) [Levander et al., 2011], and some surface features
(tectonic, volcanism, topography) could be interpreted as subduction-related signals (i.e. slab
roll-back, slab break-off). Moreover, few physical-numerical models have been developed
[e.g. Schott and Schmeling, 1998; Morency and Doin, 2004; Gogus and Pysklywec, 2008b;
Valera et al., 2008, 2011; Faccenda et al., 2009]. Although these models successfully capture
the main features of delamination, they have to deal with difficulties such as numerical
instabilities associated with fast deforming bodies and with strong lateral contrasts of
viscosity. Unlike subduction, which has been investigated by numerous laboratory studies
over the last two decades [e.g. Jacoby, 1980; Kincaid and Olson, 1987; Griffiths et al., 1995;
Guillou-Frottier et al., 1995; Faccenna et al., 1996, 1999; Funiciello et al., 2003, 2004, 2008;
Schellart, 2004), or convective removal [Pysklywec and Cruden, 2004] very few attempts to
reproduce continental delamination with analog models have been made [Chemenda et al.,
2000; Gogus et al., 2011].

The main purpose of this study is to investigate the dynamics of continental
delamination with laboratory models exploring the influence of various parameters (initial

structure, rheological properties), and the relationships between deep dynamics (i.e. mantle
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circulation), surface deformation (i.e. deformation, isostatic reequilibration, dynamic

topography), and plate motion.

2. Experimental Setup

Delamination is reproduced in the laboratory using a thin sheet three-layers model
(lithosphere), lying on top of a low-viscosity glucose syrup simulating the asthenospheric
mantle (Figure II.1). From top to bottom, the lithospheric sheet is composed of: 1) visco-
elastic silicone putty simulating the upper crust, 2) high-viscosity glucose syrup simulating
the viscous lower crust, 3) strong and dense visco-elastic silicone, analog of the lithospheric
mantle (Table II.1). The selected asthenospheric mantle is a Newtonian fluid whose viscosity

allows us to obtain laminar flow in the limit of a small Reynolds number.

pLC, nLC hLC
hLM
3D-laser scanner Gansia W
plh, nlh
light <
0 Po
=
asth;r;%snpgeri_t/ N lithosphericroot "o 10 20 cm
[ == ]
f videocamera z:x for the model = 3:1
X
2 upper crust lithospheric mantle
/// (silicone) ] (stronger/denser silicone)
lower crust (high viscosity asthenosphere
El glucose syrup) D (low-viscosity glucose syrup)

Figure I1.1. Experimental setup. Material properties are given in Table II.1, and settings for

each experiment in Table I1.3.

The three-layered sheet is located in the center of a large Plexiglas tank (75 x 25 x 25
cm’), whose bottom mimics the 660 km discontinuity, and is free to move in all directions
(free boundary conditions). The distance between the plate and box sides is set large enough

to minimize possible boundary effects [Funiciello et al., 2006].
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Material Density (kg m™) Viscosity (Pa s

Silicone 4 (upper crust) 1422 5.10°
Silicone 7 (lithospheric mantle) 1476 1.10°
Silicone 2 (light lithospheric mantle) 1456 6.10*
Silicone 1 (very light lithospheric 1438 79 % 10*
mantle)

Intermediate syrup (asthenosphere) 1428 22
High viscosity syrup (lower crust) 1442 168
Very high viscosity syrup (lower crust

experiment DEL23) 1455 425

Table 11.1. Material properties. Viscosities are given for room temperature (22°C) and an

experimental strain rate of 107 5™ (scaled for nature).

This experimental setting is properly scaled for normal gravity field to simulate the
competition between acting gravitational and viscous resistive forces stored within the mantle
and the lithosphere [e.g. Weijermars and Schmeling, 1986; Davy and Cobbold, 1991]. The
density and the viscosity ratios between the lithosphere and asthenosphere range between 1.01
and 1.02 and 400 and 3000, respectively. The length scale factor is fixed to 1.2 x 10" so that
1 cm in the models corresponds to 83 km in nature. Further details on experimental
parameters and scaling relationships can be found in Table II.2. The adopted setup implies the
following assumptions, and consequent limitations, that are detailed in Funiciello et al.
[2003]: (1) isothermal system, (2) constant viscosity and density over the depth of the
individual layers, (3) lack of global background mantle flow, (4) 660 km discontinuity as an
impermeable barrier. In contrast with Gogus et al. [2011], we do not impose any convergence,
nor manually trigger initiation of delamination. Delamination is spontaneously enhanced by
the adopted ad hoc initial condition which, in analogy with previous numerical models [Schott
and Schmeling, 1998; Valera et al., 2008, 2010], includes a zone of thicker lithospheric
mantle (orogenic root, 1.04 cm thick in the reference experiment) adjacent to a weak zone
represented by an asthenospheric channel (absence of lithospheric mantle; Figure I1.1). This
configuration enables the asthenosphere upwelling to replace the delaminated lithospheric
mantle. A similar setting has also been adopted in the numerical models of Gogus and
Pysklywec [2008b], who considered a flat geometry of the lithospheric mantle, but imposed a
local density increase of 100 kg m™, producing a negative buoyancy similar to our orogenic

root. The presence of a local weakened zone is fundamental to trigger delamination in nature.
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This is usually explained as likely related to the presence of free water, which would decrease
the pore pressure allowing a reduction in the brittle strength [Schott and Schmeling, 1998], or
thermally active areas in response to active mantle upwelling. This weak zone is
spontaneously created only in the model developed by Morency and Doin [2004] where
strong localized thinning of the lithospheric mantle leads to the formation of an

“asthenospheric conduit”.

Parameter Nature Model
g Gravitational acceleration (m s ) 9.81 9.81
Thickness”
hy Continental lithosphere (m) 100000 0.012
Nasin Upper mantle asthenosphere (m) 660000 0.11
Density
pi Continental lithosphere (kg m?) 3200 1457
PDasth Upper mantle asthenosphere (kg m’) 3220 1428-1442
pi/pum  Density ratio 0.99 1.02-1.01
Viscosity
n Continental lithosphere (Pas™) 107 7 x 10*
Hasth Upper mantle asthenosphere (Pa s ') 10%! 22-168
01 /Mum  Viscosity ratio 10 4 x10*-3 x 10°
Dimensionless parameters Equivalence model-nature
t° Characteristic time: 4.02x10 "
(fmodet/Tnature) = (AP tith naure / (AP tith model % (11 model / 11 1 minmoedel — 0.473 Mynature
nature) 1 hmodel — 28.4 MYnature
U° Characteristic velocity: 29829
(Unodel/Unature) = tnature / fmodel * Linodet /Lnature lemh™ poger — 0.29cmy !

nature

“Scale factor for length Luodet/Lnawure = 1.2 X 10 .

Table 11.2. Scaling of parameters for the reference experiment.

Each model is monitored over its entire duration using a sequence of digital pictures
taken in lateral and top views. We also record the evolution of the surface topography with a
3D-laser scanner (Real Scan USB) whose precision is 0.1 mm, corresponding to 830 m in
nature. The evolution of delamination is monitored by Feature Tracking (FT) image analysis
technique on representative experiments. In order to adopt the FT for our models, the glucose
syrup is previously seeded with bright reflecting air micro-bubbles used as passive tracers.
These bubbles have a diameter less than 1 mm, and consequently its possible influence on the
density/viscosity is negligible. Images of the micro-bubbles are recorded by a CCD camera,

set to acquire about 2 frames per second in lateral view. FT algorithms provide sparse velocity
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vectors with application points coincident with pixel luminosity intensity gradients
characterizing the passive tracers seeding the mantle. This technique permits to obtain a
Lagrangian description of the observed velocity field, which is then used to reconstruct
instantaneous and time-averaged Eulerian velocity maps (modulus, x-y components,
streamlines) through a resampling procedure [see Funiciello et al., 2006 and references

therein].

3. Experimental Results

Our models were performed to provide new insights into the mechanical/dynamic
behavior of the lithosphere in a delamination process. In particular, we intend to describe and
quantify the spatial and temporal evolution of the mantle circulation induced by delamination
and the related surface response. Fourteen models out of 26 (Table I1.3) have been selected to
illustrate the influence of (1) plate thickness, (2) plate viscosity, (3) plate density, (4)
presence/absence/size of the asthenospheric channel, (5) presence/absence/size of the

lithospheric root, (6) asthenosphere viscosity on the delamination process.

3.1. Evolution of the reference experiment (DEL 10)

All the performed experiments show a typical sequence of deformation, starting from
spontaneous delamination to the arrival of lithospheric mantle to the bottom of the box. In this
section, we describe the typical evolution of the delamination process as recorded for the
reference model DEL10. DEL10 is characterized by thicknesses of 0.375 ¢cm, 0.2 cm and 0.78
cm for the upper crust, the lower crust and the lithospheric mantle, respectively. It includes a
zone of 1.04 cm thick lithospheric mantle simulating the orogenic root. The other parameters
are listed in Table II.3. The proward direction is defined as the direction of migration of the
delamination (toward the right in all the figures), and retroward direction corresponds to the

opposite sense (toward the part of the model that does not delaminate, i.e. left in the figures).
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Asthenospheric Orogenic root

Experiment Plates (size, silicones) channel width (w)  width (W)

Layers thickness

UC: 0.375 cm
UC (sil. 4): 30 x 18 cm? LC: 0.2 cm
RE LM (sil. 7): 30 x 14 cm?® 2™ Sl LM: 0.78 cm
Root: 1.04 cm
UC: 0.38 cm
UC (sil. 4): 30 x 18 cm? LC: 0.2 cm
DELI1 LM (sil. 7): 30 x 14 cm> 4™ 3 em LM: 0.665 cm
Root: 1.04 cm
UC: 0.37 cm
UC (sil. 4): 30 x 18 cm? LC: 0.2 cm
DEL12 LM (sil. 7): 30 x 14 cm®> 2™ 3 cm LM: 0.775 cm
Root: 0.55 cm
UC: 0.325 cm
UC (sil. 4): 30 x 18 cm? LC: 0.2 cm
DELI3 LM (sil. 7): 30 x 14 cm> L™ 3 cm LM: 0.6 cm
Root: 1.025 cm
UC: 0.35 cm
UC (sil. 4): 30 x 18 cm? LC: 0.4 cm
DEL14 LM (sil. 7): 30 x 14 cm®> 2™ 3 cm LM: 0.65 cm
Root: 0.975 cm
UC: 0.36 cm
UC (sil. 4): 30 x 18 cm? LC: 0.2 cm
DELIS LM (sil. 7): 30 x 14 cm?> 2™ Tem LM: 0.675 cm
Root: 0.975 cm
. UC: 0.275 cm
UC (sil. 4): 30 x 18 cm? No orogenic ;
DEL16 LM (sil. 7): 30 x 14 cm? 2em root LC:0.2 cm
LM: 0.65 cm
. UC: 0.275 cm
UC (sil. 4): 30 x 18 cm? No orogenic ;
DELI7 LM (sil. 7): 30 x 14 cm? 2em root LC:0.2 cm
LM: 0.68 cm
UC: 0.35 cm
UC (sil. 4): 30 x 18 cm? LC: 0.2 cm
DEL18 LM (sil. 1): 30 x 14 cm> 2™ 3 cm LM: 0.675 cm
Root: 1.0 cm
UC: 0.325 cm
UC (sil. 4): 30 x 18 cm? LC: 0.2 cm
DELI9 LM (sil. 2): 30 x 14 cm> 2™ 3 cm LM: 0.725 cm
Root: 0.970 cm
UC (sil. 4): 30 x 18 cm? UC: 0.340 cm
LM (sil. 7): 30 x 14 cm? LC: 0.2 cm
DEL20 Asth.: high viscosity 2 cm 3 cm LM: 0.720 cm
syrup Root: 0.940 cm
DEL21 UC (sil. 4): 30 x 18 cm? No asthenospheric. No orogenic Eg 8;0 om
LM (sil.7): 30 x 14 cm? channel root - Y2 cm
LM:0.730 cm
UC: 0.320 cm
UC (sil. 4): 30 x 18 cm? No asthenospheric. LC:0.2 cm
DEL22 LM (sil.7): 30 x 14 cm® channel 3 em LM: 0.760 cm
Root: 0.950 cm
UC: 0.325 cm
DEL23 UC (sil. 4): 30 x 18 cm? No asthenospheric. No orogenic LC: 0.2 cm very
LM (sil.7): 30 x 14 cm? channel root high viscosity syrup
LM: 0.660 cm
DEL24 UC (sil. 4): 30 x 25 em? No asthenospheric. No orogenic Eg (())'2350 om
LM (sil.7): 30 x 24.5 em? channel root - Y2 cm
LM: 0.770 cm

Table 11.3. Experimental parameters for each experiment. UC: upper crust; LC: lower crust;

LM: lithospheric mantle; Asth.: asthenosphere. Values in bold italic are the parameters
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varying compared to the reference case (DELI0, highlighted in grey). In a few experiments
(DEL21, 22, 23), the lithospheric mantle tends to detach from the lower crust along the
borders parallel to the length of the model. This is due to the fact that in this area, the layer of
lower crust is in contact with the asthenosphere, thus creating a ‘false” asthenospheric
channel. In experiment DEL24, the layer of silicone simulating the lithospheric mantle is

larger avoiding the contact. In this case, there is no delamination.

@ 12 min 57 @ 44 min depression (in subsidence)
uplifted area depression ;
(asthenospheric channel) (lithospheric root) y (mm) uplifted bulge | buige
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Figure I1.2. Side view photos and surface topography for the reference experiment (DEL10)
at three stages of the delamination process: a) 12 min 57s during initiation phase, b) 44 min
at the transition between main and final phase, c) 59 min during final phase, with

corresponding cross-sections (d) taken along the reference dotted blue line. The high (red)
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circular zones are air bubbles trapped between the layers during the construction of the
model. Later experiments free of that experimental bias showed that it does not affect

significantly the delamination process.

3.1.1. Initiation of delamination

At the beginning of the experiment, the area above the asthenospheric channel is 0.1 to
0.2 mm higher than the unperturbed area due to the absence of lithospheric mantle, and the
area above the lithospheric root is 0.3 mm lower (Figure II.2ad). The edge of the unstable
thickened lithospheric mantle slowly starts to peel away from the overlying lower crust
alongside the length of the asthenospheric channel and displaces underlying mantle material
proward (Figure II.2a). The amount of time necessary to initiate this process is 30 min
(corresponding to 14.2 My in nature) in the reference experiment (Table 11.4). Concurrently,
the difference of pressure at the base of the sinking lithospheric mantle and in the
asthenospheric channel produces a clockwise return flow that injects asthenospheric material
into the lower crust toward the lithospheric root. This flow remains very modest during all the
initiation with a maximum velocity of 3.6 cm h™' (Figure I.3a). A small amount of extension
parallel to the direction of delamination affects the area above the asthenospheric channel,
while the rest of the model is globally in contraction, which is stronger above the lithospheric
root (Figure I1.4a). The depression caused by the pull of the thickened lithospheric mantle
progressively narrows and deepens up to 0.9 mm. As subsidence is deforming the model, two
bulges due to bending form, one at each side of the depression (i.e. each side of the
lithospheric root). They are ca. 0.1 mm higher than the average elevation of the model (Figure
I1.2ad). Figure IL.5 shows the evolution of the elevation for the uplifted bulge located above
the asthenospheric channel, and for the depression migrating with the delamination hinge.
Figure I1.6 shows the evolution of horizontal velocity of both the dynamic depression, that
corresponds to the velocity of delamination (in the plate reference frame), and of the whole

model (in a fixed external reference frame).
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. . . Initiation Buoyanc Mean velocit
Difference with . Duration  Root pull yancy . y’
Experiment reference Duration of Duration of main phase w, (cm) of final F (xlO'4 parameter I parameter during Stokes
P A initiation t P ¢ ® x107s'm> B(x10"m* phaseV (x10°m
experiment stage N) 3) § kg'l) ¢!
. 4 min (34 min after the .
DEL10 E:leer‘;‘;t (310 oM ) beginning of the experiment) 48 (2172“;‘;4 X 11.46 6.02 6.20 6.13
p - y (1 '9 My) . y
Asthenospheric 25 min . 23 min
DEL11 channel twice wider (118 My) 0 (25 min) 4.6 (10.9 My) 9.77 16.57 5.29 9.85
Lithospheric root 60 min 24.9 min (84.9 min) 18.1 min
DEL12 half thick (28.4 My) (11.8 My) 44 (8.6 My) 6.02 3.23 3.26 413
Asthenospheric . . . .
. 30 min 17.8 min (47.8 min) 22.2 min
DEL13 channel twice (142 My) (8.4 My) 4.5 (10.5 My) 8.69 5.01 4.70 7.15
narrower
Lower crust twice 15 min 5 min (20 min) 14 min
DEL14 thicker (7.1 My) (2.4 My) 4.9 (6.6 My) 8.95 16.26 9.69 16.6
Lithospheric root 3 50 min 22 min (72 min) 20 min
DEL15 times narrower (23.6 My) (10.4 My) 31 9.5 My) 3.10 251 1.68 4.02
. 45 min 26 min (71 min) Variable along the 17 min Variable along the
DEL16 No orogenic root 213 M 123 M width of the model 8.0M width of the model
y y y
. 60 min 37 min (97 min) 17 min Variable along the
DEL17 Noorogenicroot ¢ 4 My) (17.5 My) 4.7 (8.0 My) width of the model
Density contrast 4.8  No
DEL18 times smaller delamination 1.99 0-070 1.07
Density contrast 2.4 1h45 min 5.5 min (110.5 min) 39.5 min
DEL19 times smaller (49.7 My) (2.6 My) 37 (18.7 My) 380 215 3.14 4.98
Asthenosphere 10 2h20 min 15.9 min (155.9 min) 74.1 min
DEL20 times more viscous (66.2 My) (7.5 My) 4.3 (35.0 My) 6.77 0.30 048 187
No asthenospheric
DEL21 channel, no Detachr_nent by
. setup bias
orogenic root
No asthesnopsheric Detachment by
DEL22 channel setup bias
No asthenospheric
channel, no Detachment by
DEL23 orogenic root, lower  setup bias
crust more viscous
No asthenospheric
channel, no No
DEL24 orogenic root, larger  delamination
plates
(Legend on next page)
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Table I1.4. Characteristic values of duration and physical parameters for each experiment.
Durations of characteristic phases are given in minutes with the corresponding scaled time
for nature (in My). Main phase is defined as the time span between the end of initiation and
the onset of retroward motion of the plate, the final phase from this change in kinematics until
the DLM touches the bottom of the box. w. is the width of the asthenospheric channel at the
transition between main and final phase. For experiments DEL16 and DELI7, in the absence
of lithospheric root, the shape of the delamination hinge is highly sinuous, with very variable

velocities of delamination along the width of the model.

Depth z (cm)

Depth z (cm)

0o 2 4 6 8 10 12 14 16 18 0 2 4 6 8 10 12 14 16 18

Length x (cm) Length x (cm)
Vx equivalent nature (cm.yr!)
-3 -2 -1 0 1 2 3
EET & 0 .
-10 -5 0 5 10
Vx model (cm.h"1)

Figure I1.3. Velocity field (lateral view) for experiment DELI0 at four different stages of the
delamination: a) 30 min just after initiation, b) 39 min at the end of the main phase of
delamination, c) 44 min at the change in dynamic with strong increase in retroward motion of
the model, d) 59 min during the last phase of delamination, just before the DLM reaches the
bottom of the box. Color scale represents the velocity in the x direction (length, positive in the

proward direction). Shadowed images underline the position of the model.
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3.1.2. Main phase of delamination

Once the lithospheric mantle decouples from the crust, the hinge of the delamination
migrates progressively proward and the dip of the delaminated lithospheric mantle (DLM)
increases (Figure I1.3b). As the DLM rolls back in the proward direction, the poloidal
clockwise flow centered beneath the tip of the slab enhances the ascent of asthenosphere,
which replaces the DLM. Maximum velocities of 10.8 cm h™ are reached soon after the end
of the main phase, at 39 min (Figure I1.3b). Sinking and proward motion of the DLM enlarge
the asthenospheric channel and an ascending asthenospheric counterflow directed retroward
grows (Figure I1.3¢). The initial topographic signal (composed of the depression flanked by
the two bulges) moves laterally following the delamination’s propagation with a velocity
reaching 8 cm h™' at 33 min (equivalent to 2.4 cm yr™' in nature, Figure I1.6a), and increases in
amplitude. The bulge situated toward the asthenospheric channel is more uplifted than the one
on the other side (reaching respectively 0.3 and 0.2 mm; Figure I1.2bd) due to the
impingement of the ascending asthenospheric material against the base of the crust. The
increased bending of the plate causes the formation of a second area of extension above the
smaller flexural bulge (Figure 11.4b). The area where the lithospheric mantle is removed is
also uplifted by 0.1 to 0.3 mm (Figure II.2abd). This elevated zone will remain permanently
until the end of the experiment, whereas high and low areas moving with the delamination are

the transient, dynamic response of the system.
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Figure I1.4. 2D finite strain map of the upper crust (top view) and corresponding side view
photos at 3 different stages of the delamination for experiment DELI3: a) initiation between ()
and 30 min, b) main phase between 30 and 45 min, c) final phase between 45 and 68 min.
Finite strain is computed with SSPX software [Cardozo and Allmendinger, 2009]. Initial and
final coordinates of reference points drawn on the upper silicone are transformed into a
displacement gradient tensor from which is calculated the strain gradient tensor. The

deformation field is then computed with a grid-nearest neighbor method.
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Figure IL5. Evolution through time of (a) the
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Figure I1.6. Evolution of (a) the horizontal velocity of the dynamic depression in the plate

referential and (b) the whole model in a fixed external reference frame. The displacement of

the dynamic depression follows the delamination front and can be assimilated with the

horizontal velocity of delamination. Delamination during experiment DELI7 (without
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orogenic root) is very irregular and it is therefore difficult to measure the displacement of the

dynamic depression at the delamination’s hinge.

3.1.3. Final stage

Around 4 min after delamination initiation, i.e. 34 min after the beginning of the
experiment, the width of the delaminated area reaches a critical value of ca. 4.5 cm (Table
I1.4). The pull induced by the DLM triggers the rapid retroward motion of the plate that
sharply accelerates up to 12 cm h™' at the end of the experiment (3.5 cm yr' in nature, Figure
I1.6b), and enhances the efficiency of the asthenospheric counterclockwise flow (Figure
I1.3b). The DLM’s proward motion stops although delamination proceeds: the DLM roughly
remains in a fixed position with respect to an external fixed reference frame, and delaminates
near vertically. The mantle circulation associated with this final stage is thus characterized by
the coeval flow of two advection cells, a clockwise cell to the left of DLM and a
counterclockwise cell to the right (counterflow).

Consequently to the near-vertical position of the DLM, the hinge of delamination, the
associated surface deformation and the topographic signal also remain fixed with respect to an
external reference frame. However, they still move proward in the plate’s reference frame,
with a maximum velocity of 23 cm h™' at the end of the experiment (6.8 cm yr'' in nature,
Figure II.6a). Increase in amplitude of both the depression and uplifted bulge continues until
the DLM approaches the bottom of the box (Figures II.2cd and II.5). Similarly, the surface
above the delaminated area continues to widen and uplift up to 0.2 to 0.3 mm as previously
(Figure I1.2d). Zones of extension (associated with both bulges) and contraction (associated
with the dynamic depression) follow the delamination’s hinge as elastic deformation. The
resulting finite deformation for the whole duration of the final phase shows widening of
extension both above the delaminated area and the flexural bulge. However, approximately
half the delaminated area has undergone finite compression (Figure Il.4c). A part of the
deformation is elastic and thus transient, but the model is also durably deformed with 6% of

shortening accumulated in the whole lithosphere at the end of the experiment.
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3.2. Sensitivity analysis

We performed a parametric study to test how the initial geometrical configuration and
rheological properties of the lithosphere can influence the evolution of delamination. The
main features characterizing the delamination process are invariant for all the experiments,
but the timescale, mantle flow velocity and amplitude of the surface features depend on the
adopted parameters.

Key parameters determining the occurrence and timing of the first phase of
delamination are the thickness of the lower crust (i.e. degree of coupling between lower crust
and lithospheric mantle), and the width of the asthenospheric channel. Delamination starts
earlier and proceeds faster when the lower crust is thicker, and/or the asthenospheric channel
is wider (compare in Figures II.5 and I1.6 DEL10 with DEL11 and DEL14, Table 11.4).
Thickness of the orogenic root, alongside with density contrast between the lithospheric
mantle and asthenosphere has also an impact on delamination velocity, especially in the
initiation phase (compare in Figures II.5 and 11.6 DEL10 and DEL19, Table 11.4). If the
density contrast is very small (<7 kg m™), the delamination does not initiate (Table IL.3,
DEL18 not detailed here). A viscosity contrast one order of magnitude lower slows down the
whole process, initiation as well as main and final phases of delamination (Tables 1.3 and
1.4, DEL20 not detailed here).

Although the global pattern of mantle flow is stable whatever the parameters are, the
timing of the different phases and flow velocities vary. If the asthenospheric channel is
initially two times larger (4 cm instead of 2 cm, DEL 11, Figure II.7a), delamination is
slightly faster during the whole modeling evolution (Table I1.4). More precisely, mantle flow
is slower during the main phase of delamination (with a maximum of 8.1 cm h™' against 10.8
cm h' for reference experiment; Figure I1.7b), followed by a faster final phase (9 cm h’'
against 7.2 cm h™', Figure I1.7d). When the orogenic root is half thick (0.55 cm instead of 1.04
cm, DEL12, Figure I1.7e to h), we do not observe clear distinct phases but rather a continuous
increase in flow velocity, more significant after the retroward plate motion has started (Figure
I1.7gh). However, this result must be taken with caution given that in this experiment, the
delamination front is twisted and does not allow a good view for mantle flow record.

The topographic signal results from the interplay between different parameters, with a
dominant role played by the gravitational instability of the lithospheric root. The amplitude of
the topography (both for the depression and the uplifted bulge) is higher for a thick and dense
lithospheric root, which therefore creates a stronger relief (Figure II.5, compare DELI10,

DEL12, DEL 17 and DEL 19). On the contrary, a lower viscosity contrast between
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lithosphere and asthenosphere results in lower amplitude of topography (Table I1.3, DEL20
not detailed here).

Geometry and propagation of delamination is controlled by the presence/absence and
size of the orogenic root. In experiments where the lithospheric root is absent (Table 11.3 and
Figure I1.5, DEL17 and DEL16, not detailed here), delamination begins strongly delocalized
along the asthenospheric channel and, afterwards, irregularly propagates in several directions.
As a consequence, the topographic signal following the delamination is also heterogeneous in

shape and amplitude.

4. Discussion

All the parameters discussed below are listed with symbols and units in section 8.

4.1. Forces at work during delamination

A typical feature of delamination, compared to convective removal, is that the
lithospheric mantle delaminates coherently, with little internal deformation and with a
geometry comparable to that of a subducting lithosphere. Thus, the following analysis of
forces acting during the delamination process is partly inferred from previous studies on
subduction [e.g. Forsyth and Uyeda, 1975; Turcotte and Schubert, 1982; Conrad and Hager,
1999; Funiciello et al., 2003; Lallemand et al., 2008].

The main driving force is the gravitational instability generated by the presence of the
lithospheric root that progressively pulls down the lithospheric mantle. The root pull (F},)
increases with time as more lithospheric mantle is delaminated. In analogy with the slab pull
[e.g. Forsyth and Uyeda, 1975; McKenzie, 1977; Davies, 1980], our root pull force can be
expressed as
Fy=4pghiuWH (1)
where 4p is the density contrast between the lithospheric mantle and the asthenosphere, g the
gravity acceleration, 4z, is the thickness of the delaminated lithospheric mantle and W and H
the width and thickness of the lithospheric root respectively.

The resisting forces include the shear resistance at the lower crust/lithospheric mantle
boundary, the bending resistance, and the asthenosphere resistance at the interface with the
DLM. First, the lithospheric mantle has to overcome the coupling (i.e. the shear resistance)
with the lower crust. The shear stress at the base of the lower crust 7;¢ is proportional to the

shear rate y and the viscosity of the lower crust #c,
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The lower crust deforms by a combination of Couette and Poiseuille flow. However, side
view photos show a pattern closer to Couette flow’s geometry at the base of the lower crust,
consistent with the deformation observed in numerical models [Le Pourhiet et al., 2006].
Therefore, we will approximate the shear rate at the first order as Couette flow in a

Newtonian fluid so that

v =v/hrce (3)
where v is the velocity in the lower crust and /. its thickness. Expressions (2) and (3) give
t.c =V nc/hic 4

The delamination process requires bending of the lithospheric mantle. Following
Turcotte and Schubert [1982], the force necessary to bend a viscous layer can be
approximated by
Ry = Vahori v’ (5)
where Vs the velocity of delamination, %y, and » the viscosity and radius of curvature of the
lithospheric mantle respectively.

The displaced asthenosphere also exerts a viscous resistance on the DLM at its
interface. For subduction, this resistance has been solved with fluid dynamics equations for
the case of a stationary slab [Turcotte and Schubert, 1982]. Following the simplification
adopted by Funiciello et al. [2003], we will only estimate the order of magnitude. At the first
order, the viscous shear resistance is proportional to the asthenosphere viscosity 74, and

velocity of delamination V;
Rasth o Hasth Va’ (6)

Acceleration of delamination with time implies a faster increase of the driving force (root
pull) compared to the resisting forces. Indeed, the bending resistance decreases rapidly as it is
inversely proportional to the cube of the radius of curvature expressed as the deviation of the
initial straight shape. The shear resistance at the base of the lower crust and the viscous
resistance of the asthenosphere, tough increasing with the velocity in the lower crust and the
velocity of delamination respectively, do not compensate for the augmentation of the root pull
force. In the following section, we examine the evolution of the forces at work with time and
their influence on the observables (timing, velocities, topography) and attempt to further

quantify the delamination process.
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4.2. Dynamics of delamination and surface response

The initial configuration is unstable due to the negative buoyancy of the lithospheric
mantle. Conditions for initiation include a sufficient root pull: if F,, <2 x 10™* N (experiment
DEL18) the process does not start within the time span tested in laboratory (4 hours
equivalent to 113.5 My). The mantle flow generated in the asthenospheric channel is very
modest and is due to the difference of pressure between the asthenospheric channel and the
base of the heavy lithospheric root. Injection of asthenospheric material at the extremity of the
lithospheric root causes a viscosity decrease in the area previously occupied by the lower
crust. Progressive sinking of the root enlarges the conduit. Consequently, the shear resistance
77c (equation 4) is reduced with relative increase of the root pull force’s efficiency. This is
indeed confirmed in experiment DEL14: when the lower crust is twice thicker, the time
required for initiation is twice shorter (Table II.4, Figures II.5 and I1.6). A wider
asthenospheric channel (DEL11) allows for a stronger initial mantle flow that also reduces
slightly the duration of initiation phase (Table I1.4, Figures II.5 and I1.6). In order to
determine the main parameters controlling the initiation phase, we consider two parameters:
the ratio 7° between the time required for initiation (#) and the total duration of the experiment
(D):
T°=t/T (7)
and an initiation parameter (/) representing the ratio of driving forces over resisting forces
acting during initiation such as
I = F,p/t1cRpRasin (8)
I will successfully represent the possibility for delamination to initiate if it correlates well
with 7°. We can therefore try to adjust its expression empirically. In equations (4), (5) and (6),
we observe that 7z¢, Ry and R,y are proportional to nic/hic, Hasm and hLM3;7LM, respectively,

then

1oC Fophicl ML ashind s )
Moreover, the width of the asthenospheric channel, not taken into account in the force balance
analysis, is a parameter enhancing the velocity of the initiation phase and hence can be placed

at the numerator. The best fit between / and T° is obtained by adding a factor Ap° that

highlights the strong dependency of the initiation duration on the density contrast so that

1€ FopAp hieow/nichasin husi v (10)
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Figure I1.8 shows a good linearly inverse correlation between / and 7°, highlighting how /
and, in turn, the interplay between its constitutive parameters, reasonably characterizes the

possibility for the delamination to initiate.
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Figure I1.8. Plot of the initiation parameter (1) versus the ratio between the time required for
initiation of delamination and the total duration of the experiment (T°) with best fit regression

line. The regression coefficient is -7.9 x 10",

At the onset of the experiments, the zone above the asthenospheric channel undergoes
fast isostatic reequilibration and is uplifted due to the absence of lithospheric mantle. The
observed initial value of this uplifted zone ranges between 0.1 and 0.3 mm (corresponding to
0.6 to 1.8 km) and reasonably fits the prediction by Airy model (i.e. 0.24 mm; Figure I1.2a).
The depression above the lithospheric root has also a flexural bending component, as the
upper and lower crusts are deflected downward by the root pull (dynamic effect). Once
decoupling has started, the DLM bends preferentially in the region just behind the lithospheric
root, where the resistance is smaller. Indeed, the bending resistance increases as the cube of
the thickness (equation 5), preventing any important bending of the lithospheric root. Finally,
the increase of the root pull force becomes high enough to control the system dynamics. The
transition between the bending-dominated phase and the root pull-dominated phase is easily
identifiable by plotting the vertical position and velocity of the tip of the DLM against time
(Figure I1.9). At some point, the vertical velocity increases almost linearly with time, adopting
a Stokes flow-like law, also observed in numerical simulations [Le Pourhiet et al., 2006]
(Figure 11.9b). The predominance of the root pull force can be further verified by comparing

the mean vertical velocity during this period to a buoyancy parameter, B, (Figure I1.10)
defined as
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B= Frp/TLCRasth (1 1)

that we simplify, in the same way as for /, as

B FrphLC/r]LCr]asth (12)

B includes the root pull force over the asthenosphere viscosity, characteristic of a Stokes
sinker. However, the good correlation between B and the mean vertical velocity (Figure 11.9)
is obtained only introducing the ratio of lower crust thickness over its viscosity, proportional
to the shear resistance 77¢. This implies that the coupling between the lower crust and the

lithospheric mantle remains a determining force all along the delamination process.
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Figure I1.9. Evolution of (a) the vertical position and (b) vertical velocity of the tip of the
DLM through time. First stages dominated by coupling and bending are highlighted in
orange, last stage dominated by root pull and characterized by a sinking similar to Stokes
flow law is highlighted in blue. Curves stop just before the DLM touches the bottom of the box
(upper/lower mantle boundary). The slight decrease of the vertical velocity visible on a few
curves (b) is due to transitory periods of uneven delamination (lateral variations, with one

side delaminating faster than the other).
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Concurrently to the delamination acceleration, the amount of subsidence progressively
increases and the maximum locus of depression migrates laterally following the delamination
hinge motion (Figure II.2bc). This observable shows that a large part of the recorded
topographic signal can be attributed to dynamic topography. The mantle flow also speeds up,
generating fast asthenospheric upwelling. Therefore, there is a positive feedback between the
induced mantle circulation and sinking of the DLM (progression of the delamination). The
ascending asthenospheric flow is also responsible for the larger uplift of the bulge flanking
the retroward side of the dynamic depression, with an elevation up to 0.7 mm higher than the
proward bulge, which is only generated by bending (Figures I1.2cd and I1.11). Uplift of the
delaminated area is thus partly isostatic (as observed at the beginning of experiments above

the initial asthenospheric channel), and partly dynamically supported by the mantle flow.

Figure IlL.11. Reconstruction of the relationships between mantle flow and surface

topography during delamination (reference experiment DELI0 at 18 min 40s).
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In summary, velocity of propagation, amplitude of the dynamic topography and plate
motion are correlated with delamination hinge motion (Figures II.5 and I1.6) and with sinking
of the DLM, and, therefore, with mantle flow velocity. The initiation phase is mainly
controlled by the density contrast between the DLM and asthenosphere (equation 10), the
shear resistance at the base of the lower crust, the bending resistance and width of the
asthenospheric channel. During the main phase, slow migration of the delamination front
starts with active poloidal flow (Figures I1.3, II.6a and I1.9). The onset of the final phase can
be defined when the delaminated area reaches a critical value of ~ 4.5 cm. The counterflow
triggers rapid plate motion and faster delamination, correlated with strong increase of
dynamic topography (Table 1.4, Figures IL.5, I1.6 and II.11). Ultimately, delamination is
controlled by buoyancy force and shear resistance, close to a Stokes sinker behavior. The
transition between initiation (characterized by parameter /) and Stokes phases (characterized

by parameter B) can occur either during main or final phase (Figure I1.9).
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Figure I1.12. Plot of the initiation parameter (1) versus the buoyancy parameter (B). Domains
where delamination does not occur, stops during the process, or continues are constrained by
experiments DELIS, DEL20, and DELIS5. Shaded areas represent the uncertainties on the

critical values I. and B, delimiting the different domains.

One may restrict the conditions required for delamination by plotting B versus / (Figure
I1.12). If I is too small, delamination will not start (experiment DEL18). Moreover, in a

natural system, we expect the process to freeze if the motion is too slow (i.e. if B is too small)

Part II: Deep lithospheric loading 44



event though initiation was possible. Most probably, the velocity of delamination in
experiment DEL20 is too low to be sustained in a real convective-advective system, as heat
transport will be faster than material motion. We can define a range for the critical values of /
and B below which delamination will not start (Z.) or will stop (B.). We find 6.99 x 10°< I.<
2.97x 10% and 4.80 x 10"'< B, <1.68 x 10'° (Figure I1.12). The visco-elastic behavior of our
analog materials rules out the possibility for break-off of the DLM. However, detachment of
the root and/or part of the DLM will reduce the root pull force and could also cause cessation

of the delamination.

4.3. Comparison with previous modeling results

Numerical studies dealing with delamination introduced the calculation of the
topographic response using a wide range of approaches. Bird and Baumgardner [1981]
introduced the calculated dynamic pressure in the equation of elastic bending of the crust.
Schott and Schmeling [1998] computed the topography calculating the vertical normal
stresses exerted on the model surface. Gogus and Pysklywec [2008b] included a free top
surface, where topography develops as the model evolves. And, finally, Valera et al. [2011]
introduced a thin upper layer of low density and viscosity to allow the top of the crust to
behave as a free surface. The results of our laboratory models are reasonably comparable to
the numerical models by Gogus and Pysklywec [2008b] because in both cases a significant
amount of lateral migration of the delamination hinge is reproduced, whereas the other studies
predict small to moderate (less than about 400 km) hinge migration.

The typical signal characterized by the migrating pattern of subsidence and uplift - the
former caused by the sinking of the delaminated lithospheric mantle, the latter due to
asthenospheric upwelling - is consistently reproduced in both numerical and laboratory
approaches. However, in Gogus and Pysklywec [2008b] the amplitude of the highest bulge is
smaller than in our experiments. This can be explained as their weak zone consists of
normally buoyant lithospheric mantle, which acts as a barrier and slows downs the ascent of
asthenosphere. On the contrary, the buoyant “asthenospheric conduit” introduced in our setup
enables the direct impingement of the asthenosphere into the base of the crust. In both Gogus
and Pysklywec [2008b] and our models a high amplitude of the negative deflection is
obtained, related to the extra negative buoyancy imposed to initiate the delamination process.
In contrast, the models by Schott and Schmeling [1998] and Valera et al. [2008, 2011] predict
a much smaller long-term subsidence because DLM buoyancy, which is only thermally

induced, diminishes with time as heated from thermal diffusion. Valera et al. [2011] highlight
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the sensitivity to the initial crustal structure and show that in some cases of initially orogenic
crust, the sinking of DLM drags down the lower crust so that the positively buoyant thickened
crust locally overcomes the effect of negative buoyancy of DLM, resulting in overall surface
uplift. In our experiments, the lower crust acting as a decoupling layer is partly dragged
downward into the asthenosphere alongside with the DLM, while another part remains in
place beneath the upper crust. The interface between the remaining lower crust and the
asthenosphere is very irregular, probably disturbed by the mantle flow. For natural systems,
the dragged down lower crust is expected to later partially melt and mix with the
asthenosphere.

Concerning the velocity of delamination, our estimated value of 4 cm yr' for the
reference experiment (ranging from 0.7 to 14.6 cm yr’' in others experiments), is consistent
with the range of 0.3 to 8.0 cm yr’' obtained by Bird and Baumgardner [1981] for a mantle of
viscosity 10*' Pa s™. Morency and Doin [2004] found similar values, with a velocity larger
than 10 cm yr™' for a 590 km long sinking DLM and an asthenospheric viscosity of 10'* Pas™.
Our purely dynamic experiments likely lead to overestimated values of delamination
velocities, amplitude of topographic response and width of the delaminated area, because
thermal diffusion is not included [Valera et al., 2008]. Differently from numerical models
assuming a non linear rheology [Schott and Schmeling, 1998; Morency and Doin, 2004;
Gogus and Pysklywec, 2008b], strain localization and DLM breakoff never occur in our
experiments due to the constant viscosity of the materials used here, and therefore the
amplitude of depression keeps on increasing until the DLM reaches the base of the box. On
the other hand, the two-dimensional approach adopted in thermal-mechanical numerical
models likely leads to underestimation of velocity of delamination, since return flow around

the edges of DLM (toroidal flow) is not accounted for.

4.4. Comparison with natural systems

Despite the oversimplified experimental setting, we can try to export the modeling
results to interpret the behavior of natural systems, taking into account the limitations
imposed by the adopted experimental setting (see section 2). In the following discussion we
focus on a qualitative comparison with the southern Sierra Nevada range (California, USA),
as a large number of observations compatible with the occurrence of delamination are found
in this area. For instance, Zand! et al. [2004] proposed a sequential history for the evolution of
the southern Sierra Nevada, based on the lateral propagation of the foundering of an

ultramafic lithospheric root. Le Pourhiet et al. [2006] considered a completely different initial
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setup and proposed a delamination model in which a local instability induced a localized
small-scale convection that thermally eroded the lithospheric mantle, enhancing the
connection between the asthenosphere and lower crust by means of a low viscosity zone.
Whatever the triggering mechanism, our setup reproduces similar scale situation. We
performed experiments with a scaled lithospheric root of 42 to 83 km, present over a width of
83 to 250 km, coherent with the supposed delaminated root estimated to 40 to 70 km thick
[Ducea and Saleeby, 1998] that probably underlain most of the ca. 100 km-wide Sierra
Nevada range [Jones et al., 2004]. The density contrast with the asthenosphere is estimated to
10 kg m™ (from three-dimensional shear-wave velocity structure [Fay et al., 2008a]) to 200
kg m” (from xenoliths studies [Ducea and Saleeby, 1998]), in the same order of magnitude as
our scaled values of 23 to 100 kg m™. The presence of an adjacent weak area is generally
attributed to the previous early Cenozoic subduction and could represent a fluid-weakened
lithosphere by dehydration processes [Schott and Schmeling, 1998; Zandt et al., 2004; Valera
et al., 2008]. Alternatively, an “asthenospheric conduit” would be more consistent with strong
thermal thinning in the upper plate above the hydrated zone [Arcay et al., 2007]. For
simplicity, the experiments performed in this study are always characterized by free
boundaries while in nature plates are laterally confined. In particular, it would imply that the
plate motion recorded during the last stage of our experimental delamination is not realistic
since a laterally constrained natural plate would exhibit a strong active shortening retroward
of the delamination’s direction, as recorded in models characterized by free-slip boundary
conditions [e.g. Schott and Schmeling 1998]. Hence, in nature the topographic signal could
also be affected by an extra uplift due to thickening of the crust.

The global topographic pattern obtained in the analog models reproduces well the
surface features of the Sierra Nevada region. The depression over the sinking DLM is
consistent with the subsidence currently recognized in the Tulare Lake basin (southern Great
Valley [Saleeby and Foster, 2004]). Uplift associated with poloidal flow and replacement of
lithospheric mantle by more buoyant asthenosphere (Figure 11.10) is coherent with the recent
uplift/tilting of the Sierra Nevada range [Unruh, 1991; Wakabayashi and Sawyer, 2001;
Saleeby and Foster, 2004; Stock et al., 2004; Bennett et al., 2009]. The order of magnitude of
both isostatic reequilibration (2 km) and dynamically uplifted bulge (1.7 to 6.7 km) obtained
in laboratory (Figure I1.5) are similar to the estimated uplift of the Sierra >1 km [e.g. Jones et
al., 2004 and references therein]. However, in our models, the removal of lithosphere is
preceded by strong subsidence accompanying the dynamic uplift. Though today’s Great
Valley fits such a pattern [Saleeby and Foster, 2004], there is no record of subsidence in the
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Sierra Nevada Range preceding its recent uplift. Deformation pattern with proward
propagation of the extension front above the delaminated area (Figure 11.4) is consistent with
the westward migration of normal faulting along the edge of the Sierra [Jones et al., 2004 and
references therein]. Both partial melting found in the lower crust under Sierra Nevada [Ducea
and Saleeby, 1998], return-flow [Boyd et al., 2004] and high alkaline magmatic pulse
migrating over the last 4-3 Myr [Manley et al., 2000] are observations compatible with our
experimental study, which shows the strong upwelling and intrusion of the asthenosphere
along the base of the crust (Figure II.10). Mantle flow patterns imply large shear stress at the
base of the lower crust. Poloidal flow injecting the lower crust will induce proward-directed
shear, whereas the counterflow will produce retroward-directed shear. The seismic anisotropy
fabric of the crust-mantle boundary recognized using receiver functions is interpreted to be
likely caused by shearing along a detachment zone [Zandt et al., 2004], which is in agreement
with our modeling results.

One puzzling point in the history of the Sierra Nevada is the timing of delamination.
Although the presence of the eclogitic root is attested since ca. 80 My, delamination started
very recently at ca. 8§ My and was very rapid [Ducea and Saleeby, 1998; Manley et al., 2000;
Wakabayashi and Sawyer, 2001; Jones et al., 2004]. In our experiments, a long initiation
phase (because of a low root pull force and/or high viscosity contrast between lithosphere and
asthenosphere) is always correlated with a slow process and conversely. We suggest that the
onset of delamination could be related to a change in boundary conditions or a disturbing
intermediate-depth event (e.g. change in global mantle flow circulation), not reproduced in

our models.

7. Conclusions

The present work highlights the dynamics of continental delamination with little
internal deformation and triggered by the presence of a density anomaly (lithospheric root)
and a weak zone. Our results show that delamination is first controlled by coupling between
lower crust and lithospheric mantle and bending resistance of the DLM during a slow
initiation phase. The propensity for delamination to initiation can be empirically constrained
via a parameter / representative of the ratio of driving forces over resisting forces.
Delamination then evolves toward a root-pull dominated phase during which the delaminating
lithospheric mantle adopts the dynamics of a Stokes’ sinker. Vertical velocity and propensity

for the process to stop or proceed during this second stage can be characterized by an

Part II: Deep lithospheric loading 48



empirical buoyancy parameter B. The induced topographic response is a combination of local
isostatic reequilibration, flexural bending and dynamic topography. Especially, the onset of
delamination is not marked by uplift, but by a strong dynamic subsidence above the density
anomaly, associated with contraction. A poloidal mantle flow then develops around the tip of
the DLM and is responsible for a strong dynamic uplift next to the delamination hinge.
Ultimately, a counterflow triggers a retroward motion of the model that could induce a
significant amount of shortening in constrained natural systems. Many features of our models
are consistent with observations in the Sierra Nevada (overall topographic signal, migration of
extension and volcanism). However, the absence of significant subsidence preceding uplift of
the range and timing/duration of delamination suggest that others processes than pure density-

driven detachment may have affected the Sierra Nevada and triggered delamination.

8. Notation

g gravitational acceleration, m s™

hy thickness of the continental lithosphere, m

hyc  thickness of the upper crust, m

hic  thickness of the lower crust, m

hry  thickness of the lithospheric mantle, m

hasn  thickness of the upper mantle asthenosphere, m
w width of the lithospheric root, m

H thickness of the lithospheric root, m

w width of the asthenospheric channel, m
We critical width of the asthenospheric channel, m
Pl density of the continental lithosphere, kg m’

puc  density of the upper crust, kg m’

prc  density of the lower crust, kg m’

puv  density of the lithospheric mantle, kg m’

pasn density of the asthenosphere, kg m’

Ap density contrast between lithospheric mantle and asthenosphere, kg m’
n viscosity of the continental lithosphere, Pa s

ne  viscosity of the lower crust, Pa s™
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niy  viscosity of the lithospheric mantle, Pa s™

Nasm  Vviscosity of the asthenosphere, Pa s™

TILC shear stress at the base of the lower crust, N m™

y shear rate in the lower crust, s™'

v velocity in the lower crust, m s

Va horizontal velocity of delamination (hinge migration), m s

V mean vertical velocity of the DLM during Stokes’ phase, m s™

r radius of curvature of the lithospheric mantle expressed as deviation of the initial
straight shape, m

t duration of initiation phase, s

T total duration of the experiment, s

T° ratio of duration of initiation over total duration of the experiment

t° characteristic time

U°  characteristic velocity

Fy, root pull force, N

Ry bending resistance of the lithospheric mantle, N m

R Vviscous resistance at the interface DLM-asthenosphere, N m’!

1 initiation parameter, s’ m™

1 critical value of the initiation parameter, s’ m™

B buoyancy parameter, m* s* kg’

B. critical value of the buoyancy parameter, m*s* kg™
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1. Introduction, model setup and force balance

1.1. Introduction

The topography in subduction zones can exhibit very complex patterns due to the variety of
forces operating in such context. If we can deduce the theoretical isostatic value from density
structure of the lithosphere, the effect of flexural bending, and even more the dynamic
component of topography are difficult to quantify. With the following experiments, we
attempt to measure and interpret the topography of the overriding plate in a subduction
process compared to pure shortening setting. This approach aims at distinguishing and

quantifying the isostatic, flexural and dynamic component of a subduction zone.

1.2. Model setup

The performed experiments are composed of thin sheets of silicone putty and are of two
types: with a dense oceanic subducting plate (Figure III.1a), or with a light continental plate
(Figure III.1b). In both cases, the upper plate is composed of a continental lithosphere and a
weak zone that localizes the deformation in the center of the model. The plates are lying on a
Newtonian low-viscosity syrup simulating the asthenosphere. The properties of analog

materials are listed in Table I11.1.

camera

camera 3D-laser

3D-laser scanner

/4

—
7/
Piston 0 10 20cm Piston

Figure I11.1. Experimental setup for (a) subduction experiment, (b) shortening experiment.
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Material Density (kg m> )  Viscosity (Pa s)

Black ocean 1495 3.4x10°
Lower continent 1390 4.7x 10*
Black upper continent 1364 3.2x 10
Weak zone 967 1x10°
Intermediate syrup (asthenosphere) 1428 22

Table III.1. Materials properties. Viscosities are given for room temperature (22°C) and an

experimental strain rate of 10 s (scaled for nature).

The overriding plate is attached to the back-wall of the tank, and the lower plate is attached to
a piston with a constant convergence rate of 2 cm min”' equivalent to 6.2 cm yr’' in nature.
The bottom of the tank represents the 660 km discontinuity and the box is large enough to
minimize boundary effects and allows for toroidal flow in the subduction setup [Funiciello et
al., 2006]. The experimental setting is properly scaled to be comparable with nature [e.g.
Weijermars and Schmeling, 1986; Davy and Cobbold, 1991; Table I11.2]. The density contrast
and viscosity ratio between oceanic slab and asthenosphere in the subduction experiment are -
67 kg m™ and 1.5 x 10° respectively. The scale factor for length is 1.7 x 107 so that 1 cm in
the models represents 66 km in nature. The adopted setup implies the following assumptions,
and consequent limitations, that are detailed in Funiciello et al. [2003]: (1) isothermal system,
(2) constant viscosity and density over the depth of the individual layers, (3) lack of global
background mantle flow, (4) 660 km discontinuity as an impermeable barrier.

In the subduction experiment, we manually initiate the subduction by pushing the free edge of
the oceanic plate into the glucose syrup. In the shortening experiments, the three silicone
plates are attached to each other. The experiments are monitored by top and side view
photographs, and the topography is regularly recorded with a 3D laser-scanner (RealScan

USB) whose precision is 0.2 mm.

Parameter Nature Model

g Gravitational acceleration (m s ) 9.81 9.81
Thickness”

hy Lithosphere (m) 70000 0.012

Nasin Upper mantle asthenosphere (m) 660000 0.11
Density

Pe Continental lithosphere (kg m?) 3200 1390-1364

Do Oceanic lithosphere (kg m’) 3320 1495

PDasth Upper mantle asthenosphere (kg m’) 3220 1428
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pe/pasty  Density ratio continent 0.99 0.99

Po /Pastn  Density ratio ocean 1.04 1.05
Pe - Pasth Density contrast continent 20 38-64
Do - Pasth Density contrast ocean -100 -67
Viscosity
e Continental lithosphere (Pa s ') 10% 3.2-4.7 x 10*
Mo Oceanic lithosphere (Pa s ') 10% 3.4 x 10°*
Hasth Upper mantle asthenosphere (Pa s ') 10%! 22
Ne Mastn  Viscosity ratio continent 10 1.5-2.1 x 10°
No Mastn  V1scosity ratio ocean 10° 1.5 x 10°
Dimensionless parameters Equivalence model-nature
t° Characteristic time: 1.01 x 10~
(tmodel/;namre) = (4pghiits nawure / (4PNt moget * (1 modet /1 MiNmodel — 1.89 M¥nature
M1 nature
U° Characteristic velocity: 55x10°
(Umodet/ Unature) = tnature / tmodel X Lmodel /Lnature 1 em min~' peger — 3.1 cm y_l

nature

Table III.2. Scaling of experimental parameters. In both subduction and shortening

experiments, the lithospheres have the same thicknesses (1.2 cm).

1.3. Force balance

The evolution of the models is controlled by the balance between driving and resisting forces.
The possible driving forces are the tectonic force (F;) and the slab pull (£y,). The tectonic
force is the force applied at plate boundaries and is simulated in the models by the constant
push of the rigid piston. The slab pull force is active only in the subduction experiment and is
proportional to the density contrast between asthenosphere and oceanic slab (4p), gravity (g)
and slab length (L) and thickness (%;)

Fy=ApghiL (1)
The slab pull increases until the slab reaches the bottom of the box, and remains constant
during the subsequent evolution of the subduction.

The possible resisting forces are the buoyancy of the upper plate, the bending resistance, the
resistance acting at plate interface and the resistance to sliding into the mantle. For the
shortening experiment, only the buoyancy of the plates is acting on the system. Because of
convergence, the plates thicken and store potential energy. Following Artyushkov [1973],
Turcotte [1982] and Stein et al. [1989], the force per unit length due to potential energy scales
with the gravity, the density contrast of the plate with respect to the mantle and its thickness.
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This stress can be either supported or not by the strength of the plate itself, which in our case
is proportional to its viscosity and strain rate.

When subduction occurs, the lower plate has to bend to sink into the asthenosphere.
Following Turcotte and Schubert [1982], the force necessary to bend a viscous layer can be
approximated by

Ry = Vh/3;70/r3 (2)
where V' is the velocity of subduction, #, and r the viscosity and radius of curvature of the
oceanic slab (expressed as deviation of the initial straight shape) respectively. The bending
resistance is large during the first stages of subduction, but decreases rapidly with r as steady-
state is reached.

The resistance of the plates interface is proportional to the plate thickness and the viscosity of
the plate interface, considered of the same order as the asthenospheric mantle.

Finally, the resistance to sliding into the mantle is represented by the viscous dissipation
exerted at the slab-mantle interface during subduction and is directly proportional to the slab

surface and asthenosphere viscosity.

2. Experimental results

In the shortening model, we simply observe homogeneous shortening and thickening of the
plates. The most deformed is, as expected, the central weak zone, which concentrates most of
the deformation with up to 58% of shortening after 15 min of experiment (Figure III.2a to ¢
and II1.3b). The model is also flowing laterally: the width of the weak zone is almost doubled
after 15 min.

In the subduction model, the convergence is partly accommodated by the sinking of the
oceanic slab into the asthenosphere. Thus, for the same time-step, the amount of shortening is
lower than for the shortening model (Figure II1.2d to f and II1.3b). During the first 4 min of
subduction, the slab is progressively sinking into the mantle, the trench slightly advances or is
stationary (Figure III.3a), and the weak zone is slightly extending (negative value of
shortening, Figure I113.b). At 4 min, the slab reaches the bottom of the box starting the steady-
state stage of subduction. The trench then continuously advances (Figure III.3a) and the weak
zone shortens (Figure II1.3b). Both trench motion and shortening evolve almost linearly with

time.
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Shortening model Subduction model
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Figure I11.2. Top and side view photos of shortening (a, b and c) and subduction model (d, e
and f) at three different stages. The piston is on the left side of the pictures and moves toward
the right. The weak zone is the white silicone, the upper continent is red, the oceanic plate

green and the “lower” continent is brown.

Part III: Dynamic topography in subduction zones 63



@ 25 ® 7
20+
§ e
S 157 2
° s
£ £
< o
g 10 5
’_
5_
0 T T T T T T
0 5 10 15 20 0 5 10 15
Time (min) Time (min)

—&— shortening model —e— subduction model

Figure IIL3. (a) Evolution of trench motion with time. In the shortening model, it
corresponds to the boundary between the “lower” brown continent and the weak zone. (b)

Percentage of shortening of the weak zone through time.

The initial topography for the shortening model is characterized by a higher elevation of the
light weak zone, corresponding to the expected isostatic value (Figure IIl.4af). As shortening
proceeds, the elevation of the central area increases while the two other plates remain roughly
at the same elevation (Figure II1.4b to f). Two little depressions form on both sides of the
weak zone, at the boundary between the silicones. The elevation inside the weak zone does
not evolve homogeneously. The center is less elevated and two little highs rise on the both
sides. After 11 min of experiment, the weak zone has gained about 1.5 mm in global elevation
(Figure I11.4). The difference between the center and the side bulges increases up to 0.6 mm

until 9 min and then decreases when the shortening becomes extreme (> 45%).
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Figure II1.4. (a to e) Measured topography at different stage for pure shortening experiment.

() Corresponding cross-sections along y-axis.

In the subduction model, the initial topography is characterized, from the piston to the back-
wall, by a low elevation of the dense oceanic plate, a flexural bulge 0.6 mm high, the trench
forming a deep depression (-2.5 mm), the highly elevated weak zone, a little through at the
boundary between the silicone putties and the continental upper plate of intermediate
elevation (Figure IIl.5a). As subduction proceeds, the elevation of the weak area globally
increases. As for the shortening model, the elevation is not homogeneous: we also observe a

depression in the center and two bulges on both sides. But unlike in a pure shortening setting,
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the bulges are not symmetric, and the one next to the trench is significantly more elevated. As
shortening proceeds, and as for shortening models, the difference in elevation between the
side bulges and the center increases up to 1.6 mm at 12 min, then decreases until the central

depression disappear (Figurelll.5f).
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Figure IIL5. (a to d) Measured topography at different stage for subduction experiment. (e)

Corresponding cross-sections along y-axis.

3. Discussion and conclusions
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The global elevation pattern observed in both models is coherent with what is expected. In
particular for subduction, the morphology of the flexural bulge and the trench is similar to
previous analog experiments [e.g. Espurt et al., 2008; Luth et al., 2010; Husson et al., 2012].
However, a few specific features have to be explained. The two depressions on both sides of
the weak zone in the shortening models are most probably due to the boundary between the
silicones that creates a discontinuity. The basin shape at the center of the weak zone can be
explained by non-homogeneous thickening and lateral escape. Indeed, there might exist a
little boundary effect on the sides in contact with the other silicone putties. We can also
observe that there is more lateral escape in the central part of the weak zone compared to the
sides that are more coupled to the two other plates (Figure III.2bc). These two combined
effects cause higher thickening and thus elevation on the sides than in the center. Importantly,
although the along-strike elevation of the weak zone is variable, it is globally consistent with
the expected isostatic values (Figure I11.4f)

In the subduction setup, the bulge next to the trench is higher than the other (Figure III.5f). As
the slab has already reached the bottom of the tank at 4 min, this cannot be explained by
poloidal flow. A stronger shortening at the subduction front is probably the cause of the
asymmetry. It is also possible that the trench advance motion induces an overpressure of fluid
in the asthenospheric wedge increasing the elevation next to the trench. Interestingly, this
feature is also observed by Espurt et al. [2008] during flat slab subduction. The global
observed elevations are consistent with isostatic values in the very first stages, but are lower

in the late evolution (Figure I11.5f).

6

Figure I11.6. Along-strike
mean topographic profile
comparing shortening and

: subduction experiments at 20%
1 of shortening of the weak zone
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The influence of subduction and slab pull can be better observed when comparing the
elevation in shortening and subduction models for the same amount of shortening of the weak
zone, and thus the same theoretical isostatic elevation (Figure I11.6). In early stages (for 20%

of shortening), the mean elevation is 0.4 mm lower for the subduction model than for the
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shortening model, although the bulge next to the trench is higher. In intermediate stages (29%
of shortening), we observe 0.5 mm of difference, and in advanced stages (39% of shortening)
0.6 mm. Theses values correspond to 2.6 to 4 km in nature, and could represents the dynamic
effect of the slab lowering sinking into the asthenosphere and lowering the elevation of the

upper plate.

In summary, theses experiments provide insights into the evolution of topography during
subduction and a good basis for further experiments. Common features such as flexural bulge
and trench are easily observed. The upper plate elevation is very sensitive to local differences

in shortening and records the dynamic effect of the slab pull force.
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Abstract. The present work investigates the formation of curved ranges and syntaxes with
scaled laboratory experiments. We simulated the subduction and collision between a
continental upper plate and a subducting plate composed of an oceanic lithosphere and a
continental indenter comparable to India-Asia configuration. The experiments reveal that the
shape of the range (concave, straight or convex) and development of syntaxes are controlled
by the trench viscosity, the buoyancy number (F}) of the upper plate (i.e. thickness and
viscosity) and the boundary conditions. Four end-members regimes of the indentation process
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 low viscosity trench
and concave without syntaxes for a high viscosity. Convex curvature and syntaxes form by
overthrusting of upper plate material on the subducting plate, faster at the center than at the
extremities. They are associated with a rather flat slab (underthrusting) during continental
collision. 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. In contrast, low F, experiments show less pronounced curvatures associated to
thickening comparable to the early stages of India-Asia collision. Important lateral decoupling

on the sides of the indenter enhances the indentation and produces sharper syntaxes.

1. Introduction

One striking feature of mountain belts worldwide is the diversity of shapes it can adopt.
Most of the mountain ranges show a curvature concave toward the overriding plate (e.g.
Andes, Alps, Bitlis) or straight (e.g. Pyrenees, Rockies Mountains). On the contrary, the
Himalayas shows an original shape convex towards the overriding plate. The overall
geometry of the range is more complex, with a large penetration 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 IV.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
slided 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. It stretched north-south along the east
and west border of the Indian continent and curved towards the overriding plate to the north

(Figure IV.1).
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Figure IV.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.

In detail, the suture shows two small-scale sharp 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 fundamental influence on stress pattern and faulting [e.g. Seeber and Pécher,
1998; McCaffrey and Nabelek, 1998; Mohadjer et al., 2010; Kapp and Guynn, 2004].
However, the origin of the curvature of the Himalayan range remains poorly understood.

The indentation process is driven by a vigorous advance of the Indian plate [Molnar and
Stock, 2009]. Mantle tomography 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, as Indian Ocean ridge push or pull of
neighbouring 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 lead to a continuous subduction

unless India is scraped off its upper crust and part of its lower crust [Capitanio et al., 2011]. It
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is the case for the Himalaya which grows up as a sedimentary wedge [e.g. Malavieille, 1984],
by scrapping 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 eclogitisation of the
lower crust, becoming denser than the mantle, when it bent beneath the Himalaya range [e.g.
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 [A/varez, 2010; Becker and Faccenna, 2011]. The northward
motion of India occurs at about 5 cm yr™', an almost constant rate since the beginning of the
collision about 50 My ago [Patriat and Achache, 1984; Molnar and Stock, 2009].

The curvature of the trench has been observed in subduction 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 [Funicello et al., 2003; Stegman et
al., 2010]. This is consistent with natural examples [Lallemand et al., 2005]. With a
continental upper plate, the trench curves towards the subducting oceanic plate if an older
thus denser part is introduced in the middle of the subducting plate, while an opposite
curvature is obtained with the denser heterogeneity 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. Houseman and England, 1986] or use a pre-shaped plate boundary with a convex
curvature [e.g. McCaffrey and Nabelek, 1998; Seeber and Pécher, 1998]. Indentation process
has been previously simulated with a rigid, non-deformable indenter therefore preventing any
curvature but reproducing lateral escape and extrusion [ Tapponnier et al., 1982; Sokoutis et
al., 2000; Rosenberg et al., 2007]. 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 lithosphere. We test (1) which geometry and rheological parameters 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 with the subduction/collision

dynamics.
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2. Model setup and experimental procedure

2.1. Model setup

The model is composed of thin sheets of silicone putty (analog for lithospheres) lying
on top of low viscosity glucose syrup simulating the asthenospheric mantle. One silicone
layer reproduces the overriding continental plate. The subducting plate is composed of one
dense oceanic silicone (analog for Tethys oceans at the front) attached to a light continental
indenter (analog for Indian continent). In some experiments, the initial configuration is
completed by lateral oceans analog for Makran and Indonesian domains on both sides
(Figures IV.1 and IV.2). Silicone putties are visco-elastic materials, quasi-Newtonian at
experimental strain rates [ Weijermars, 1986] and the glucose syrup a Newtonian fluid. The
properties of analog materials are listed in Table IV.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 (Figure IV.2).

3D-laser scanner camera

0 10 20cm

Piston

Figure IV.2. Experimental setup. Some experiments were performed only with the frontal

ocean, others with both frontal and side oceans (Table 1V.3).
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Material Density (kg m> ) Viscosity” (Pa s)

Black ocean 1495 3.4 x10°*
Indenter (silicone 4) 1411 49x10*
Light indenter (silicone 6) 1388

Black continent 1364 3.2x10°
Weak black continent 1350 3x 10*
White continent 967 1x10*
Intermediate syrup (asthenosphere) 1428 22

“Viscosities are given for room temperature (22°C) and an experimental strain rate of 107 s™
(scaled for nature).

Table 1V.1. Properties of experimental materials.

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 scaled factor for
length is 1.7 x 10”7 so that 1 cm of the model corresponds to 60 km in nature. The density and
viscosity ratios between the oceanic silicone putty and asthenospheric glucose syrup are 1.05
and 1.5 x 10’ respectively. The piston’s velocity of 0.54 cm min™ is scaled to correspond to
5.7 cm yr'' of convergence in nature, and 1 minute in experiment correspond to 0.55 My in
nature. Further details on scaling procedure are presented in Table IV.2.

Our models are performed with the following assumptions 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.
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Parameter Nature Model

g Gravitational acceleration (m s ) 9.81 9.81
Thickness”
he Continental lithosphere (m) 100000 0.016
h, Oceanic lithosphere (m) 70000 0.012
Rasin Upper mantle asthenosphere (m) 660000 0.11
Density
Pe Continental lithosphere (kg m”) 3200 1411
Do Oceanic lithosphere (kg m’) 3320 1495
Dasth Upper mantle asthenosphere (kg m’) 3220 1428
pPe/pastn  Density ratio continent 0.99 0.99
Po /Pastn  Density ratio ocean 1.04 1.05
Viscosity
e Continental lithosphere (Pa s ') 10% 4.9 %10
Mo Oceanic lithosphere (Pa s ') 10% 3.4 x 10*
Hasth Upper mantle asthenosphere (Pa s ') 10%! 22
Ne Mastn - V1scosity ratio continent 10 2.2x10°
No Mastn  V1scosity ratio ocean 10° 1.5 x 10°
Dimensionless parameters Equivalence model-nature
t° Characteristic time: 3.46 x 10
(tmodel/tnature) = (APgM)iith nature / (AP )tith modet X (M1 model / M1 1 mMinmoedgel — 0.55 MYnature
nature) 1 hmodel — 33 MYnature
U° Characteristic velocity: 49563
(Umodet/ Unature) = tnature / tmodel X Lmodel /Lnature lemh™ g — 0.18 cm y_l

nature

*Scale factor for length Luodet/Lnawure = 1.7 X 10"

Table 1V.2. Scaling of parameters for the reference experiment (SH7).

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 silicone layers enables visualization of the surface deformation.

For representative experiments, we compute the displacement field for a small
increment of deformation (over a 1 minute time-step). We used the procedure Cosi-Corr
integrated to the software ENVI, made for sub-pixel correlation of images [Leprince et al.,
2007; Ayoub et al., 2009]. This procedure correlates one pixel of the picture of step n with one
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 experiments 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).
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2.2. Forces equilibrium
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.

Driving forces

The two main driving forces are the tectonic force (#;) and the slab pull (F,). The
tectonic force applied at the plate boundary produces the motion of the indenting plate
towards 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., 2011], ridge push [Gosh et al.,
2010], or mantle drag generated by a large scale convection cell [4/varez, 2010; Becker and
Faccenna, 2011]. In the performed 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 subduction goes on, Fy, becomes more negative (increasing negative
buoyancy) favoring extensional backarc basin [e.g. Funicello et al., 2003]. When the lighter
continental slab enters the trench and progressively subducts, F, increases toward positive
values (increasing positive buoyancy). Our model setup, considering a mean viscosity for the
continental lithosphere lead to a continuous continental subduction, equivalent to the
subduction observed after the scraped off the upper crust by Capitanio et al. [2011], showing
that the force balance is similar. During continental subduction, the trench switches to either
stationary or advance 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
[Chemenda et al., 2001; Wortel and Spakman, 2000; Regard et al., 2003; Replumaz et al.,

2010b], but is not reproducible with our model setup, and will not be considered in this paper.
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Resisting forces

Resisting forces in the system are the force acting at the plate interface depending on
coupling (Ry), the bending resistance of the plate (R;), the resistance to sliding in the mantle
(R,), and the buoyancy of the upper plate (F3). They depend on the nature of the plates and
trench motion, and have been previously quantified in experimental studies [e.g. Becker et al.,
1999; Bellahsen et al., 2005; Funiciello et al., 2008]. In our viscous simplified system, Ryis
proportional to the plate thickness and the viscosity of the plate interface, considered of the
same order as the asthenospheric mantle. The room temperature may vary from one
experiment to another causing variations of materials viscosity. The induced change is
negligible for silicone putties (maximum 10% of variation for a decrease of 5°C) but not for
glucose syrup (130% of variation for a 5°C decrease). The temperature of the glucose syrup
(Ts) and corresponding viscosity (7) is measured for each experiment (Table IV.3). It
corresponds to the viscosity of the trench and influences the lubrication efficiency of the
subduction zone. Computations of the shear friction range between 15 and 30 MPa and
contribute for about 30% of the energy dissipated during subduction. The viscous dissipation
at the trench scales with 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. R; is
represented by the viscous dissipation exerted at the slab-mantle interface during subduction
and is directly proportional to the slab surface and asthenosphere viscosity.

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 lowlands
(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, the density contrast of the upper plate with respect to the mantle and its thickness.
This stress can be either supported or not by the strength of the plate itself, which in our case

is proportional to its viscosity and strain rate.
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ment plates (upper frontal oceanic Thickness at 40 tempera viscosit Buoyancy
¢ plate silicone, oceanic plate lat (cm)* . ture P Y humber
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UP: 0.6
SH6 UP (BC): 40x20 4 10x25 Ind: 1.20 -, 4 21 46 0.8
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UP: 0.60

spzp  UP(BO):40x20 ) 4 None Ind: 1.20 9 94, 295 0.8
Ind: 20x37 ocean:
1.14
UP (sil. 4): }f;. (1)3?)
SH23  40x20 207 None 1200 16 240 29 0.1
Ind: 20x37 ‘l)clegn'

2 UP: upper plate; Ind: indenter; BC: Black continent; WBC: weak black continent; WC: white continent.

® Curvature is measured as shown on Figure IV.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.

Table 1V.3. Experimental parameters for each experiment.

Buoyancy number

The adimensional ratio between the buoyancy (4p g H) and its resistance (1 de/dt) 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
Fy=A4p g Hif / (n de/dt) (D
where 4p 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 f the thickening factor measured in the center of the upper plate.
The strain rate is calculated as
de/dt = v/ H; 2)
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

/= Hy/H, 3)
where Hyis the thickness at the considered stage. From equations (2) and (3), (1) is equivalent
to

Fy=A4p gH;Hy /nv 4)

3. Experimental results: generating curvature and syntaxes

We performed 21 experiments varying geometrical and rheological parameters and
selected 16 whose characteristics are listed in Table IV.3. By analogy with India-Asia

collision, we shall refer thereafter to regions of the experiment in terms of geographical
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directions, the southern boundary corresponding to the piston that is moving toward the north
(i.e. from left to right in all figures).

For each experiment, we observed 3 successive processes, 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 experiments in different sets. The first set includes experiments
with a buoyancy number of 0.5 to 3 favoring the thickening of the upper plate, the second set
experiments with a buoyancy number of 20 to 170 favoring the lateral escape of the upper
plate, and the third set includes experiments with lateral oceans on each the 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.

We first present three experiments from the first set. SH7 is our reference experiment

(Table IV.3).

3.1. First set (low F}), high viscosity asthenosphere (SH7)

The reference experiment SH7 is composed of a upper plate (“black continent” silicone)
of 40 x 20 x 0.55 cm’, and a subducting plate made of a continental indenter of 20 x 25 x 1.13
cm’ (Figure IV.1). The piston pushes the subducting plate at a rate of 0.54 cm min™
corresponding to 5.7 cm yr™' in nature. The buoyancy number at the onset of the experiment is
0.7 (Table IV.3). The viscosity of the trench is 42.5 Pa s corresponding to a poorly lubricated
trench.

The experiment starts by the subduction of the oceanic silicone located at the front of
the subducting plate accompanied by trench retreat (Figure IV.3). Subduction is driven by the
negative buoyancy of the slab and by the push of the advancing piston. The trench gently
curves toward the south (Figure IV.3ae) 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 perturbation at each extremity of the downgoing plate,
similar to a proto-syntaxis. At the beginning of continental subduction, buoyant material
enters at the trench and changes the force equilibrium: slab pull decreases in amplitude
(Figure IV.3e) and the trench advances. The curvature remains oriented toward the subducting
plate during early continental subduction (Figure 1V.3e). When slab pull approaches zero,
subduction becomes less efficient and the trench adopts a straight shape (Figure IV.3b), which
progressively reverses to form a concave arc without syntaxes (Figure IV.3c). Finally, when

the buoyancy of the slab becomes positive, the trench locks, no more material subducts and

Part IV: Surface expressions of subduction and collision 82



continental collision initiates. The curvature amplifies during the continental collision phase.

It generates an indentation opposite to the Himalayan curvature without any syntaxis.
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Figure IV.3. (a, b and c) Top and side views 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 underlined in green, continental slab in orange, upper plate in
white. (d) Displacement field computed with Cosi-Corr plugin (see text for details) over a I-

minute time-step. (e) Timeline illustrating the main phases of subduction and collision, with
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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.

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 IV.3d). We measure the partitioning of the convergence along a mid
north-south line after 40 minutes of piston advance. The N-S shortening of the upper plate
(Sup) 1s calculated as the difference between final and initial lengths (L,,rand L,,; respectively)
Sup = Lups= Lupi (5)
For the shortening of the subducting indenter (S;), we take into account the length of the
continental slab (L) such as
Si=Ly+Les-Li (6)
Where L;; and L;sare the initial and final lengths of the indenter respectively.

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

S,=vt (7)
Where v is the piston velocity (0.54 cm min™) and ¢ the time step at which we calculate the
partitioning of the convergence (40 min).

The percentage of convergence accommodated by shortening of the upper plate (P,,) is
P,=100S,,/S, (8)
The same expression apply for the indenter

Pi=1005;/S, ©)
The remaining part of N-S convergence that is not accommodated by shortening of the plates
is due to subduction.

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.
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Figure IV 4. (a, b and c) Top and side views photos of experiment SH22 at 1 min, 25 min and
45 min respectively. (d) Displacement field. (e) Timeline, curvature and slab pull evolution.

Legend is the same as for Figure IV.3.

3.2. First set (low F}), low viscosity asthenosphere (SH22)

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. The early evolution is the same as SH7:
the trench forms a convex arc during oceanic subduction, with a proto-syntaxis at each
extremity (Figure IV.4ae). 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 IV.4e). The trench did not locked at the
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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 ca. 20 minutes
(11 My), the trend reverses and both the curvature and proto-syntaxes amplify forming an
orocline convex toward the south (Figure IV.4be). Although the slab does not sink vertically
anymore, a little amount of continent is forced to subduct forming a rather flat slab in late
stages (underthrusting). The more efficient lubrication of the trench allows more continent to
subduct despite the positive buoyancy of the slab, driven by the push of the piston combined
with the anchor of the oceanic slab. The displacement field in the upper plate is as for SH7
dominated by N-S shortening in front of the indenter that rotates laterally on each side (Figure
IV.4d). The difference in N-S shortening between the center of indenter and its sides results in
a relative transversal flow of upper plate material overthrusting the subducting plate. This
transversal flow enhances the convex orocline and the development of syntaxes during
collision (Figure IV .4ce).

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

3.3 First set (low F}), low viscosity asthenosphere, weak upper plate (SH9)

Experiment SH9 is similar to SH22 but performed with a weaker upper plate to test the
influence of its viscosity (Table IV.3). The early stages of oceanic and continental subduction
are similar to that of experiment SH22 with the formation of proto-syntaxes and a convex
arcuate trench (Figure IV.5a), which progressively straightens during late continental
subduction (Figure IV.5be). However, unlike SH22, it goes through an episode of concave
orocline correlating with an almost zero slab pull force (neutral buoyancy; Figure 1V.5¢).
Similarly to SH22, when the slab pull reaches positive values the curvature evolution reverses
to a convex shape that is amplified during continental collision (Figure IV.5ce). The upper
plate undergoes N-S shortening at the orogenic front, E-W extension in all the plate and
rotation at the free edges as shown on the velocity field (Figure IV.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.
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Figure IV.5. (a, b and c) Top and side views photos of experiment SHY at 1 min, 25 min and
50 min respectively. (d) Displacement field. (e) Timeline, curvature and slab pull evolution.

Legend is the same as for Figure IV.3.

3.4. Second set (high F}), high viscosity asthenosphere, weak upper plate (SH15)

In experiment SH15, we used a upper plate three time weaker than for SH7 to further
explore the influence of rheology. This experiment has a high buoyancy number (£} = 20.8).
The main effect of the weaker silicone is to favor gravitational collapse (Figure IV.6). The
viscosity of the trench is 42 Pa s leading to poor lubrication.

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
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indentation (Figure IV.6). Despite a viscosity of the upper plate lower than for SH9, the poor
lubrication of the trench prevents efficient overthrusting and relative transversal flow. The
final curvature is concave and no syntaxes are formed, similar to that of experiment SH7. The
orogenic front is characterized by N-S shortening while lateral escape and rotation
predominate at the edges of the upper plate (Figure IV.6d). The total thickening is lower than
for first set experiments and compensated by a larger amount of lateral escape. The
subduction undertakes 62% of the convergence, N-S shortening of the upper plate 28% and
N-S shortening of the indenter 10%.
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Figure 1V.6. (a, b and c) Top and side views photos of experiment SHI15 at 1 min, 25 min and
50 min respectively. (d) Displacement field. (e) Timeline, curvature and slab pull evolution.

Legend is the same as for Figure IV.3.
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3.5. Second set (high F3), low viscosity asthenosphere, thick and weak upper plate
(SH13)

Experiment SH13 has among the highest buoyancy number (¥}, = 181.4), due to thicker
upper plate compared to SH15 (Table IV.3). The viscosity of the trench is 18.5 Pa s leading to
good lubrication.

As in reference experiment SH7, the trench forms a convex arc during oceanic
subduction and early continental subduction (Figure IV.7ae). 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 continuous. The eastern half of the
trench, where the trench locks, curves concavely. For both sides, the major change in
curvature orientation occurs when, or soon after, the buoyancy reaches positive values (Figure
IV.7ce). In the region of convex orocline, the curvature rapidly accentuates during continental
collision as the relative transversal flow is amplify by a collapse of the overriding 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).

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 IV.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.
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Figure IV.7. (a, b and c) Top and side views photos of experiment SHI13 at 1 min, 22 min and
43 min respectively. (d) Displacement field. (e) Timeline, curvature and slab pull evolution.

Legend is the same as for Figure IV.3.
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3.6. Third set (lateral oceans), low Fj, high viscosity asthenosphere (SH6)

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

In experiment SH6, the upper plate is made of black silicone identical to that of SH7
(Table IV.3). The buoyancy number is low (F, = 0.78) and the trench viscosity is high (46 Pa
s) leading to poor lubrication.

The experiment starts by the subduction of the oceanic silicone located at the front of
the subducting plate accompanied by trench retreat. The trench acquires a slightly concave
shape during this phase as trench retreat is faster on the sides (Figure IV.8a). This curvature is
then accentuated during the continental subduction stage. Oceanic subduction proceeds on the
sides while lighter indenter (continent) is subducted at the center. 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 lead to a more pronounced
concave curvature (Figure IV.8b). The orocline shape is finally amplified all along the
continental collision phase (Figure IV.8ce) and generates a large indentation (ca. 40% of the
final length) opposite to the Himalayan curvature; no syntaxes are formed.

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 IV.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 shortening of the upper plate.
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Figure IV.8. (a, b and c) Top and side views photos of experiment SH6 at I min, 25 min and
50 min respectively. (d) Displacement field. (e) Timeline, curvature and slab pull evolution.

Legend is the same as for Figure IV.3.

3.7. Third set (lateral oceans), high F;, low viscosity asthenosphere (SH20)

Experiment SH20, is performed with a weak upper plate (white continent) as thick as
SH13, that is three times thicker than SH15 (Table IV.3). This experiment has the highest
buoyancy number (¥} = 187), almost 10 time that of SH15, similar to SH13. The viscosity of
the trench is 44.5 Pa s, leading to poor lubrication.

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) leading to a concave orocline (Figure IV.9ae). However, the curvature of the
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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
overflowed center of the continent, the edges of the continent form proto-syntaxes (Figure
IV.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 (Figure IV.9ce). The upper plate also undergoes pronounced lateral flow (Table IV.3).
Deformation of the upper plate is dominated by N-S shortening and E-W lateral escape.

We also observe a very limited rotation of the extremities of the upper plate (Figure IV.9d).
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Figure IV.9. (a, b and c) Top and side views photos of experiment SH20 at 2 min, 25 min and
50 min respectively. (d) Displacement field. (e) Timeline, curvature and slab pull evolution.

Legend is the same as for Figure IV.3.
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4. Discussion: range shape evolution

The continental lithosphere has long been considered too buoyant to subduct on his
own, and even attached to a dense oceanic slab, break-off should occur once the continent
entered the trench [Wong 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 and collision with a light indenter attached to a dense oceanic plate as
shown in numerical model with a continent 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 grow 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 correlated to the trench

viscosity, the buoyancy number of the upper plate, and the lateral decoupling.

4.1. Subduction efficiency

If the viscosity of the trench, corresponding to the viscosity of the asthenosphere, is
high (> 35 Pa s), the subduction interface is poorly lubricated. The continental subduction will
tend to lock early and proto-syntaxes will be annealed while the concave curvature appears
(Figures IV3, IV.6, and IV.8). On the contrary, if the viscosity of the trench is low (< 35 Pa s),
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 IV.4, IV.5, IV.7, and IV.9). The continuity of the
subduction process coupled with the positive slab pull generate a convex curvature.

Such a curvature has been observed when an oceanic plate subducts under its own
weight and collapse, generating a toroidal flow which makes the trench curves toward the
subducting plate [Funicello 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 forward (Figures IV.3 to IV.9).

We can illustrate the effect of subduction efficiency on range shape by plotting the

normalized continental slab length (L,,) versus curvature at a certain time (Figure IV.11a).
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The normalized continental slab length is obtained by dividing the continental slab length (Ly)
by the total thickness of glucose syrup in the tank (#,). 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 IV.4c, IV.5c, IV.7¢c, and IV.9c). Moreover, we observe that the change from
straight to convex curvature often occurs when the force balance reaches or is close to neutral
buoyancy of the slab (e.g. Figures IV.4e and IV.5¢). When this threshold is attained, the
subducting plate adopts a larger radius of curvature and underthrusts the upper one at a flat
angle. A part of the convergence previously undertaken 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.

If the subduction stops, the radius of curvature of the slab is small, and the
underthrusting of the subducting plate is reduced. The upper plate does not overthrust the
indenter nor curves convexly.

A particular case can occur when the trench partially locked on one side because of
local adhesion 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

IV.7).

4.2. Buoyancy number

The buoyancy number, depending mainly on the thickness and viscosity of the upper
plate, is responsible for the amplitude 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 indenter than on its sides.

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 IV.5) reveals vertical flattening in the central area of the upper plate, with A; vertical
and A3 orogen-normal. The most external parts are characterized by plane strain to slight
horizontal constriction (Figure IV.10a). This is coherent with the velocity field showing N-S
displacements in the central area and E-W extrusion and rotation in external areas (Figure

IV.5d). In summary, a low F} (thin and/or strong upper plate) favors the thickening of the
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upper plate, especially in front of the indenter (Figures IV.3, IV .4, IV.5 and IV.8). Formation
of convex curvature and syntaxes is possible if the trench is well lubricated, but amplitude of
overthrusting will be small. 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.

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 (Figure
IV.10). The strain in the upper plate is typically that of experiment SH13 (presented in Figure
IV.7) characterized by a A; orogen-parallel and a A3 vertical. The central area deforms by
horizontal constriction while external parts undergo horizontal flattening (Figure IV.10b).
This analysis confirms the strong lateral component observed in the velocity field (Figure
IV.7d). To summarize, for a thick and/or low viscosity upper plate convergence is more
accommodated by a very efficient lateral spreading that reduces the amount of thickening and
can lead to vertical thinning. A well lubricated trench favors the overthrusting of the upper
plate on the indenter. This dynamic generates a convex curvature and syntaxes of large
amplitude compared to experiments with low F}, (e.g. Figures IV.7 and IV.9). Theses results
are consistent with thin-viscous-sheet models showing a more important range curvature for
upper plates of higher gravitational potential energy [Copley, 2012]. However, we also
observe that the final shape of the trench is less pronounced for experiment SH9 (Figure IV.5;
Fy=1.7) than for SH22 (Figure IV.4; I}, = 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 trench viscosity (34.5 Pa s for
SH9, 29.5 for SH22) could also explain the lower amplitude of the curvature. In the case of
high F;, the convex shape of the suture is compatible with the Tsangpo suture but the upper
plate is thinning unlike the Tibetan Plateau.

The buoyancy number also influences the timing of syntaxes formation. In all
experiments, there is a competition between thickening and lateral escape. High F}, leads to
important 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 IV.11b shows the buoyancy number plotted against the normalized
continental slab length. The dotted line representing the amount of subduction after which
syntaxes form is shifted toward larger values for high F) experiments. In other words,

syntaxes and thus convex curvature appear later. To summarize, for low F) experiments
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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 appears later.

. continental slab (indenter)

Piston

Figure IV.10. Three-dimensional strain analysis (Appendix A) on two typical experiments (a)
SHY (see Figure IV.5 for details), (b) SHI3 (see Figure IV.7 for details).

4.3. Lateral decoupling

If the continent is bounded by two lateral oceans (Figure IV.8 and 9), they subduct
vertically or slightly retreat, while the continent moves forwards 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 towards the upper plate as observed for the
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Himalayan range (Figure IV.1). This configuration mimics the strong lateral decoupling of the
Indian continent sliding northwards along the Sagaing fault to the east and the Chaman fault
to the west (Figure IV.1). It leads to a larger indentation of the upper plate and sharper

syntaxes.
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Figure IV.11. (a) Continental slab length as a function of curvature at 40 min (22 My). Filled
circles are those of experiments with syntaxes and convex curvature (positive), empty circles
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 continental subduction (efficient, see
text for details). (b) Graph representing the buoyancy number (Fy) versus the normalized

continental slab length (Ls,). The dotted line highlights the stage of syntaxes formation. (c)
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Buoyancy number and trench viscosity plotted for each experiment showing four domains
with concave or convex curvature, and thickening or collapse dynamic. The boundary

between thickening and collapse regimes is uncertain and illustrated by the shaded area.

4.4. Comparison with the India-Asia collision

The Himalaya range shape is convex towards the overriding plate, with two syntaxes at
both east and west extremities (Figure IV.1). This shape is correctly reproduced in our
experiments, when continental subduction is continuous (Figures IV.4, IV.5, IV.7 and 1V.9).
An efficient subduction process is driven by a well lubricated trench, corresponding to a
lower viscosity of the asthenosphere. When the force balance reaches neutral buoyancy of the
slab, the subducting plate underthrusts the upper one at a flat angle, which accommodates a
part of the convergence previously undertaken by the subduction. The transfer from vertical
motion (sinking slab) to 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. Andes, Alps, Bitlis) or straight (e.g.
Pyrenees, Rockies Mountains).

The convexity of 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 ca. 15 My
of collision (occurring generally from 20 to 45 min) while it started 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 310 km after 45 My of collision and the one of SH13 to 400 km. This suggests
that the current state of the Himalayan range is best represented by a rheology intermediate
between these two experiments.

The dynamic in experiments with high F}, is dominated by collapse dynamic, enhancing

the lateral spreading and reducing the thickening in front of the indenter (Figures IV.6, IV.7
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and IV.9). The indentation of such a high F}, lithosphere could produce an overall range shape
similar to the Himalayan, with a convex curvature (Figures IV.7 and IV.9), but could not
reproduce the thickening of the Tibetan Plateau, and generates an overestimated extrusion.
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
ca. 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.

Inefficient subduction Efficient subduction

@ // relative transversa

High F,

Low Fb

Figure IV.12. Sketch summarizing the possible indentation dynamics depending on buoyancy
number and subduction efficiency. (a) Reduced crustal thickening with indentation, large
lateral flow, no overthrusting, (b) reduced crustal thickening, large lateral flow, large
overthrusting, (c) large crustal thickening with indentation, reduced lateral flow, no

overthrusting, (d) large crustal thickening, reduced lateral flow, reduced overthrusting.
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5. Conclusions: Four end-members regimes of indentation

Our experiments highlight four end-members regimes of indentation (Figures IV.11c
and IV.12):

(1) high buoyancy number (collapse), high viscosity trench: collision regime leading to
concave curvature and absence of syntaxes, with lateral extrusion as a main process of
deformation of the upper plate and limited thickening (SH1S5; Figures IV.6, IV.11c and
IV.12a).

(2) high buoyancy number (collapse), low viscosity trench: indentation regime
enhancing large amplitude syntaxes and convex curvature with large lateral flow,
overthrusting of the upper plate and vertical thinning such as occurring today in the Tibetan
plateau (SH13; Figures IV.7, IV.11c and IV.12b).

(3) low buoyancy number (thickening) and high viscosity trench: collision regime
leading to concave curvature and absence of syntaxes, with thickening coupled to limited
lateral extrusion (SH7; Figures IV.3, IV.11c and IV.12c).

(4) low buoyancy number (thickening) and low viscosity trench: a collisional regime
promoting convex curvature and thickening coupled to lateral escape that could be compare to
early stages of India-Asia history, shape of the suture and thickening of the Tibetan Plateau
(SH9; Figures IV.5, IV.11c and IV.12d).
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