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a  b  s  t  r  a  c  t

Orogenic  wedges  locally  present  chaotic  tectonostratigraphic  units  that  contain  exotic  blocks  of  various
size,  origin,  age  and  lithology,  embedded  in a sedimentary  matrix.  The  occurrence  of  ophiolitic  blocks,
sometimes  huge,  in  such  “mélanges”  raises  questions  on  (i)  the  mechanisms  responsible  for  the  incorpora-
tion  of oceanic  basement  rocks  into  an  accretionary  wedge  and  (ii)  the  mechanisms  allowing  exhumation
and  redeposition  of  these  exotic  elements  in  “mélanges”  during  wedge  growth.

To  address  these  questions,  we present  the results  of  a series  of  analogue  experiments  performed  to
characterize  the  processes  and  parameters  responsible  for accretion,  exhumation  and  tectonosedimen-
tary  reworking  of oceanic  basement  lithospheric  fragments  in  an accretionary  wedge.

The  experimental  setup  is designed  to  simulate  the interaction  between  tectonics,  erosion  and  sed-
imentation.  Different  configurations  are  applied  to study  the  impact  of  various  parameters,  such  as
irregular  oceanic  floor  due  to structural  inheritance,  or  the  presence  of layers  with  contrasted  rheology
that  can  affect  deformation  partitioning  in  the  wedge  (frontal  accretion  vs  basal  accretion)  influencing  its
growth.  Image  correlation  technique  allows  extracting  instantaneous  velocity  field,  and  tracking  of  pas-
sive particles.  By  retrieving  the  particle  paths  determined  from  models,  the  pressure-temperature  path
of mélange  units  or  elementary  blocks  can  be discussed.  The  experimental  results  are  then  compared
with  observations  from  ophiolite-bearing  mélanges  in  Taiwan  (Lichi  and Kenting  mélanges)  and  Raman
spectroscopy  of  carbonaceous  material  (RSCM)  Thermometry  data  on rocks  from  the northern  Apen-
nines  (Casanova  mélange).  A geological  scenario  is  proposed  following  basic  observations.  The  tectonic
evolution  of  the retroside  of doubly  vergent  accretionary  wedges  is mainly  controlled  by  backthrust-
ing  and  backfolding.  The  retro  wedge  is  characterized  by  steep  slopes  that  are  prone to  gravitational
instabilities.  It triggers  submarine  landslides  inducing  huge  mass  transfers.  This  erosion  combined  with

backthrusting  could  favour  exhumation  of  the ophiolitic  fragments  formerly  accreted  at  the  base  of
the  wedge  along  the  rough  seafloor-sediments  interface.  Such  an  exhumed  material  can  be  reworked
and  deposited  as  debris-  flows  in  proximal  basins  located  at the  foot of the  retrowedge  slope  forming
a  tectono-sedimentary  mélange.  These  syntectonic  basins  are  continuously  deformed  and  involved  in
prograding  backthrusting-induced  deformation.

© 2016  Elsevier  Ltd. All  rights  reserved.

∗ Corresponding author at: Université de Montpellier, Géosciences Montpellier,
lace E. Bataillon, 34095 Montpellier Cedex 5, France.
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1. Introduction
Many mountain belts show tectono-stratigraphic mélanges
made up by rock-types and units of different ages and nature (e.g.,
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sü, 1965; Raymond, 1984; Cowan, 1985; Orange and Underwood,
995). The interpretation of these mélange complexes raises ques-
ions about their origin, mechanisms of formation and geodynamic
ignificance. In turn, their internal structure and rock- assem-
lages contain valuable information regarding orogenic processes
nd corresponding geodynamic setting. Many studies document a
omplete history including mélanges evolution throughout time
among others; Silver and Beutner, 1980; Page and Suppe, 1981;
akai, 1981; Cloos, 1984; Raymond, 1984; Saleeby, 1984; Yilmaz
nd Maxwell, 1984; Cowan, 1985; Moore and Byrne, 1987; Barber
nd Brown, 1988; Cloos and Shreve, 1988; Bettelli and Panini, 1989;
randon, 1989; Pollock, 1989; Talbot and von Brunn, 1989; Kimura
nd Mukai, 1991; Orr et al., 1991; Roure et al., 1991; Jeanbourquin
t al., 1992; Labaume, 1992; Matsuda and Ogawa, 1993; Needham,
995; Steen and Andreson, 1997; Meschede et al., 1999; Bettelli and
annucchi, 2003; Alonso et al., 2006; Huang et al., 2008; Meneghini
t al., 2009; Osozawa et al., 2009; Ghikas et al., 2010; Festa et al.,
010, 2014; Wakabayashi, 2011b; Codegone et al., 2012; Hernaiz
uerta et al., 2012; Ogata et al., 2012; Hajna et al., 2014; Ogawa
t al., 2014; Alonso et al., 2015; Platt, 2015; Ukar and Cloos, 2013,
015), but many questions remain. In a review paper, Festa et al.
2010) classified the different kinds of mélanges as a function of
heir tectonic setting (extensional, strike-slip and compressional
f various types). Three main mélange-forming processes are con-
idered within the different settings: tectonics, sedimentation and
iapirism, with gravity playing a key and general role during their
nal emplacement (e.g., Lucente and Pini, 2003; Alonso et al., 2006).

Many tectono-sedimentary mélanges are related to oceanic
ccretionary wedges developed in convergent subduction settings.
ome of them show ophiolite blocks sometimes of kilometric size,
mbedded in an original sedimentary matrix (Franciscan mélange
n California, e.g., Hsü, 1968; Wakabayashi, 2011a, Lichi mélange
n Taiwan, Hsu, 1956; Page and Suppe, 1981; Casanova mélange
n the northern Apennines, Elter et al., 1991, etc.). Among other
haracters, the presence of ophiolites raises the question of the
echanisms responsible for the incorporation and exhumation of

ragments of oceanic lithosphere within an accretionary wedge-
nd/or a mountain chain-related sedimentary basin.

On a global scale different stages of orogenic wedge develop-
ent can be observed and studied (from the stage of intraoceanic

ccretionary wedge to that of a mature mountain belt). Neverthe-
ess, it is very difficult in natural examples to track their complete
ectonic and geodynamic history and mélange-evolution through-
ut time from the inception of subduction and during wedge
rowth. In this paper, scaling the length and time scales, we
se an experimental approach to obtain complete time-tracking
f early prism evolution and mélange formation. Our approach,
ntroduces natural processes such as erosion and sedimentation
oeval with shortening and contractional deformation of the prism
e.g. Graveleau et al., 2012). Detailed geometric, kinematic and

echanical analyses are therefore possible to test the role played
y different parameters and boundary conditions in the forma-
ion of ophiolite-bearing tectono-sedimentary mélanges related to
ubmarine accretionary prisms. This experimental approach has
een succesfully applied to simulate formation and deformation
f tectono-sedimentary mélanges in the frontal part of accre-
ionary wedges in relation with seamounts or ridges subduction
Lallemand et al., 1992; Gutscher et al., 1998a; Dominguez et al.,
000). It has been shown that a strong deformation affects the
rontal part of the wedge and that disrupted sequences (mélanges)
an be dragged at depth and then incorporated at the base of the
rism (Dominguez et al., 1998a, 1998b, 2000). In this study, we

onsider that a large part of the accreted material is constituted by
ocks snatched from the irregular oceanic floor (ophiolitic debris
r slices) mixed with dismembered sedimentary sequences and
ragged to the deep part of the accretionary prism through a sub-
ynamics 100 (2016) 87–103

duction channel (e.g., Von Huene et al., 2004). Assessing the fate to
these rocks after burial in the core of the wedge is the main objective
of this study. The mechanisms responsible for the exhumation of
these deeply buried fragments, and then the tectono-sedimentary
processes allowing reworking and deposition in orogenic basins as
mélanges are discussed. Our experiments allow a detailed para-
metric study of the processes responsible for material transfer
in different wedge settings, taking into account the boundary
conditions of a subduction zone, the main mechanical parame-
ters involved for wedge development (rheology of the incoming
sequence, basal friction, role of décollements) and the impact of
surface processes (erosion-sedimentation). Results of the experi-
mental study are then compared to two  natural case-studies for
which the geology is well known, the ophiolite-bearing mélanges
of Casanova in the northern Apennines, and the Lichi and Kenting
mélanges of Taiwan. A study of peak metamorphic temperature
using thermometry based on Raman spectroscopy of carbona-
ceous material (RSCM) on rocks from the Casanova mélange bring
important information on the pathways followed by sediments
and ophiolitic debris during burial, subsequent exhumation and
redeposition in the retrowedge basin. Finally, we propose an inte-
grative model for the formation of mélanges in accretionary wedge
settings.

2. Experimental setup and procedure

The experimental setup simulates the basic geometry, kinemat-
ics and the main mechanisms of a subduction zone where lower
plate crustal materials sink beneath an upper plate (Fig. 1). This
domain of the upper-plate located above the subduction inter-
face corresponds in the experiments to the arc-forearc upper-crust
basement simulated by a rigid backstop. The backstop upper-plate
presents a low angle dip and the friction on top of its surface can
be adapted from high to low. This geometry has been chosen by
analogy to natural upper-plate settings where a low dipping base-
ment represents the rigid part of the subduction upper-plate, as
in the forearc of Taiwan for example (see profiles in Lin et al.,
2009). In order to simulate a doubly vergent prism (Malavieille,
1984; Gutscher et al., 1998b; Hoth et al., 2006, 2007), the follow-
ing conditions have been fullfilled: the system is not in a regime of
dominant tectonic erosion (the term “tectonic erosion“ is used in
the sense of Lallemand et al. (1994), when enough material is avail-
able for accretion); the presence of a velocity discontinuity (S-point
Fig. 1b) and available space on top of the backstop (rightward of the
S-point). A no material output boundary condition has been chosen
as it represents an end member among two extreme behaviours of
active margins in terms of mass flux balance, and it corresponds to
the situation where accretion is maximum (Gutscher et al., 1996,
1998a). All experiments are performed under normal gravity field
in a classical sandbox (see Malavieille, 1984; Konstantinovskaya
and Malavieille, 2005, 2011), adapted to allow large shortening
(over 200 cm)  and presenting a flexure of the basal plate, simu-
lating the curvature of a subducting plate. The sandbox (Fig. 1a)
is 10 cm wide and 300 cm long. Sidewall glasses allow a continu-
ous and non-destructive 2D observation of experiments. To make
friction along the sidewalls negligible, the glasses are coated with
a special product (Rain-X glass water repellent). At the base of the
box, a thin plastic strip (dacron cloth) exits from the device through
a thin slot located at the tip of the rigid buttress. It is pulled by
a computer controlled stepper motor. Analog materials material-
izing the trench fill sediments and the upper crust rocks of the

oceanic lower plate (green layer = ophiolite-bearing sediments) are
deposited onto the plastic strip and are dragged toward the upper-
plate backstop. As they cannot exit from the device (no output),
they are accreted forming an accretionary prism. Different basal
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F  a doubly vergent sandwedge submitted to asymmetrical shortening. The slope angle, a
p epresents the velocity discontinuity.
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Table 1
Characteristics of the analogue materials used in experiments.

Analogue material Aeolian sand Glass microbeads Silica powder

Density (Kg/m3) 1690 1700 1900
Internal friction 0.57 0.44 1.00
ig. 1. (a) Experimental set-up. (b) Cartoon illustrating the main characteristics of
ossible geometry and behaviour of the prowedge and retrowedge is suggested. S r

rictions have been applied to test the impact of this parameter on
edge dynamics and address important questions. The questions

ddressed here are: What structural evolution characterizes a high
riction wedge compared to a low friction one? What is the impact
f upper-plate friction on the evolution of the retrowedge submit-
ed or not to surface erosion? In that purpose, friction at the base of
he model materials can be adjusted using different procedures. To
btain a high basal friction (�b ≈ 0.5) between the basal strip and
he analog material, a thin layer of sand grains is glued on top of the
lastic strip, leading to a very rough surface. The same procedures
ave been applied to the surface of the smooth PVC plate simulating

 rigid upper-plate backstop. The basal friction has been measured
n our modeling laboratory using a shear box that we specifically
esigned to characterize the analogue materials used in various
xperiments (see a view of the shear box in Graveleau et al., 2011,
ig. 5). It also allows for measuring the friction between two differ-
nt medium (our basal friction), for example, between our Dacron
loth and a granular material. In the described experiments, the
high“ basal friction is around 0.6, “low“ basal friction is around
.35. A very low basal friction (�b ≈ 0.2) is obtained by covering
he top of the smooth plastic strip with glass microbeads.

According to the critical wedge theory (Davis et al., 1983; Dahlen
t al., 1984; Dahlen, 1984), the strength of the basal décollement
nfluences the dipping of the main thrusts and backthrusts and the
urface slope angle of a wedge that satisfies the yield conditions
Fig. 1b).

Three different materials are used in the models (Table 1). (1)
eolian sand, with a density of 1690 kg/m3, with well rounded
rains less than 300 �m in size, a coefficient of internal friction (�0)
f 0.57 and a cohesion (C) of ≈20 Pa. It composes the upper plate
rotowedge and a large part of lower plate layers. (2) Layers of glass
icrobeads are used to model weak layers in the sandcake (décolle-
ents). Diameter is ≈100–200 �m,  and the perfect roundness of

he grains yelds a smaller coefficient of internal friction (�0 = 0.44)
nd a negligible cohesion. (3) Aeolian sand mixed with silica pow-
er with a strong cohesion (C) of ≈150 Pa, forms green layer at the
ase of the multilayer. This latter material simulates rocks from the
ough basement floor of the oceanic crust and covering trench sed-
ments that are prone to be offscraped and accreted at the base of
he accretionary prism through the subduction channel.

Aeolian sand, glass microbeads and powders are commonly used
n physical modelling studies as analogs of upper crustal rocks with

rittle behavior. The scaling factor between their mechanical prop-
rties and those of the natural prototype is around 105 (Krantz,
991; Schellart, 2000; Lohrmann et al., 2003). The same 105 scal-

ng factor is therefore used for model dimensions (1 cm ≈ 1 km), in
Size (�m) 300 100–200 43
Cohesion (Pa) 20 negligible 150

order to satisfy the fundamental scaling theory for analogue mod-
elling (Hubbert, 1937, 1951; Horsfield, 1977; Ramberg, 1981; Davy
and Cobbold, 1991; Graveleau et al., 2011).

Nine experiments have been run to test several first order
parameters. Among them, seven were chosen to describe the main
results of our study and characterize first order processes involved
in mélange formation (Figs. 2 and 3). We  assume that the main
process responsible for surface erosion in submarine accretionary
prisms is caused by gravitational instability of unstable wedge
slopes (e.g., Lowe, 1982). Thus, in some of the experiments, sur-
face erosion and sedimentation are applied in the rear part of the
wedge, following the procedure described here below. First, an ini-
tial shortening without surface erosion is applied to the models,
allowing the development of a wedge shaped topographic relief.
This first step of tectonic accretion (e.g., Von Huene et al., 2004) can
be considered as the analog of wedge development in a submarine
setting when few erosion affects the surface of the wedge slopes.
When the critical taper is reached by the growing wedge, sedimen-
tation at the rear of the retroside is performed by sprinkling sand
on the low-angle backstop (analog to a subduction upper-plate
setting). Then, manually operated erosion of the retrowedge sur-
face is performed with a thin metal plate (the sand being removed
using a vacuum cleaner) to maintain the slope at a constant angle.
This slope corresponds to the critical taper slope of a dry sand
wedge (Davis et al., 1983). Slope angles in experiments are much
higher than in natural submarine conditions. Long-term erosion
in nature is simulated by a roughly constant erosion rate applied
to the models step by step, each 2 cm of convergence. Even when
varying the rates of the surface processes, the experimental proce-
dure was based on the assumption that the tectonic development
of the model influences the respective rates and location of erosion
and sedimentation. In this case, local erosion rates are directly con-
trolled by the activity of thrusts. Erosion of the units was applied in
a constant manner, independently of their lithological nature, only

as a function of the topographic slope. This is supported by other
analogue modelling studies (Konstantinovskaya and Malavieille,
2005; Hoth et al., 2006; Bonnet, 2007), and by observations from
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ig. 2. (A) Setting of described experiments and composition of models before sho
nd  of shortening deformation.

atural settings where erosion can be positively correlated with
lope (e.g., Summerfield and Hulton, 1994; Hooke, 2003). The vary-
ng qualitative rates of imposed erosion and sedimentation are
ndicated for the seven described experiments. Overall the ero-
ion/sedimentation budget (surface fluxes) is not balanced in the
ense that more material is removed out of the system than is
eposited (output > input). This is equivalent to the natural situ-
tion in most forearc basins, where more than half of the incoming
ediments can been carried out of the system through subma-
ine canyons into the neighbouring sinks (the subduction trench
r back-arc basins, as for instance east of Taiwan).
We place a camera in front of the glass sidewall in order to have
 global view of the doubly-vergent prism formed by accretion of
nalogue material multilayers. We  took a picture every 5 mm of
hortening. Image resolution varies from 333 to 417 �m per pixel
g. Ophiolite-bearing sediments are in green. (B) Pictures of each experiment at the

depending on the experiment. Images are correlated sequentially
to extract the instantaneous velocity field, using an algorithm of
sub-pixel correlation (Van Puybroeck et al., 2000). To have a good
correlation we  mix  1% of dark sand in every layer. Our  analysis
reveals the prism development kinematics (Fig. 3), for each time
we can infer deformation localization of active accretion. Thanks to
the integration of all velocity fields we  can calculate and highlight
particle paths (Fig. 3c).

2.1. Experimental results
Hereafter the results of seven chosen experiments are analyzed
(Fig. 2). Several experiments present minor differences with the
general set up of Fig. 1 that are detailed hereafter.
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ig. 3. Schematic drawing of the final stages of experiments at the same scale. E
edimentation on the upper-plate backstop. A detailed description of each experim

Experiment 1 (Figs. 2 a, 3 a), the basal friction is low on the mov-
ng sheet and the rigid upper-plate backstop is covered by a thin
ayer of glass beads allowing a low basal friction. The prism is only
uild up with sand and it is run without surface erosion and sedi-
entation (sand is manually removed from the retrowedge slope).
he total shortening is of 170 cm.  A doubly vergent wedge devel-
ps with similar retro and prowedge slope angles (around 10◦).
o gravitational instability occurs on the retrowedge low-angle
ments 1, 2 and 7 are run without erosion. Experiments 3–6 involve erosion and
given in the text.

slope. We  observe that the main backthrust follows the interface
between the backstop and the base of the sand model. It enables
the development of a wide low-angle retrowedge slope favoured by
the low basal friction. The green basal layers (“model ophiolites”)
are continuously incorporated to the retrowedge overthrusting the

backstop, but as no exhumation occurs this setting does not allow
it to reach the surface.
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Fig. 4. Evolutionary stages of experiments 3 and 4 outlining

Experiment 2 (Figs. 2 b, and 3 b), the basal friction is low on
he moving sheet and the friction on the backstop surface is high.

 weak layer of glassbeads is located in the middle of the sand-
ake, 1 cm above the green basal layer. It is run without manually
perated erosion and sedimentation (see the movie 1 in the sup-
lementary material). The total shortening is of 160 cm.  A doubly
ergent wedge develops showing different slope angles with a
etrowedge slope (35◦) steeper than the prowedge one (7◦). Dur-
ng the growth, the steep retrowedge slope exceeds the value of
he internal friction angle, triggering spontaneous surface erosion
y gravitational collapse of the sand. A subsequent low sedimen-
ation rate occurrs at the foot of the retrowedge slope. The newly
eposited material is sheared and folded, under the retrowedge
ackthrust. The basal layers (“model ophiolites”) involved in for-
er  forethrusts are backthrusted on top of the upper-plate, but they

ever reach the surface (no real exhumation occurs). The décolle-
ent layer does not change drastically the behavior of the model
edge, few deformation partitioning occurs. It induces only minor
ifferences in geometry between the thrust units located above and
elow the décollement layer.

Experiment 3 (Figs. 2 c, 3 c, and 4 a ), the basal friction is low on
he moving sheet and the friction on the backstop surface is high
total shortening of 150 cm). The model is composed of sand only.
urface erosion is performed each 4 cm of shortening and sedimen-
ation each 2 cm.  During this experiment a doubly vergent wedge
evelops with a retrowedge slope (around 19◦) steeper than that
f the prowedge (around 6◦). The retrowedge overlaps the newly
eposited material thanks to the backthrust. In the basin, the lay-
ring is slightly folded under the backthrust. Retrowedge slope and
asin filling are affected by erosion. Green basal layers (“model
phiolites”) are lifted thanks to backthrusting but the high sedi-
entation rate in the basin does not allow a complete exhumation
p to the surface and as a consequence, the basin infill does not
ontain pieces of the green material.

Experiment 4 (Figs. 2 d, 3 d, and 4 b), the basal friction is high
n both the moving sheet and the backstop (total shortening of
pact of basal friction on wedge dynamics and exhumation.

176 cm). The prism is made only of sand material. Surface erosion
is performed each 4 cm of shortening and the material removed
from the slope is deposited in the basin (see the movie 2 in the
additional material). A doubly vergent wedge with a steep slope
retrowedge (28◦) develops. At the beginning of the experiment,
during initial filling of the trench, a low dip angle backthrust devel-
ops along the surface of the backstop plate. Then backthrusting
activity migrates on a newly formed major backthrust whose dip
angle is higher than previous and that remains continuously active
during shortening. The retrowedge overlaps and deforms both the
early formed tectonic unit and the newly deposited material of the
syntectonic basin. Due to continuous erosion, the green basal layer
(“model ophiolites”) involved in former forethrusts, is progres-
sively exhumed and reaches the surface of the retrowedge slope
after 136 cm of shortening. Concomittantly, backthrusted units are
reworked through surface erosion and redeposited downslope in
the basin.

Experiment 5 (Figs. 2 e, 3 e), the basal friction is high on both
the moving sheet and the back-stop (total shortening of 180 cm).
A weak layer of glassbeads (“décollement”) is located in the sand-
cake one centimeter above the basal plate, on top of the cohesive
green basal layer (“model ophiolites”). The model is run with
retrowedge surface erosion applied each 4 cm of shortening, the
material removed from the slope is deposited in the basin. A dou-
bly vergent wedge develops with a double slope prowedge and
a steep slope retrowedge (27◦). The location of the weak layer,
deeper than in experiment 2 (compare Fig. 3b and e), favours
basal accretion. Deformation partitioning is maximum and it allows
a complete underplating of the tectonic units located below the
décollement, ie. the green basal layer (‘model ophiolites’). The
part of the prowedge located above the domain of basal accretion
presents a 12◦ angle of slope higher than the slope of the frontal part

(3◦) that is controlled by the low friction layer. The green mate-
rial involved in the accreted duplexes is strongly deformed and
sheared. Then, from 80 cm to the end of shortening a large amount
of underplated “model ophiolites” reaches the retrowegde slope
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Fig. 5. Oblique view of experiment 5 showing basal accretion, exhumation of the
J. Malavieille et al. / Journal o

urface allowing erosion and deposition of the exhumed material
n the basin (Fig. 5). The deposited material is continuously sheared
nd deformed when involved under the main backthrust.

Experiment 6 (Figs. 2 f, and 3 f), the basal friction is low on both
he moving sheet and the backstop (total shortening of 164 cm).
he model is run with retrowedge surface erosion and sedimenta-
ion in the basin. Erosion is applied each time a new tectonic unit
ppears in front of the forewedge. At the same time, an equivalent
olume of eroded material is deposited in the basin, involving half

 volume of sand and half a volume of glass microbeads. The aim of
uch a setting was to facilitate backthrusting and to enhance defor-
ation of basin material. We  observe the development of a doubly

ergent wedge with a steep retrowedge slope (29◦). Erosion of the
etrowedge slightly modifies forewedge growth. The retrowedge
verlaps the newly deposited material thanks to a major back-
hrust whose dip angle increases with basin infilling. At 60 cm of
hortening, the green basal layer (“model ophiolites”) involved in
ormer forethrust units is exhumed, reaching the surface in the
etrowedge, and parts of it are deposited in the basin, until the
nd of the experiment. Layering in the basin is gently deformed
nder the backthrust at the vicinity of the contact, locally involving
hearing and subsequent folding and overturning of the layers.

Experiment 7 (Figs. 2 g, and 3 g), represents the case of an
verhanging backstop upper-plate simulating in nature an uplifted
art of continental or volcanic arc upper-plate basement. In the
odel, the backstop is made with a cohesive granular material

mix sand-powder) which strength is higher than that of pure sand
ut that can be deformed during wedge growth. Evolution of the
orewedge is classic, but as expected, no major backthrusting occurs
reventing the development of a clear retrowedge side. Although
eformation (diffuse backthrusting and uplift) occurs in the over-
anging backstop, wedge materials are never backthrusted on top
f it. As a consequence, the green basal layers (“model ophiolites”)
ever reach the surface. In an equivalent natural setting, one can
xpect clastic deposits resulting from the erosion of the uplifted
pper-plate, continental or oceanic depending on the nature of its
asement.

.2. Interpretation of experimental results

Analogue models allow a dynamic view of tectonic and sedimen-
ary processes related to accretionary wedge development. Results
f experiments suggest that specific settings and boundary con-
itions are required to develop tectono-sedimentary mélanges in
rogenic wedges. As our study focuses on the behaviour of dou-
ly vergent accretionary wedges submitted to retrowedge gravity
riven submarine erosion, insights from models will be compared
o case studies chosen in appropriate tectonic settings.

A general observation is that friction parameters control the dip
lope of the wedges. High frictions produce high slope angles, low
rictions low-angles (e.g., Mulugeta, 1988). Angles of retrowedge
lopes are generally higher than forewedge ones favouring erosion
nduced by gravitational processes (Fig. 1b). This justifies why  in
ur experiments the retrowedge part of the prism with a high basal
riction backstop has been submitted to imposed surface erosion.
asal accretion and underplating promote accretion of deep lay-
rs in the core of the wedge (e.g. Kukowski et al., 2002; Malavieille,
010) and then subsequent exhumation through backthrusting and
aterial removal (erosion) in the retrowedge slope (e.g. Experi-
ent 5, Figs. 2 d, and 3 d). A rigid backstop with a low friction

urface promotes tectonic transport at the rear of the prism. The
isplacement of the accreted basal layer is larger for low than

or high friction. However, a low friction rigid backstop creates a
ow-angle retrowedge slope, too low to induce high erosion rates.
ignificant erosion of retrowedge material and its deposition in
roximal basins associated with a low sedimentation rate (low ero-
green layer (model ophiolites) in the retrowedge and “mélange“ formation in the
basin. (For interpretation of the references to colour in this figure legend, the reader
is  referred to the web  version of this article.)

sion/sedimentation ratio) yeld favourable conditions to exhume
deep materials. Once basal layers (“model ophiolites”) have reached
the surface of the retrowedge, they are likely reworked in the
basin as tectono-sedimentary mélanges through gravitational pro-
cesses (e.g., Hampton et al., 1996; Alonso et al., 2006; Bonini, 2006;
Harders et al., 2011). Exhumation of deep layers is favored by
backthrusting and surface erosion of the steep retrowedge slope.
Analysis of particle paths (see an example in Fig. 6) shows that
materials from the basal layers of the wedges are exhumed and can
reach the surface following a concave pathway across the accre-
tionary wedge that is controlled by backthrusting. Erosion and the
behaviour of the analogue material (internal friction angle) control
the steepness of the main backthrust and subsequent exhumation
of the basal layers (ophiolites) through the retrowedge.

To summarize, insights from our experiments (see the two
movies given as supplementary material) suggest that the devel-
opment of tectono-sedimentary mélanges with ophiolites requires
major backthrusting, ophiolites basal accretion and exhumation at
the rear of the prism, steep retrowedge slope favouring surface
erosion, reworking and deposition in proximal basin. The tectonic
evolution of a doubly vergent accretionary wedge is therefore
mainly controled by backthrusting and surface processes (erosion
and sedimentation) acting in the retrowedge.

3. Natural case studies

Block-in matrix mélanges have been variously interpreted as
deformed olistostromes or as subduction channel flow mélanges
(e.g., Festa et al., 2010; Platt, 2015). A wide literature mainly
based on observations in the Franciscan mélanges of California
(USA) gives constraints on mélanges formation processes based
on the different metamorphic gaps documented between blocks
and the matrix (among others, see Cloos, 1984; Raymond, 1984;
Cowan, 1985; Festa et al., 2012; Ukar and Cloos, 2015 and refer-
ence therein). It suggests that the highest metamorphic peak of
blocks with respect to the matrix constrains the melange formation
to tectonic processes occurring in a subduction channel (e.g., Ukar,
2012). However, other studies (see Wakabayashi, 2011a,b, 2015;
Platt, 2015), interpreted these different peaks of metamorphism
as resulting from complex processes involving multiple burial-
exhumation cycles, subduction erosion and gravitational rework-
ing.
Hereafter are reported the main geological characters of the
well studied Casanova mélange in the northern Apennines and
the Taiwan mélanges, all located in convergent geodynamic set-
tings. These two settings offer a past subduction zone involving a
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ig. 6. Example of quantitative analysis applied to all experiments using image corr
eld,  the amplitude of movements, the amplitude of vertical and horizontal compon
uring shortening (e).

ide accretionary prism during closure of the alpine Tethys for the
orth Apennines case and a still active subduction involving the
anila accretionary prism in the arc- continent collision process

or the Taiwan case. The ophiolite-bearing Casanova and Taiwan

élanges, have been previously analyzed and compared by Page

1978) mainly to discuss the setting and to assess the tectonic his-
ory of the Franciscan mélange in California. Many studies have
 techniques. Comparison between two steps allows to determine the displacement
f displacement (a–d) and to reconstruct the paths followed by particles of material

followed dealing on the formation of mélanges from different ori-
gins and settings (see the non exhaustive reference list given in the
introduction), which outline that no consensus exists on their sig-
nificance. Here below, the two  Casanova and Taiwan case studies

mélanges are analyzed in the frame of their well known geological
setting, using geological data, insights from experimental models
and complementary data from a RSCM thermometry analysis.
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Table 2
Sample location and results of thermometry analysis in the Casanova mélange.

Sample X Y T ◦C

1 9,328813388 44,52303951 252.5
4  9,335029893 44,53367575 240
6  9,337756614 44,53866208 240
7  9,349092057 44,54916818 248.7
10  9,348834793 44,56265869 cold
14  9,263170850 44,61577554 230
15  9,326047905 44,57743818 224.5
16  9,321242787 44,58192393 223
19  9,283515029 44,56408829 253
26  9,406562579 44,58400344 204
28  9,501482188 44,53604419 209
J. Malavieille et al. / Journal o

.1. Casanova mélange (Italy)

The Casanova mélange (Naylor, 1982), also known as M.Penna-
asanova Complex by Elter et al. (1991), is well exposed in the
orthwest part of the northern Apennines (Fig. 7a,b), between La
pezia, Genova and Piacenza with the type-area framed by the
veto Valley (south-east) and the Trebbia valley (west north-west)

Cerrina Feroni et al., 2002, Emilia Romagna geological map).
The northern Apennines segment shares with the western Alps

he Late Cretaceous- Middle Eocene geological history. It is char-
cterized by an eastward intraoceanic subduction of the Ligurian
urassic ocean (Boccaletti et al., 1971; Treves, 1984; Elter, 1997;
arminati and Doglioni, 2012) inducing the formation of a doubly
ergent accretionary wedge (Fig. 7c). After subduction reversal in
he Middle-Late Eocene the former retroside of the Alpine prism
as partially reworked as the backstop of the Oligocene-onward
penninic prism. The development of the new prism is related to

he westward subduction of relict of Ligurian Tethys oceanic base-
ent and distal Adria continental margin (Elter, 1997; Del Castello

t al., 2005; Molli and Malavieille, 2010). The Oligocene- Miocene
ubduction of the Adria plate was associated with a rear-wedge
Liguro-Provencal) and then intra-wedge (Tyrrheninan) extension
n the wake of its retreating slab (Doglioni et al., 1998; Jolivet et al.,
998; Molli, 2008; Carminati and Doglioni, 2012; Malavieille and
olli, 2014), a tectonic frame still active today (e.g. Bennett et al.,

012).
In the Northwest Apennines the Ligurian units are considered

s the relict of a former Late Cretaceous – Middle Eocene intrao-
eanic accretionary wedge (Principi and Treves, 1985; Elter, 1997;
arroni and Pandolfi, 1996, 2001; Daniele and Plesi, 2000; Bettelli

nd Vannucchi, 2003; Molli, 2008; Remitti et al., 2011). The so-
alled Internal Ligurian units (Elter, 1975) are formed by ophiolites
nd an Upper Jurassic to Lower Cretaceous sedimentary cover rocks
Cherts, Calpionella limestone and Palombini shales) associated
ith Upper Cretaceous–Paleocene siliciclastic turbiditic sequences.

he Internal Ligurian units are thrusted over the External Ligurian
nits distinguishable by the presence of the typical Late Creta-
eous calcareous dominant sequences (the Helminthoid Flysch)
ssociated with complexes or pre-flysch formations called ‘basal
omplexes’ (Marroni et al., 1998; Molli, 2008). We  will focus here-
fter on the Casanova mélange (Fig. 8a,b). It consists of variable
mounts of mono- and polymict pebbly sandstones and mud-
tones, with intercalations of coarse- to fine grained lithoarenites.
he mélange includes huge (up to plurihectometer-scale), slide-
locks (“olistoliths”) of mantle ultramafics, gabbros and basalts as
ell as fragments of supraophiolitic pelagic sedimentary sequences

Palombini shales, Calpionella limestones and Cherts) (Fig. 8b). We
bserve volumetrically subordinate mafic and felsic granulite as
ell as Hercynian granitoids interpreted as relicts of the formerly
ighly thinned Adria continental margin and Ocean Continent Tran-
ition (Elter et al., 1991; Molli, 1996; Marroni et al., 1998; Marroni
t al., 2002). The Casanova Complex generally grades upward to
pper Campanian-Maastrichtian Helminthoid Flysch, represented
y a thick, monotonous sequence of calcareous-turbidites (Marroni
t al., 1998; Argnani et al., 2004). The Casanova complex in the
ype area is exposed in the inverted limb of a large kilometer-scale
ecumbent fold (Elter, 1975; Elter et al., 1991; Marroni et al., 1998)
eveloped in very low grade metamorphic conditions (Molli et al.,
992). Fig. 8 shows schematically the main structural features of
he Casanova mélange as well as its tectonic position between the
verlying and underlying units.

A thermometry study was performed to characterize the peak

etamorphism of the Casanova mélange and its overlying units.
rganic matter present in rocks is gradually transformed into
raphitic carbonaceous material during regional metamorphic pro-
esses. This progressive graphitization process can be used for the
29  9,333451924 44,50793759 245.6
30  9,209893517 44,51319619 251

estimation of peak temperature reached by the studied sample
(Beyssac et al., 2002). Moreover, graphitization is an irreversible
process, so that retrograde metamorphic reactions do not affect
the temperature estimates. This thermometer which is based on
the quantification of the degree of ordering of CM with an intrinsic
error calibration of 50 ◦C due to the petrological data used for cal-
ibration, but lower relative accuracy of about 15 ◦C (Beyssac et al.,
2004).

For temperature below 330 ◦C, Lahfid et al. (2010) performed
a systematic study of the evolution of the Raman spectrum of CM
in low-grade metamorphic rocks in the Glarus Alps (Switzerland).
They showed that the Raman spectrum of CM is slightly different
from the spectrum observed at higher temperature with addition-
nal peaks and they established a quantitative correlation between
the degree of ordering of CM and temperature. We  use this corre-
lation, which is not a universal calibration (see discussion in Lahfid
et al., 2010) to obtain first-order insights in the thermal evolution
of rocks in the Casanova mélange.

All Raman spectra were obtained using a Renishaw spectrom-
eter following the analytical protocol described in Beyssac et al.
(2002).

The results of our analysis (Table 2 and Fig. 8a,b) highlight the
occurrence of two  different temperature groups, the first one shows
temperatures below c. 210 ◦C, the second one shows tempera-
ture around 250 ◦C. The first group includes all the samples from
the matrix of the Casanova mélange and from Helminthoid Flysch
whereas the second is mainly formed of samples from the Inter-
nal Ligurian units but also of sliding blocks with similar lithology
embedded within the Casanova mélange.

3.2. The Taiwan mélanges

The Taiwan orogenic wedge (Fig. 9) is a newly (Plio-Quaternary)
emerged active orogen allowing onland and offshore study of
accretionary processes from oceanic subduction to continental sub-
duction (e.g. Malavieille et al., 2002; Beyssac et al., 2006). South
of the Taiwan Island, the oceanic lithosphere of the South China
Sea (SCS) subducts beneath the Philippine Sea Plate (PSP), induc-
ing since the early Miocene the development of the huge Manila
accretionary wedge (e.g. Lewis and Hayes, 1984) and the volcan-
ism of the Luzon arc (Ho, 1986). The northwestward motion of the
PSP (N306◦ ± 1◦ azimuth), relative to the Eurasian plate (EP) has
resulted in the progressive subduction of the thinned Chinese con-
tinental margin and the development of the Taiwan orogenic wedge
(e.g. Suppe, 1984). North of 21◦20′N, the wedge becomes incorpo-
rated in the domain of continental margin subduction, involving

progressively lower to middle Miocene slope and trench sediments
(Reed et al., 1992). The southern tip of Taiwan Island represents
the uplifted internal domain of the oceanic accretionary wedge
currently undergoing the effects of the continental margin subduc-
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Fig. 7. Setting of the Casanova mélange: (a) In the general frame of the alpine arc. (b) At the scale of the regional geological map. The main tectonic units are outlined. For
the  Western Alps: (1,2) Europe-derived external Alpine units. (1) Alpine foreland units; (2) External massifs (Ar, Argentera and P, Pelvoux); (3) Middle Penninic Brianç onnais
nappes  (4) Middle Penninic Internal Massif (DM, Dora Maira and GP, Gran Paradiso); (5) Upper Penninic Helminthoid Flysch: UE, Ubaye-Embrunais, Western Liguria
Helminthoid Flysch (WL) and the Antola unit (A). With the same color are also represented the ophiolitic non- metamorphic unit of Chenaillet (Ch) and Sestri Voltag-
gio  Zone (SVZ) and the Antola nappe (A) (6) Schistes Lustrés composite nappe system; (7) Sesia and related units (“lower Austroalpine nappes”); (8) Adria lower crust of
the  Southern Alps (Ivrea); (9) Adria upper crust basement and cover of the Southern Alps; Northern Apennine: (10) Internal Ligurian units, IL; (11) External Ligurian units
(EL)  and SubLigurian (Canetolo) units; (12, 13, 14) Adria- derived Tuscan and external foreland Umbria-Marche units; (12) Cervarola and Umbria-Marche foreland units (13)
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uscan  nappe; (14) Tuscan metamorphic units; (15) Post-tectonic cover of Tertiary
lain  and inner Tuscany. Bo: Bobbio tectonic window (see cross-section); ALB alpin
o  Casanova area (modified from Molli, 2008). (d) The alpine accretionary wedge at

ion (Lundberg et al., 1997; Reed et al., 1992; Huang et al., 1997,
006; Chang et al., 2009). The retroside of the wedge extends off-
hore southward of the Hengchun Peninsula (HP) in the form of the
engchun Ridge (HR) and Southern Longitudinal Trough (SLT) as

ar as 20◦30′N (Malavieille et al., 2002; Lin et al., 2009; Lester et al.,
013). Different scenarios have been proposed for the tectonic evo-

ution of the submarine accretionary wedge. In most models, the
W-SE oriented Kaoping Slope (KS) west of the subduction wedge
f the Hengchun Ridge represents the part of the prism associated
ith the incipient subduction of the thinned Chinese continen-
al margin (e.g. Huang et al., 1997; Liu et al., 1997; Malavieille
t al., 2002; Chang et al., 2009; Malavieille and Trullenque, 2009;
esalles et al., 2014). To the North, where the subduction of the
ontese basin and Epiligurian units; (16) Neogene and Quaternary sediments of Po
rian backthrust. (c) Schematic cross section of the northern Apennines chain close

nd of Cretaceous. Schematic map and section.

southeastern margin of the Chinese continent is mature, the crust is
now strongly deformed and rapidly uplifted in the Central Range of
Taiwan (e.g., Simoes et al., 2007). This evolutionary setting (Fig. 10)
has allowed the development of two  different ophiolite bearing
mélanges, the Kenting mélange which age range between 1 to
10 Ma  and the 3.5–3.7 Ma  old Lichi mélange whose formation pro-
cesses are still debated. The detailed stratigraphic and structural
characters and interpretations proposed for both mélange forma-
tions have been synthetized and discussed in Chang et al. (2009).
The Kenting mélange is supposed to be a direct result of subduction

processes acting in the forewedge. Following this hypothesis it is
considered as a relict of the subduction channel developed at the
base of the accretionary prism and then exhumed during collision
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ig. 8. (a) Detailed geological map  of the Casanova mélange and (b) cross section (m
ots  and related temperatures).

Chang et al., 2009). The Lichi mélange is regarded as a collision
listostromal mélange formed during forearc closure probably in
elation with arcward backthrusting (e.g., Suppe and Liou, 1979;
age and Suppe, 1981; Huang et al., 2008; Chi et al., 2014), when
he Luzon arc started to collide with the Eurasian continental mar-
in following subduction of the oceanic lithosphere of the forearc
rea (Chang et al., 2009; Malavieille and Trullenque, 2009).

. Insights from analogue models on the interpretation of
ase studies

The differences in metamorphic history between Internal Lig-
rian units and External Ligurian ones (including the Casanova
élange) revealed by RSCM thermometry are coherent with the

esults of previous studies based on illite and chlorite crystallinity

Molli et al., 1992; Marroni, 1994; Leoni et al., 1996; Ellero et al.,
001). Nevertheless, the new RSCM data enlight that the peak tem-
erature is lower for the Casanova mélange matrix than for the
mbedded blocks suggesting a different and deeper accretionary-
 from Elter et al., 1991). Results of the thermometry analysis are reported (coloured

related thermal history for the slided blocks elements embedded
within the mélange. It shows that a progressive exhumation of
rocks from the deep parts of the wedge has occurred during basin
development allowing the presence of metamorphic elements in
the mélange. These contrasted thermal histories are coherent with
internal structures observed in cover-derived slided blocks (mainly
stratal boudinage and isoclinal folding) similar to those of the
Internal Ligurian Units (Pertusati and Horrenberger, 1975; Marroni
and Pandolfi, 1996). Such structures are not observable within the
Casanova mélange matrix neither in the Helminthoid Flysch (Elter
et al., 1991; Marroni et al., 1998; Marroni et al., 2002). The deeper
– higher RSCM temperature – structural evolution of the Internal
Ligurian units as well as those of the sedimentary cover-derived
slide blocks within the Casanova mélange are therefore developed
in the Ligurian accretionary prism during the thickening stage.
All these observations can be interpreted in the light of exper-
imental models, suggesting ophiolite accretion and burial in
the wedge, exhumation through major backthrusting processes
and gravity driven erosion in the retrowedge. Subsequent sedi-
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Fig. 9. Structural sketch map of Taiwan showing the setting of the Kenting and Lichi mélanges (green stars) in the frame of the orogenic wedge. Caption: – Eurasian Plate:
1  Asian continental margin & foreland basin, 2 Oceanic crust of the south China Sea, 3 Western Foothills and Kaoping Slope (Miocene-Pleistocene series of the syn-collision
orogenic wedge), 4 Pre-collision oceanic accretionary wedge, 5 Underthrust Paleogene sequences of the Eurasian continental margin, 6 Extended continental crust (Okinawa
back-arc basin), 7 Uplifted core of the pre-collision oceanic accretionary wedge, 8 Eocene series of the Eurasian continental margin, 9 Pre-tertiary metamorphic rocks of the
Eurasian continental margin, 10 Exhumed HP rocks of the Yuli belt, 11 Pleistocene-Holocene sediments of the Southern Longitudinal Trough and Longitudinal Valley orogenic
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asins.  – Philippine Sea Plate: 12 forearc basins and deformed forearc sediments of 

4  Luzon volcanic arc, 15 Oceanic crust of the Philippine Sea Plate, 16 Ryukyu accr
his  figure legend, the reader is referred to the web version of this article.)

entation on the upper-plate allows the formation of tectono-
edimentary ophiolite bearing mélanges in a forearc basin set-

ing. The tectonic contact between Internal Ligurian units and the
asanova mélange can be interpreted as a major backthrust of
he Ligurian prism retroside (see for example the Experiment 3,
ig. 2c). In natural wedges, plastic deformation of sediments play an
uatung Ridge, 13 Accreted volcanic edifices and forearc sediments of the Luzon arc,
ry wedge, M mélanges outcrops. (For interpretation of the references to colour in

additional significant role favouring in some places overturning of
tectonic units by folding. The overturning of the Helminthoid Flysch

unit including Casanova mélange (e.g., Marroni et al., 2002) as well
as the internal tectonic-sedimentary features of the mélange itself
could be related to deformation in the retrowedge. Although our
simple models do not account for folding processes, they accurately
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Fig. 10. Interpretative E-W cross-sections (see location on Fig. 9) showing the general geodynamic situation and evolution of the Taiwan orogen from south to north, from
oceanic  to continental subduction. (a) Oceanic subduction stage with development of the sedimentary accretionary wedge. (b) Stage showing the incipient subduction of the
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xtended Eurasian continental margin. (c) Subduction of the Continental margin an
ectonic  processes inferred from experimental results for the accretion of ophiolite

escribe exhumation and mélanges formation in a retrowedge set-
ing. The kinematics of the main backthrust and associated large
cale backfolding of basin units well account for the alpine defor-
ation of the retroside of the Ligurian accretionary prism (Elter

t al., 1991).
Results of our experiments allow refining former interpretations

f the mechanisms responsible for Taiwan mélanges formation. The
ig. 10 summarizes the geodynamic and tectonic setting for the
wo mélanges. The Kenting mélange that outcrops in the exhumed
art of the accretionary wedge is most probably a remnant of ophi-

lite bearing tectonosedimentary mélanges previously formed in
he subduction channel along the oceanic floor prowedge interface.
egarding our experiments (e.g., Experiment 4, Fig. 3d) mélange
lopment of the Taiwan orogenic wedge. At each stage, the zooms outline the main
e prism and subsequent formation of tectonosedimentary mélanges.

units could be progressively incorporated in the forewedge thrust
units during wedge growth, then passively backthrusted, uplifted
and incorporated in the retrowedge domain (Fig. 10a). During incip-
ient subduction of the Eurasian continental margin, increasing
shortening favors uplift and exhumation of the deep parts of the
wedge allowing the Kenting mélange to reach the surface in the
Hengchun Peninsula (Fig. 10b). Final exhumation occurred through
denudation processes involving mass wasting in the retrowedge
slope as illustrated in the experiments (see, Experiment 4, Figs. 3
d, and 4 b).
The Lichi mélange is related to the extreme shortening and
backthrusting of the forearc basin that begins as a result of the
subduction of a large piece of forearc basement (Malavieille and
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Fig. 11. Cartoon illustrating the proposed model for exhumation and redeposition of ophiolitic debris and wedge rocks as tectonosedimentary mélanges in the retrowedge
setting. Major backthrusting and gravity driven submarine erosion allows exhumation and deposition of exotic blocks in the syn-tectonic retrowedge basin. (a) First setting,
the  wedge grows by frontal accretion of imbricated thrust units. The red dotted lines suggest the shape of isotherms registered by peak temperature thermometry. (b) Second
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etting,  deformation partitioning occurs, the wedge grows by frontal accretion an
egend, the reader is referred to the web version of this article.)

rullenque, 2005, 2009). Mélange formation may  result from two
ombined processes: (i) reworking of the backpart of the accre-
ionary prism (including early ophiolitic mélanges) due to gravity
riven submarine erosion and mass wasting (e.g., Chi et al., 2014)

n the forearc basin (Fig. 10a), and (ii) backthrusting of the forearc
asin and subsequent incorporation of forearc basement ophiolitic
ebris along the eastern tectonic contact of the basin (Fig. 10b).
he Lichi mélange is then reworked during continental subduc-
ion and marks today the squeezed boundary between the strongly
eformed volcanic arc (Coastal Range) and the Central Range of
aiwan orogenic wedge (Fig. 10c). As for the Casanova mélange,
ampling of exotic blocks and matrix of the Lichi mélange was done
or RSCM thermometry, unfortunately, the temperature was actu-
lly too low (<210◦) to be estimated by this method. More studies
re needed to constrain the exhumation pathway of the materials
f the mélange.

. A genetic model for mélanges found in accretionary
edge settings

Based on insights from experiments and observations of natural
xamples of mélanges, we propose a genetic model for ophio-
ite bearing mélanges developed in accretionary wedge settings
Fig. 11). First, we consider that interactions between tectonics
nd submarine surface processes involving huge mass transfer
f various materials during wedge evolution play a major role
n mélange formation. During accretion, sediments mixed with
phiolitic fragments are underthrusted and buried toward deep
evels of the forewedge through the subduction channel. Part
f it is accreted to the prism along seaward vergent imbricated
hrusts (Fig. 11a). Simultaneously, major backthrusting and grav-
ty driven erosion in the retrowedge allow exhumation of both
eeply buried sediments from inside the wedge and offscraped
and sheared) ophiolitic debris (which have registered a peak
f metamorphism during burial linked to the thickening of the
ccretionary prism). Primary mélanges developed in the subduc-
ion channel are exhumed thanks to retrowedge backthrusting,
eworked by gravity driven surface processes and finally rede-
osited as tectono-sedimentary mélanges in the proximal basins

ocated at the foot of the retrowedge slope. Temperature and pres-
ure record of exhumed blocks deposited in the forearc basin

élanges reflect the history and evolution of wedge thickening

hrough time (Fig. 11a). In the basin, mélange deposits are con-
inuously involved in backthrusting induced synsedimentary shear
eformation (e.g., Alonso et al., 2015). Simultaneously, widespread
al accretion at depth. (For interpretation of the references to colour in this figure

overturning of retrowedge basin sequences can occur due to large
scale folding processes. An additional tectonic process can favour
the incorporation of ophiolitic material and subsequent exhuma-
tion in the retrowedge (Fig. 11b). If a décollement exists in the
trench fill sediments, it will allow basal accretion and under-
plating at depth of sedimentary materials mixed with ophiolitic
debris. Then, gravity driven erosional processes combined with
backthrusting exhume these rocks allowing deposition of mélange
formations in the retrowedge basin.
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