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Abstract

Several compressional contexts, such as those involving juvenile or thickened crust, are expected to be associated with rather hot
lithospheres whose mechanical behaviour remains poorly documented. In this paper, we present a series of analogue models dedicated
to compression of lithospheres characterized by a thin upper brittle crust overlying a weak ductile crust and a ductile sub-Moho
mantle. The models show that (1) deformation is controlled by the ductile layers that undergo distributed thickening, (2) thrust systems
are limited to the upper brittle crust, (3) thrusting induces burial and stacking of upper crust pop-downs. The overall deformation
patterns can be basically interpreted in terms of pop-down thrusting of the brittle crust and pure-shear type ductile flow of crust and
mantle. Moreover, the models show that the sinking of supracrustal units does not require inverse density profiles but can be simply
driven by compression. Model deformation patterns are consistent with those shared by many ancient belts, including not only
Archaean granite—greenstone belts, but also more generally Paleoproterozoic ones. They provide also insights on deformation modes

that may characterize modern thickened and abnormally hot domains like High Plateaus.
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1. Introduction

The rheological layering of the continental lithosphere
that is a key parameter for the dynamics of orogenic
systems depends on the composition of crust and mantle,
including fluids, tectonic regime and thermal state. As a
first approximation one can distinguish “cold and strong”
lithospheres with the highest strength located in the sub-
Moho mantle from “hot and weak” lithospheres where the
only high strength layer is the brittle upper crust (Brun,
2002). The transmission of compressive stresses depends
directly on the presence of high strength layers. Converse-
ly, body forces tend to be more effective in dominantly
ductile lithospheres (England and McKenzie, 1982)
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allowing the possible development of Rayleigh—Taylor
instabilities (e.g. Houseman and Molnar, 1997) or gravity
collapse (Brun, 1999; Rey et al., 2001a).

Within strong lithospheres, the occurrence of a stiff sub-
Moho mantle is in particular responsible for the develop-
ment of lithosphere-scale thrust systems and subsequent
continental subduction. This is rather well understood in
modern collision zones where a décollement in the ductile
lower crust allows for the subduction of the lithospheric
mantle and the development of crustal-scale accretionary
wedges (e.g. Alps: Schmid et al, 2004, Himalayas:
Harrison et al., 1998, North American Cordillera: McClel-
land and Oldow, 2004, Pyrénées: Roure et al., 1989). The
stacking of crustal units decoupled from the underlying
lithospheric mantle has been imaged by deep seismics in
several collisional belts (e.g. Choukroune, 1989; Nelson
et al., 1996; Hauck et al., 1988; Schmid and Kissling,
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2000). The mechanics of stacking and crust-mantle
decoupling have been explored using both analogue (e.g.
Davy et al., 1990; Davy and Cobbold, 1991) (Fig. 1a) and
numerical (e.g. Beaumont et al., 1996, Pfiffner et al., 2000;
Braun and Pauselli, 2004) models.

In modern-type plate tectonics, soft lithospheres
occur in domains of high heat flow, like back arc-type
(Collins, 2002; Hyndman et al., 2005) or hot spot-type
tectonic environments (Wakabayashi, 2004), or in
collisional domains after significant crustal thickening
and thermal relaxation, as illustrated in Tibet (Nelson
et al.,, 1996; Clark and Royden, 2000; Mechie et al.,
2004). In such tectonic environments, the Moho tem-
perature is commonly higher than 800 °C, leading to a
low strength lithospheric mantle (Sonder et al., 1987,
Ranalli, 1997). In many Precambrian orogens, structural
and metamorphic patterns that strongly differ from those
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Fig. 1. Examples of lithosphere-scale analogue compressive experiments
involving a brittle sub-Moho mantle (a) and a ductile sub-Moho mantle
(b) (modified after Davy et al., 1990 and Davy and Cobbold, 1991).

characterizing modern plate tectonics are considered to
result from deformation of soft lithospheres (Chouk-
roune et al., 1995; Hamilton, 1998; Bailey, 1999;
Hamilton, 2003; Gapais et al., 2005). A few analogue
models of soft lithosphere involving a two-layer brittle—
ductile crust and a wholly ductile mantle have argued for
rather distributed strains, wider deformation zones, and
thrust systems mainly restricted to the upper brittle crust
in the absence of a brittle sub-Moho mantle, compared
with strain localisation observed within 4-layer litho-
spheres with a high strength sub-Moho mantle (Davy
et al., 1990; Davy and Cobbold, 1991) (Fig. 1b). These
models bring some light on possible causes of the
peculiar deformation patterns frequently observed in
ancient orogenic belts where large-scale thrust systems
are in particular poorly documented (Gapais et al., 2005
and refs. therein). However, despite frequent peculiar-
ities, Precambrian orogens are often interpreted in terms
of modern Alpine tectonics (Windley, 1993; De Wit,
1998). In other words, the deformation of soft litho-
spheres is not very well know and most often remains a
matter of debate between extremely opposite opinions.

In the present paper, we describe a series of analogue
models of soft lithospheres that underwent strong horiz-
ontal compression. Models are all made of a thin upper
brittle layer resting on top of two thick viscous layers
representing the ductile crust and mantle. A broad range
of strength profiles has been explored through experi-
ments run at different room temperatures and shortening
velocities. The deformation modes that characterise
these weak lithosphere models are analysed with
reference to variations in rheology. Implications are
discussed with particular reference to Precambrian
tectonics and to modern thickened compressive defor-
mation zones.

2. Experimental procedure

In our experiments, a brittle—ductile slab represent-
ing a lithosphere floating on top of a low viscosity fluid
representing the asthenosphere is shortened horizontally
at constant velocity (Fig. 2a). We assume that the
thermal state of the lithosphere at the onset of shortening
is such that both the lower crust and the lithospheric
mantle have a fully ductile behaviour. Consequently, the
lithospheric slab is made of one sand layer to simulate a
frictional upper crust and of two silicone layers with
different viscosities and densities to simulate the ductile
middle—lower crust and the lithospheric mantle. Our
silicone putties (GSIR gum from Rhone Poulenc,
France) exhibit a temperature-dependent viscosity
expressed by various viscosity contrasts between the
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Fig. 2. Experimental setting (a) and viscosity—temperature relationships
for the silicones used in the experiments (b). M1 and M2, silicones used
for the mantle. C1 and C2, silicones used for the ductile crust. Vertical
lines indicate the three temperatures tested in the series of experiments.

ductile crust and the ductile mantle within a 20 °C
temperature range (Fig. 2b). The scaling of comparable
lithosphere-scale models has already been discussed in
several previous papers to which the reader is referred
for details (e.g. Davy and Cobbold, 1991; Brun, 2002).

We present five experiments with identical initial
geometry and physical properties but with variable
boundary velocity (7)) and room temperature (7). By
varying these two parameters, one can examine the
impact that contrasted coupling between the various
lithospheric layers has on the deformation mode. In-

deed, an increase in model shortening velocity results in
a decrease in the relative strength between brittle and
ductile layers. Running experiments at different room
temperatures allows further exploration of the impact of
strength contrasts between silicone layers on deforma-
tion modes (Fig. 2b). The strength profiles for the five
experimental runs are given in Appendix 1.

2.1. Analogue materials

The upper crust is made of dry Fontainebleau sand, a
cohesionless eolian quartz sand with a frictional angle of
about 30°. Its density was adjusted to 1.35 by adding
ethyl-cellulose powder. Newtonian silicone putties
(GS1R gum from Rhone Poulenc, France) with densities
of 1.42 and 1.52 are used to represent the ductile crust
and mantle, respectively. Their viscosities vary with
temperature between 3.0x 10> and 5.0x 10* Pa s (Fig.
2b and Table 1). The initial thickness of the different
layers was fixed to 0.5 cm for the upper brittle crust,
1 cm for the ductile crust, and 1.5 cm for the lithospheric
mantle. In order to introduce markers within the models,
the ductile crust and mantle layers are made of silicone
sub-layers of different colours that display a slight
contrast in viscosity (Fig. 2b and Table 1).

A low viscosity fluid made of a mixture of glycol,
water and sodium polytungstate, with a density adjusted
to 1.62, represents the asthenosphere.

2.2. Deformation rig

The model is set up in a rectangular tank (40 x 30 x
12 cm) inside which a mobile wall connected to two
half-side walls and driven at a constant rate by a screw
jack powered by a stepping motor (Fig. 2a). The free
extremity of each of the half-side walls imposes
velocity discontinuities (VD) within the model. This
was made in order to favour strain localization away
from the moving plate.

Table 1
Physical parameters for the different experiments performed
Temperature Velocity Viscosity u (Pa s) Mean Mean
T (°C) V (cm/h) Crust Mantle viscosity v¥sc<)51ty
contrast difference
Cl 2 Ml M2 (Pa s)
30 5.0 2.2x10* 1.00x 10* 4.00x10* 3.40x10* 231 2.10x10*
1.0
0.5
25 0.5 2.50x10* 1.50% 10* 5.50x10* 5.50x 10 2.75 3.50x10*
18 0.5 3.75%10* 2.90x%10* 1.10x 10° 9.00x 10* 3.01 6.68x 10
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2.3. Experiments

Experiments have been carried out at three constant
displacement velocities of the mobile wall of 0.5, 1.0
and 5.0 cm/h and three constant room temperatures of
18, 25 and 30 °C (Table 1). In all experiments, models
were shortened up to 50%. Surface photographs were
taken at regular time intervals during experiments and
topographic maps of model surface were acquired at
different times using a laser beam scanning system.

At the end of experiments, the model surface was
covered by a neutral sand layer and wetted. The model
was then frozen at about —20 °C, and the asthenosphere-
like fluid removed as the presence of glycol prevents
freezing. The overlying frozen lithosphere slab was
extracted and serial sections were sawed parallel to the
shortening direction and photographed.

Main limitations of sand—silicone analogue model-
ling are attached to model size that must remain limited,
and to the impossibility to take into account changes in
rheological profiles due to thermal variations during
deformation (see review in Brun, 2002). In addition,
neither erosion nor sedimentation has been considered.

3. Results
3.1. Surface evolution of models

During shortening, the upper sand layer is affected by
folding and reverse faulting at one or several locations
depending on the applied boundary velocity and room
temperature. Surface photographs (Fig. 3) and topo-
graphic images (Fig. 4) of one model (V'=0.5 cm/h and
T=30 °C) illustrate an example of progressive devel-
opment of anticline or syncline structures associated to
thrust faults.

Fault spacing is generally large (Fig. 3), defining wide
undeformed domains between sites of localized
deformation.

The first thrust that develops is connected to the lateral
velocity discontinuities (VD) (Fig. 3a). New faults can
however develop at other sites not directly controlled by
the VDs (see Fig. 3b, ¢). In all experiments, the vergence
of thrusts is strongly variable in space and time (Fig. 3),
and a well-defined dominant thrust vergence was never
observed. However, one common type of elementary
thrust structure that developed in all experiments consists
in conjugate faults bounding pop-down blocks of upper
crust (e.g. PD in Fig. 3b, ¢).

The topographic images (Fig. 4) show that topo-
graphic highs are located close to the localized zones of
faulting and that undeformed domains have not

undergone significant flexure and even uplift. More
generally, all models display limited relief development.
This contrasts with four layer-type models (Davy et al.,
1990; Davy and Cobbold, 1991) (Fig. la) where the
lithospheric mantle contains a high strength brittle layer.

Fig. 3. Surface photographs of three successive shortening stages (10,
25 and 50%) of one experiment performed at 7=30 °C and V'=0.5 cm/
h. Model width is 30 cm. VD are locations of lateral velocity
discontinuities. Main thrusts and fold traces are underlined. PD shows
location of one pop down system.
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Fig. 4. Topographic maps of model shown on Fig. 3 before defor-

mation (a) and for two successive shortening stages (25 and 50%) (b,

¢). Blue areas correspond to zones of no uplift or flexure. Green and

yellow narrow zones correspond to main thrusts.

3.2. Fault patterns

At a constant room temperature of 30 °C, deforma-
tions change from strongly localized for low V values
(Fig. 5a) to rather distributed with increasing V values
(Fig. 5b, c¢). In all models, the pattern of faulting is
dominated by a “pop-down” style leading to the incor-
poration of blocks of the upper brittle layer within the
underlying ductile layer (Fig. 5).

Model building may lead to slight variations in the
thickness of the sand layer (less than 1 mm) across
models and from one model to another. Because of these
slight variations in the thickness of the sand layer,
the shape of pop-down structures ranges from sharp
triangles (Fig. 6a) to rounded pods (Fig. 6b, c). Serial
sections across one model (Fig. 5c) show the lateral
variation of an isolated pop-down structure (Fig. 7).
Thrust geometry and vergence changes along strike,
passing from a single thrust dipping left (Fig. 7b, ¢) to a
more symmetrical pattern (Fig. 7d), and then to an
asymmetrical conjugate thrust pattern with the dominant
fault dipping right (Fig. 7e, ). These serial sections also
illustrate the time sequence leading to the isolation of a
pop-down structure and its incorporation within the
underlying ductile layer.

Fig. 8 illustrates possible successive steps leading to
pop-down stacking during progressive shortening of
models. During a first stage, the deformation pattern is
symmetrical (Fig. 8a). Two thrusts with opposite ver-
gence delimitate a triangular block 1 that is pushed down
inside the ductile layer (Fig. 8b). This stage ends when
the two conjugate thrusts meet each other. As shortening
proceeds, only one thrust can remain active and the fault

V=5.0 cm/h

0 cm 5
I N

Fig. 5. Sections across the central part of three different models
performed at constant 7=30 °C and velocities of 0.5 c/h (a), 1 cvh
(b) and 5 cm/h (c). Top of the uppermost blue layer is the Moho.
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Fig. 6. Cross-sections and corresponding line drawings showing main types of pop down morphologies. Numbers refer to the order of successive pop

down formation and burial. See text for further explanations.

system becomes asymmetrical (Fig. 8c). Then, a new
thrust initiates and defines a block 2 that moves down
together with block 1 (Fig. 8d). When the two faults
controlling block 2 meet each other, a new block 3 is

Fig. 7. Serial cross-sections and line drawings showing an example of
along-strike variations of a pop down system, illustrating the way a
pop down may evolve in time.

created (Fig. 8e). This process goes on, alternating new
faults and blocks from right to left (Fig. 8f). For large
amounts of shortening and provided that deformation
remains localized at a single site, a crustal-scale vertical
block cluster develops (Fig. 6b, c).

Sharp triangular fault blocks develop in experiments
with thickest sand layers (Fig. 6a). In contrast, if the sand
layer is slightly thinner (less than 1 mm), local shortening
occurs through smooth flexure of the sand layer, evolving
into synclines whose limbs join each other to form pod
like structures (Fig. 6¢). Despite this structural difference,
the upper crust pods are incorporated into the ductile layer
according to a process similar to that described in Fig. 8.

3.3. Ductile deformation

All cross sections display short wavelength folding
of the interfaces between silicone putties of various
colours representing the ductile crust and mantle (Fig.
5). The resulting cuspate-shape folds come from
buckling instabilities due to small but significant
rheological contrast between layers (Table 1) (Fig. 2b).
Because the horizontal finite shortening is large (50%),
folds have short wavelength and large amplitude. The
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Fig. 8. Interpretative sketch of formation and evolution of a pop down
cluster. Numbers refer to the order of successive pop down formation
and burial. See text for further explanations.

largest folds initiate around vertically rising air bubbles
that were trapped in the silicone putties during model
preparation. The trajectories of the principal shortening
plane 1,4, were deduced from the axial surface of folds
(Fig. 9a, b).

To estimate the vertical component of finite strain
within ductile layers, the mean envelope of the different
silicone layers has been drawn on one representative
deformed cross section. The ratio of layer thickness after
and before deformation has been calculated throughout
the cross section for each silicone layer. Contours of this
vertical strain ratio (Fig. 9¢) show that ductile layers in
most of the model has undergone a mean thickening
value of about 1.5 except a domain of vertical thinning in
both crust and mantle below the block cluster (Fig. 9c).
Folds affect the layer interfaces within the overall
thinned area (Fig. 9a). Some of them might result from
bubble tracks, but the smaller folds likely represent
remnants of an early stage of horizontal shortening.

To confirm the existence of a domain of vertical
shortening below the block cluster, one additional
experiment was performed, with the same experimental
parameters than the model of Fig. 9 but with vertical

markers in the silicone ductile model-crust (Fig. 10a).
Changes in marker widths underline (1) a local down-
ward increase in the amount of horizontal shortening
below the undeformed sand layer (e.g. zone A on Fig.
10a), and (2) a strong vertical shortening at the base of
the block cluster (zone B on Fig. 10a). The overall
curvature of vertical markers illustrates the flow pattern
around the descending blocks (Fig. 10b). Despite the
bulk horizontal shortening at model scale, upper-crust
block burial induces a divergent flow of the underlying
ductile crust and mantle. This results in a horizontal
shearing top to model centre at the brittle—ductile inter-
face (Fig. 10b). These observations explain why 4,4,
trajectories are nearly vertical close to lateral model
borders and curve around the block cluster at the centre
of the model (Fig. 9b).

Fig. 11 summarizes, in cross-section, the overall
pattern of 4,4, trajectories deduced from the combined
analysis of experiments shown on Figs. 9 and 10. The
domain of flat lying trajectories below the block cluster
implies the existence of a neutral surface that should
migrate downward during progressive stacking of pop
down blocks. With increasing shortening and block
stacking, the neutral surface should thus migrate from the
crust to the mantle (Fig. 11). The downward migration of
the neutral surface may explain why some small folds at
the layer interfaces are still present in a domain that
displays overall vertical shortening. These folds repre-
sent an early stage of horizontal shortening not entirely
erased by subsequent vertical shortening.

One remarkable feature of the strain pattern is that,
underneath an undeformed brittle upper crust, coaxial
shortening affects both the ductile crust and mantle
surrounding the block cluster.

3.4. Variations of structures with temperature and
boundary velocity

Experiments with similar materials and initial model
geometry have been carried out for room temperatures
T=18, 25 and 30 °C and boundary velocities /'=0.5, 1.0
and 5.0 cm/h. Because variations of 7 and / have direct
consequences on the initial strength profiles (Appendix 1),
the different models display significant differences in
deformation patterns (Fig. 12). The most localized defor-
mation pattern is observed for 7=30 °C and V'=0.5 cm/h.
A decrease in Tor an increase in }V'result in more distributed
deformations due to an increase in the bulk strength of
ductile layers, and therefore of the bulk lithosphere. Be-
cause the strength of the sand layer is independent of 7'and
V, these strength changes also correspond to a decrease of
the brittle—ductile stress ratio.
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Fig. 9. (a) Line drawing of model cross-section shown in Fig. 5a (7=30 °C, V'=0.5 cm/h). (b) Corresponding strain trajectories deduced from axial
traces of minor folds. (c) Contours of ratios between initial and final ductile layer thickness (bulk finite vertical stretch, >1; Bulk finite vertical
thinning, <1). Dark grey domains are domains of bulk finite vertical shortening beneath the pop down cluster (light grey).

All models display the same deformation process
marked by (1) distributed shortening of the ductile
layers, and (2) development and burial of upper crust
pop downs. In all experiments, the envelope of the
surface and that of the base of the model lithosphere
remain rather flat. The only significant difference relates
to the degree of strain localization within the brittle
upper crust. When the shortening of the upper crust is
strongly localized (e.g. Experiment with 7=30 °C, and
V=0.5 cm/h in Fig. 12), the crust displays heteroge-
neous thickening and the Moho shows significant
deepening below the block cluster. However, away
from it, the Moho envelope is flat lying. In contrast,
when the shortening of the upper crust is more distrib-
uted (e.g. Experiment with 7=18 °C and /'=0.5 cm/h in
Fig. 12), the topography of the Moho displays undu-
lations with smaller amplitude and wavelength and
therefore a rather flat envelope. With decreasing strain
localization in the upper crust, the thickening of the
ductile lithosphere becomes more homogeneous and
domains of local vertical shortening below upper crust
pop downs tend to disappear (Fig. 13).

Despite significant variations in the depth of the
Moho, the base of the lithosphere remains rather flat
(Fig. 12). This means that during deformation, any
thickness heterogeneity created by shortening in the
brittle crust is immediately compensated by lateral
ductile flow to maintain a constant overall lithosphere
thickness. Easy lateral flow is favoured by an extremely
small strength ratio between the ductile layers and the
upper crust. Moho undulations are due to density
differences between the brittle upper crust, the ductile
middle—lower crust and the ductile mantle. In overall,
deforming models permanently trend toward isostatic
equilibrium.

4. Discussion
4.1. Mechanical significance of pop-down clusters

In nature, pop-downs and pop-down clusters associ-
ated with shortening and “thrusting” as observed in our

experiments appear rather unusual at crustal-scale.
However, similar but smaller structures have been



F. Cagnard et al. / Tectonophysics 421 (2006) 145160 153

Fig. 10. (a) Cross-section through the central part of a model built with vertical markers within the ductile crust. 7=30 °C and /'=0.5 cm/h, similar to
model Fig. 9. (b) Interpretative sketch showing main displacement directions within silicones (thick black arrows) and shear components at the brittle

ductile interface. White arrows indicate the bulk shortening direction.

described in the context of salt tectonics (Brun and Fort,
2004; Fort et al., 2004). This suggests that compressional
patterns observed in salt tectonics, in particular from 3D
seismics, could provide useful structural data bases for
application to compression of soft lithospheres. Compa-
rable geometries may also be found at larger scale in
compressive intra-mountain ramp basins bounded by
conjugate thrusts with opposite vergence (Cobbold et al.,
1993; Burg et al., 1994). Deformation features devel-
oped in our weak model lithospheres reflect a strong
mechanical control by the ductile layers, with potential
decoupling between brittle and ductile crust, as dis-
cussed below.

In compression, frictional models, as well as brittle—
ductile models involving a strong sub-Moho mantle,
generally lead to the building of asymmetric pop-up
structures above major thrusts (Malavieille, 1984;
Beaumont et al., 1996), a feature well documented in
natural examples in the Pyrenees (Choukroune et al.,
1990) and the Alps (Pfiffner et al., 2000). In contrast,
our models with their thin and brittle layer overlying
thick, ductile and weak ones provide favourable
mechanical conditions for the development of rather
symmetrical structures. Many works have consistently
argued that high brittle—ductile ratios favours the
development of thrust stacks; whereas more symmet-

rical thrust systems develop at lower brittle—ductile
ratios (see Jackson and Talbot, 1994 and refs. therein).
In our models, the strength of the ductile crust and
mantle, as well as the low brittle—ductile ratios, also
favour downward motion of upper-crustal blocks. As
upper crust pieces have a limited thickness, room can
be easily made in the ductile layers underneath.
Moreover, it is noteworthy that pop-up-type structures
are quite uncommon in our experiments and remain of

'.

Neutral surface Moho

Fig. 11. Sketch summarizing main structural features associated with a
pop down cluster. Steeply dipping lines are strain trajectories. See text
for further explanations.



154 F. Cagnard et al. / Tectonophysics 421 (2006) 145—-160

A V= 0.5 cm/h V= 1.0 cm/h V= 5.0 cm/h _
g | | (O o 7
30°C o
(o> N2 |
= A l'\
T= | & S

25°C| | -y

T= || o
18°c| NS YA Ee

Fig. 12. Line drawings of cross-section in the central part of models deformed at different temperatures (7") and shortening velocities (7). Decrease in
Vor increase in 7'result in an increase of strain localisation in the brittle layer. Grey area is lithospheric mantle.

limited amplitude. An important consequence of the 4.2. Implications for Precambrian tectonics

particular mechanical properties of models is that

topographic highs remain localized despite an overall Several features developed in our models are quite
doubling of the thickness of the ductile lithosphere comparable to structures typically found in many an-
throughout models. In other words, large bulk cient compressive belts involving juvenile crust and
shortening results in model surfaces that suggest rather associated with high geotherms (Fig. 14). These are in
limited strains. particular (1) a rather distributed crustal shortening

A
V= 0.5 cm/h V=1.0 cm/h V=15.0 cm/h
o, e

25°C

T —
ATh
0.5
1
¥ _ = 25
T= /&!—Lf‘ .
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Fig. 13. Cross-sections showing variations in ratios between initial and final ductile layer thickness (bulk finite vertical stretch, > 1; Bulk finite vertical
thinning, <1) in central parts of models deformed at different temperatures (7') and shortening velocities (7). Red lines underline the Moho, light grey
areas are sand dominated zones. Same models as in Fig. 12.
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Fig. 14. Example of interpretative crustal-scale cross-section through an Archaean granite—greenstone transpressive belt (Dharwar Craton, India).
Bottom line is the Moho; steeply dipping lines are foliation traces and shear zones; grey areas are greenstones; crossed areas are granitic domains.

Modified after Chardon et al., 1998.

marked by regional-scale steeply dipping foliations,
and (2) vertical burial of upper-crustal domains. In
Archaean deformation zones, the association between
gneiss domes and greenstone belts is commonly
attributed to vertical motions involving sagduction of
dense upper crustal material within underlying partially
melted continental crust (e.g. Gorman et al., 1978;
Schwerdtner and Lumbers, 1980; Goodwin and Smith,
1980; Dixon and Summers, 1983; Bouhallier et al.,
1995; Choukroune et al., 1995; Chardon et al., 1996;
Choukroune et al., 1997; Collins et al., 1998). The
important role of diapirism in the upward motion of hot
and buoyant gneiss domes has also been invoked in
Paleoproterozoic (Brun et al.,, 1981; Bleeker and
Westra, 1987; Pons et al., 1995; Caby et al., 2000),
and up to Neoproterozoic times (Hippertt and Davis,
2000). Most of these interpretations consider that
vertical motions are driven by inverse density profiles,
while the possible role of plate boundary tectonic
forces is often neglected. A major outcome of our
experiments is that compression of a weak lithosphere
results in downward motion of upper-crustal pop
downs accommodated by thrusting without requiring
any inverse density profile.

Associations of thrust faulting and granite—greenstone
belts have been described in several natural examples
(Gorman et al., 1978; Sawyer and Benn, 1993; Camiré
and Burg, 1993; Choukroune et al., 1997; Griffin et al.,
2004). Granite—greenstone belts are generally associated
with high-grade metamorphism and are affected by
intense distributed horizontal shortening (e.g. Chardon
et al., 1998) (Fig. 14). Therefore, deformation patterns
mainly reflect late evolution stages where supracrustal
rocks are ductile because substantially buried in the crust.
Interfaces between gneiss domes and greenstones are thus
generally steeply dipping and marked by intense shearing
deformations that attest to relative vertical motions (Fig.
14). Nevertheless, moderately deformed greenstone belts
may appear to be bounded by normal faults (e.g.
Bababudan belt, Darwar Craton, Fig. 14), which suggests

that local inverse density profiles may have some control
on sites of preferred onset of sagduction.

Models emphasize that compression of weak and
dominantly ductile lithospheres should result in distrib-
uted thickening, thrusts being limited to the thin upper
brittle crust. However, the observed strain pattern indi-
cates that the zones of pop down stacking could further
trigger strain localisation within vertical deformation
zones associated with vertical stretch. Many ancient
deformation belts are marked by distributed thickening,
but also by vertical transpressive zones that accommo-
date important components of vertical stretch (Hudle-
ston et al., 1988; Bouhallier et al., 1995; Chardon et al.,
1998; Lonka et al., 1998; Gapais et al., 2005) (Fig. 14).
These belts are also characterized by the juxtaposition,
at the same structural level, of buried supracrustals and
basement-dominated domains. Supracrustals may be
dominated by dense rocks, as in Archaean greenstones,
but also by metasediments, as observed in some
Proterozoic belts (e.g. Coats et al., 1972; Simonen,
1980; Ehlers et al., 1986). In most examples, deforma-
tions are marked by important synkinematic magmatism
and by widespread HT-LP metamorphic signatures
(e.g. Sandiford, 1989; Bleeker, 1990; Ehlers et al., 1993;
Percival, 1994 and refs. therein; Monnier et al., 1996;
Holzer et al., 1999; Caby et al., 2000; Vassallo and
Wilson, 2002) consistent with overall hot and weak
lithospheres (e.g. Bailey, 1999; Cheng et al., 2002; Rey
et al., 2003). As in our models, most of these peculiar
deformation belts show poor evidence for large-scale
thrust and nappe tectonics. Thus, metamorphic condi-
tions are often monotonous over large surfaces, sug-
gesting that isotherms remained rather flat despite
intense horizontal shortening and crustal thickening
(e.g. Ehlers et al., 1993; Pelletier et al., 2002; Gapais
et al., 2005). This latter feature is consistent with strain
patterns developed in our models, where the overall
envelopes of initially horizontal markers remain flat
after 50% shortening. A broadly distributed deforma-
tion throughout the ductile lithosphere is further
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18 0.5 1.53 4.62

Fig. 15. Estimates of strength profiles for the series of experiments at
different convergence rates (boundary velocities) and temperatures.
Table gives strength values.

expected to favour limited isostatic disequilibrium,
and consequently distributed and preferentially limited
topographic gradients. This is supported by analogue
models (Davy and Cobbold, 1991) (Figs. 1 and 4), as

well as by thermal models involving hot lithospheres
(Rey et al., 2001b; Rey and Houseman, in press).

4.3. Implications for high-plateaus

Beside implications for ancient deformation zones
involving juvenile terrains, one may consider thickened
and thermally re-equilibrated lithospheres, as for
example expected below High Plateaus like the
Altiplano or Tibet. There, many lines of evidence
suggest that the crust is thick and hot, probably marked
by partially melted zones below 20 km (see Dewey et
al., 1988; Wigger et al., 1994; Nelson et al., 1996;
Schwartz and Kriiger, 1997; Hacker et al., 2000; Yuan et
al., 2000; Ducea et al., 2003). Below the Andean
Altiplano, geophysical data indicate that compressive
deformations currently occur, while surface geology
suggests moderate erosion and deformation of the upper
crust since the last 10 Ma (Lamb et al., 1997).

In the Tibet plateau where crustal thickness is around
65+5 km (Zhao et al., 2001), seismic estimates of the
o—P quartz transition indicate temperatures of 700 °C at
18 km depth and 800 °C at 32 km (Mechie et al., 2004)
confirming previous indicators for a hot crust (Nelson et
al., 1996; Hacker et al., 2000; Wei et al., 2001; Ducea et
al., 2003). At moderate wavelengths of approximately
100 km, the plateau is flat with relief of approximately
1 km or less for most of Tibet, as opposed to the much
higher relief of up to 6 km on the plateau edges (Fielding
et al., 1994). Thin plate flexure modelling reveals lateral
variations of the elastic thickness (Te) around low
values, in the bound 10-30 km, in most of the Tibet
plateau and with lower values in the Qiantang terrain,
where Te reaches 8 km (Braitenberg et al., 2003). Such
flatness and low Te values for a thick crust provide
strong arguments in favour of crust weakness. The
large-scale morphology of eastern Tibet reflects fluid
flow within the underlying crust whose modelling
suggests low viscosities from 10'® Pas beneath the
plateau margins to an upper bound of 10'® Pas beneath
the plateau (Clark and Royden, 2000). As has been
shown long ago, the surface geology in central Tibet
does not bring evidence for strong crustal shortening
(Kidd et al., 1988; Burg et al.,, 1994; Coward et al.,
1998) despite a crustal thickness around 65 km.
Deformation is distributed with no clear vergence of
thrusts and no significant hangingwall topography
(Fielding et al., 1994; Fielding, 1996; Murphy et al.,
1997; Kapp et al., 2005). Seismic evidence suggests that
convergence has been largely accommodated through
pure-shear thickening accompanied by removal of lower
crustal material by lateral ductile flow (Haines et al.,
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2003). GPS data (Zhang et al., 2004) also argue for
distributed deformations across the plateau, still accum-
mulating today, and demonstrate a transverse shortening
velocity component of 2 cm/y between the Tsangpo
suture zone and the northern border of the plateau — i.e.
20 km of shortening per million of years.

The above lines of evidence all indicate that the Tibet
plateau corresponds to a hot and weak crust that was and
is still thickening by distributed shortening. Such
thickening likely corresponds to pure shear at litho-
sphere scale (“vertical plane strain NS shortening” of
Dewey et al., 1988) and, as illustrated in our experi-
ments, could operate by pop-down thrusting of the
brittle upper crust and ductile flow of the underlying
crust and mantle. Finally, the pop-down mode of upper
crust deformation offers a simple solution to the tectonic
paradox of High Plateaus of Tibet-type where the crust
is significantly thickened without neither significant
topographic gradients nor evidence of strong shortening
at surface.

5. Conclusions

The analogue modelling study of weak lithosphere
shortening presented in this paper emphasizes an original
mode of thickening that can be summarised as follows.

1. The whole lithosphere undergoes nearly vertical pure
shear with the envelopes of surface, Moho and
lithosphere base remaining close to horizontal, even
for strong amounts of bulk shortening.

2. Thrusting that is limited to the brittle upper crust results
in burial of “pop-down” units. The number of simul-
taneous pop-down units reduces with decreasing values
of mechanical coupling between brittle and ductile
layers. Shortening absorbed at a restricted number of
sites leads to the stacking of several pop-down units.

3. Horizontal shortening results in distributed thicken-
ing of crust and mantle ductile layers.

Such mode of lithosphere thickening, where pieces of
the upper crust are pop-down into the ductile crust
without inverse density profile, sheds new light on the
followings.

4. The overall deformation pattern of ancient deforma-
tion zones involving juvenile crust, as commonly
observed in Archaean and Paleoproterozoic times.

5. The tectonic paradox of High Plateaus of Tibet-type
where the crust is significantly thickened without
neither significant topographic gradients nor evi-
dence of strong shortening at surface.
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Appendix A. Strength profiles

In the sand layer, the critical stress can be expressed
in terms of the difference between maximum and
minimum principal stresses and material parameters
(Ranalli, 2000). For thrust fault,

o1-03 = [2upgz(1-2) + 28]/[(* + 1)~ (1)

where p is the frictional coefficient with a mean value
of 0.58 (Krantz, 1991; Martinod, 1991); p is the density
of the sand; g is the acceleration due to the gravity; z is
the thickness of the sand layer; A is the pore fluid factor
(here equal to zero); S is the cohesion factor of the
material (equal to zero in our experiments, because the
cohesion of Fontainebleau sand used is negligible).
In the silicone layers, the shear stress is:

T = uV/t, (2)

where ¢, and u correspond to the length and the viscosity
of the silicone layer, respectively, and Vis the velocity of
horizontal displacement at the onset of the experiment.

Fig. 15 shows the theoretical strength profiles
calculated for models done at different displacement
velocities (V) and temperatures (7). Decrease in tem-
perature and (or) increase in velocity induce strength-
ening of model lithospheres. Thus, the series of
experiments (Table 1) allowed us to investigate the
effects of the variations of strength profiles on defor-
mation modes.
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