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[1] This study addresses the effect of variable unbalanced topography and overload on the
kinematics of a fold and thrust belt developed within a collisional belt that underwent a
subduction polarity reversal event. This was done by physical modeling of doubly
vergent Coulomb wedges, using sand as an analogue material. During the experimental
procedure a preexisting topography was generated by a first phase of subduction in one
direction. A second phase of subduction was then initiated in the opposite direction
(simulating a subduction flip). An anomalous, strong frontal growth for the wedge during
the second phase was experimentally shown to be dependent upon surface slope breaks
and the critical asymmetrical architecture achieved by the wedge at mature stages of
deformation. The latter is suggested to be the rule for doubly vergent orogens at steady
state, even after a subduction flip. During the experiments, surface processes, like
syntectonic erosion and sedimentation, markedly altered mass transfer within the wedge.
In particular, lowering the surface slope by syntectonic erosion favored cycling between
accretion and underthrusting modes. By contrast, a sudden syntectonic sediment load in
the prowedge region promoted prolonged phases of underthrusting, retarding accretion of
new imbricates at the prowedge toe. However, at later stages of deformation the prowedge
was forced to regain its characteristic minimum critical taper as predicted by theory and
did so by the sudden nucleation of long, flat thrust units, rapidly rebalancing the
asymmetry between prowedge and retrowedge regions. The experiments suggest that
given a fixed critical taper related to time-invariant frictional properties along the wedge
bounding surfaces, deformation does vary within the wedge according to time-varying
location of normal stress surpluses and unbalanced topography acting on potential failure
surfaces. These, in turn, alter the equilibrium between prowedge and retrowedge basal
detachments that is here considered to be a major factor controlling the self-regulating
dynamics of collisional orogens.  INDEX TERMS: 8020 Structural Geology: Mechanics; 8102
Tectonophysics: Continental contractional orogenic belts; 8168 Tectonophysics: Stresses—general;
KEYWORDS: sandbox modeling, wedge kinematics, unbalanced topography
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1. Introduction bulldozer has led to exploring the mechanics of wedges
deforming at convergent margins according to the Coulomb
theory. Two- and three-dimensional theoretical treatments
[Chapple, 1978; Dahlen, 1984; McCaffrey, 1992; Platt,
1993], numerical analyses [Willett et al., 1993; Braun and
Beaumont, 1995; Burbidge and Braun, 2002], and physical
approaches [e.g., Malavieille, 1984; Marshak and Wilkerson,
1992; Pinet and Cobbold, 1992; Koons, 1990; Wang and
Davis, 1996; Burbidge and Braun, 1998; Storti et al., 2000]
Copyright 2004 by the American Geophysical Union. incorporate the Mohr-Coulomb failure criterion to various
0148-0227/04/20031B002709$09.00 degrees. This approach is fundamentally justified by labo-

[2] Mechanical and kinematic controls exerted on fold
and thrust belt evolution by pure frictional rheology along
potential failure surfaces have been widely applied to model
compressional systems in nature. The idea that the archi-
tecture of thrust systems resembles that of a wedge of
noncohesive material deforming ahead of an advancing
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ratory experiments, suggesting that rock deformation obeys
the Coulomb failure criterion to good approximation under
pressures and temperatures characteristic of the upper crustal
levels [Byerlee, 1978]. Initially applied to accretionary com-
plexes, the critical wedge theory has been extended to entire
collisional orogens on the basis of the “orogenic wedge”
hypothesis [Platt, 1986] which predicts that gravitational
forces (surface slope) and basal shear tractions (subduction
controlled) to balance each other at crustal scale until the
orogen achieves a steady state configuration. However, this
simple model does not take into account rheological varia-
tions at the crustal scale (e.g., deformation behavior of upper
versus lower crust).

[3] Modern studies of orogen dynamics have provided
great insights into the influence of factors, which control the
temporal evolution of mountain ranges, other than plate
motion alone. From a dynamic perspective, the increase in
elevation is a process by which an orogen progressively
stocks up potential energy that can be dissipated through
time, giving way to a series of geologic scenarios impossi-
ble to predict from plate tectonics principles alone. This new
approach attempts to explain how dynamic mechanisms
affecting the spatial and temporal feedback between grow-
ing topography and surface processes, such as erosion and
sedimentation, may overprint first-order, large-scale orogen
geometries generally thought to derive primarily from
lithospheric plate interactions. Excess topography devel-
oped across collisional orogens and its gravity effect have
been invoked to explain unbalanced states of compression
in the crust [England and Molnar, 1997] and strong phases
of reactivation for large-scale thrusts [Hodges et al., 2001;
Wobus et al., 2003]. On the other hand, the proposed
explanation of orogen mechanics by means of critical
wedge theory assigns major importance to how orogen
mass is continuously removed from elevated areas and
redistributed toward depressed regions, for this perturbs
the balance between gravitational stresses within the accret-
ing system and basal shear stresses resulting at the subduc-
tion interface. The steady state condition, implied by the
self-similar growth characteristic of the Coulomb wedge
model, may not always be applicable when surface processes
drive large-scale mass redistribution across the mountain
range [Willett, 1999Db].

[4] This paper addresses the problem of the effect of
excess topography and unbalanced overload developed at
those particular convergent margins for which subduction
polarity reversal has occurred. This process was investigated
as a possible mechanism to produce preexisting topography
and overload over a broad region. We tested whether critical
wedge theory can provide an explanation for possibly
anomalous wedge behavior after the subduction polarity
“flip” event.

2. Topography and Subduction Polarity Reversal

[s] Although proposed as an explanation for the tectonic
evolution of many collisional orogens, subduction polarity
reversal remains a controversial yet intriguing topic of
debate. A subduction polarity flip event has been invoked
in all those cases where the peculiar metamorphic-tectono-
stratigraphic signal and/or the lack of peculiar tectonic
domains could not be interpreted by means of a single
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subduction zone with constant (unidirectional) vergence.
These include the Caribbean Arc [Lebron and Perfit, 1994;
Draper et al., 1996; Smith et al., 1999], the Banda Arc
[Snyder et al., 1996], the Borneo suture [Hall and Wilson,
2000], Taiwan [Chemenda et al., 2001; Carena et al., 2002],
and the Kamchatka Arc [Konstantinovskaya, 2001]. For such
settings, one explanation offered was a subduction flip aided
by the involvement of a thinned overriding crust in the
subduction zone, due to the presence of volcanic arc-related
crustal weakening, and the interplay between upper plate
flexural rigidity and thickness and interplate friction [7ang
and Chemenda, 2000]. At the same time, subduction polarity
reversal has also been postulated for full continent-continent
collision as in the case of the Apennines [Elter and Marroni,
1991; Castellarin, 1994; Doglioni et al., 1999] or the
Himalayas [Willett and Beaumont, 1994; DeCelles et al.,
2002]. In this case, subduction polarity reversal should be the
extreme consequence of a continuous process previously
known as ablative subduction [Tao and O’Connell, 1992;
Pope and Willett, 1998], whereby the lower crust pertaining
to the overriding plate is progressively delaminated from the
upper crust, leading to final inversion of the subduction
direction.

[6] This peculiar case makes sandbox modeling particu-
larly well suited for reproducing orogen mechanics, as
deformation is restricted to the upper crust. We chose
sandbox modeling of doubly vergent Coulomb wedges, as
they better reproduce the overall structure of orogens
observed at collisional margins [Koons, 1990; Willett et
al., 1993; Beaumont et al., 2000; Pfiffner et al., 2000]. In
our case, excess relief and overload are essentially caused
by the first phase of the contraction-inherited retrowedge
region. This assumption corresponds well to the geometry
of continental collision orogens imaged by deep seismic
profiles, such as the Alps [Schmid et al., 1996; TRANSALP
Working Group, 2002] or the Pyrenees [Choukroune and
The ECORS Team, 1989; Daigniéres and The ECORS
Team, 1994; Pulgar and ESCIN Group, 1996]. These show
how the overriding plate is bent under the weight of the
retrowedge and related retrowedge foreland basin. At this
stage, a hypothetical subduction flip would give way to the
formation of a new thrust system characterized by an
inherited unbalanced topographical aspect and vertical
overload acting on potential detachment surfaces.

3. Experimental Method

[7] To estimate accretionary flux within the prowedge
region when preexisting topography loads the shortening
sedimentary (or rock) section, the shortening direction was
inverted at a certain stage during wedge development. It
follows that two distinct phases of contraction are produced
(Figure 1) and the retrowedge related to the first phase of
contraction rests on and overburdens the sand pack that will
undergo deformation during the second phase (Figure 1b).
In this manner, it is possible to study in detail how
deformation is absorbed within the prowedge when previ-
ously built topography alters the overall internal state of
stress with respect to a given internal/basal coefficient of
friction ratio, as well as the relationships between two
superposed and interfering thrust systems. This approach
offers some advantages over previous studies: (1) the
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Figure 1. Schematic diagram of the deformation appara-
tus. (a) Beginning of first phase of shortening (P1). (b) End
of P1, beginning of second phase of shortening (P2). The
existing wedge belongs to P1. Black arrows indicate
subduction vectors at the beginning of either phase.
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overall wedge morphology inherited (i.e., size, taper angle),
can be directly determined by the amount of shortening set
up for the first phase; (2) in this way a nonrigid backstop
builds up, keeping rheological properties unaltered, and the
wedge itself is “free” to choose the most suitable backstop
geometry according to its dynamic equilibrium; and (3) the
system is closed (in terms of mass balance) and therefore
there is a continuous feedback between mass transfer within
the wedge (thrust sequences) and wedge attitude at the
surface (variation of taper angle). Modifications of the
initial set up were planned to analyze the effect of several
variables on wedge development: syntectonic denudation,
syntectonic sedimentation and addition of rheological weak-
nesses in the mechanical stratigraphy.

[8] The analogue experiments were performed in a glass-
sided, rectangular deformation apparatus measuring 160 x
30 x 20 (L x W x H, in cm) internally (Figure la). The
glass was carefully cleaned and coated by a friction-reduc-
ing transparent compound to minimize sidewall friction and
allows an optimal recording of deformation increments by
serial photographs. A strain singularity [Willett et al., 1993]
was produced by a subduction slot, where the basal detach-
ment sheet (Mylar drafting film) is able to move, being
dragged down by a motor-driven pulley. The two phases of
contraction (P1 and P2, respectively) were obtained using
two oppositely moving drafting sheets, passing through the
same slot and sequentially pulled by the same roller
(Figure 1). However, pretension was carefully applied to
avoid affecting the sand pack during detachment sheet
interchanging between the two phases.

[v] A homogeneous 2.5-cm-thick sand pack was con-
structed by a manual-layering machine, trying to minimize
local inhomogeneities and packing anisotropy. The scaling
factor is 10>, which means 1 cm of sand represents 1 km in
nature [McClay, 1990; Liu et al., 1992]. Moderately well
rounded, well-sorted dry quartz sand (average grain size of
90—110 pm) was the material used to simulate the deform-
ing brittle upper crust. The average grain diameter was
smaller than that used in previous experiments [Liu et al.,
1992], for which laboratory tests indicate an internal friction
angle varying between 31° and 42° according to the range
of confining pressures (1300—1800 Pa and 160—400 Pa,
respectively) [McClay, 1990, also unpublished Fault Dy-
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namics Research Group Report, 1992]. Nevertheless, recent
studies [Schellart, 2000] suggest that the coefficient of
internal friction is mainly dependent on the sphericity of
individual grains rather than on grain size, justifying the
assumption of the same properties for the material adopted.
Both faulted and unfaulted sand displays a linear Mohr
failure envelope with a coefficient of friction of p = 0.50
and p = 0.55, respectively. The drafting film used to
simulate the basal detachment was characterized by a i, =
0.47 [Liu et al., 1992]. Deformation was recorded using
time lapse 35-mm photography every 0.5 cm deformation
increment. Using a graphic software package, a set of
parameters was systematically measured at 2-cm intervals
to describe the evolution of the wedge. For each experiment,
measurements were restricted to P2 only and compared to
the wedge growth during P1. In fact, given the high degree
of reproducibility for this set of models, P1 was measured
for the first experiment only. The parameters measured were
(Figure 2): displacement along each thrust ramp (D,),
maximum height reached by the axial zone (H), wedge
toe outer location for both prowedge and retrowedge (L,
and L,, respectively), and displacement for the axial zone
bounding faults (D,, and D,). Cumulative displacement for
each thrust fault was plotted against a shortening ratio,
expressed in terms of

S=Ly/L;,

where L, is progressive shortening applied to the sand pack
and L; is initial sand pack length.

[10] Because of deformation apparatus dimensions, for
which the P2 undeformed sand pack was 100 cm long (refer
to Figure 1), the shortening ratio coincides in value with the
amount of shortening applied in the description of all the
experiments. Measurements covered a shortening interval of
38 cm (~40% of shortening). This limit was set on the basis
that P2 prowedge in the first experiment had already
reached the minimum critical taper (~10°) characteristic
of the sand used for these models. Moreover, this value is
similar to the maximum shortening permitted for P1,
allowing a direct comparison between the two phases.

4. Experimental Results
4.1. Basic Setup (CC-36)

[11] For the first experiment, the sand pack was shortened
without modifying other experimental parameters during the
wedge development. Therefore it was regarded as a tem-
plate for subsequent model runs, and their results will be
compared to this experiment. This section describes the
main kinematic differences between P2 and P1 (see Figure 3
for immediate visualization) to be used as a reference point
for later discussion.

<
< FE >

Prowedge

Figure 2. Reference framework of parameters measured
for displacement curves.
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Figure 3. Basic differences of wedge kinematics between
P1 and P2. Axial zone vertical uplift and later forward
growth during P1 is replaced by dominant prowedge
accretion and nearly zero uplift since early stage of P2.
Black arrows indicate subduction vectors.

[12] After deforming the wedge during P1 up to the
maximum contraction value permitted by the deformation
rig, the inherited wedge architecture was characterized by a
retrowedge extending to 10 cm away from the subduction
slot (Figure 4a, stage I) at the maximum taper possible (sand
angle of repose). At 1% of shortening, a detachment
propagated at the base of the P2 prowedge, stepping the
deformation front outward, far away from the subduction
slot (17 cm). An asymmetric, foreland-verging anticline
nucleated where the detachment ramped up through the
sand pack, with a nearly simultaneous retrovergent kink
band pointing toward the P1 retrowedge toe (Figure 4a,
stage II). P2 prowedge growth showed rapid accretion of
new frontal imbricates from an advanced strain discontinu-
ity (Figure 4a, stage III), with a decreasing rate of thrust
nucleation as deformation proceeded. The thrusts showed
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intermediate to long décollements and the associated anti-
cline forelimb emerged at the surface with a constant
distance from the prowedge toe (ranging between 5 and
6 cm). At about 14% of shortening (Figure 4a, stage IV), a
first out-of-sequence small thrust nucleated at the subduc-
tion slot beneath the P1 retrowedge area. It was followed by
similar structures at 23% and 28% of shortening. These,
coupled with a prominent backthrust at the toe of the P1
retrowedge, determined the continuous vertical uplift of the
axial region toward the final taper surface (Figure 4a, stage
V). Toward the end of the model run (=40% of shortening),
the minimum critical taper had already been achieved in the
P2 prowedge (Figure 4a, stage VI). The topography in
the P2 retrowedge area displayed a higher taper than in
the prowedge approximating a maximum critical taper and
indicating that the theoretical morphology of a doubly
vergent wedge is respected even when such a complex
subduction evolution is applied.

[13] A quantitative insight into wedge kinematics is given
by displacement curves (Figure 4b). The first two thrust
ramps (D1 and D2) were marked by a short period of activity,
soon after which they reached an asymptotic value of
maximum displacement of 0.75 and 0.95 cm, respectively.
However, D2 underwent a distinct reactivation around
28% of shortening. The nucleation of the subsequent two
thrusts (D3 and D4) displayed the same trend, but this
time they were more longer lasting and displacement rates
were higher during early stages (gradient nearly doubled).
D4 accumulated the highest displacement, reaching a 3.86
cm value after a reactivation in out of sequence (32% of
shortening). D5 and D6 showed equally high initial
displacement rates in their early stages of deformation,
but they died out rapidly, while D4 was still active in the
inner part of the wedge. The measurement interval for D7
was too short to thoroughly characterize its kinematics but
it showed the same high value of initial displacement rate
as in D3, D4, D5, and D6. A detailed analysis of the
displacement curves reveals that a transition might exist
from piggyback to mixed piggyback and synchronous and,
finally, to fully synchronous thrusting sequence toward the
end of the model run (D2, D4, and D6 were active at the
same time between 28% and 34% of shortening).
Concerning the prowedge toe position in time, a continu-
ous outward growth was observed at early stages of
deformation (Figure 4c). This was due to nucleation of
small-scale thrusts paralleled by scarce activity along the
P2 retrothrust during the same displacement interval. This
became more evident around 10% of shortening, promptly
followed by a well-defined retreat of progressively new
accreted imbricates (saw-tooth curve pattern), together
with uplift of the axial zone (albeit small).

[14] In our experiments, the first stage during P1 corre-
sponded to a rapid, symmetrical uplift, centered above the
subduction slot (see Figure 3). The wedge grew in the form of
a symmetric flat-topped pop-up structure, bounded at the rear
by a very active retrothrust (future retrowedge region),
whereas a set of high-frequency kink bands developed above
the prothrust (future prowedge region). As Figure 4d shows,
the axial zone uplift (H) was strong, as was the backward
retrowedge growth (L,). The gradient of prowedge growth
(L,) nearly equals L, between 0% and 20—-24% of shortening,
confirming similar kinematics for prowedge and retrowedge
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at this stage. Toward the final stages of shortening (44—64%),
the wedge toe propagated very quickly, driven by a long
detachment developed at the base of the prowedge, with the
deformation front instantaneously stepping well ahead in the
undeformed sand pack. Each frontal anticline was marked by
aprolonged phase of retreat before nucleation of a new thrust.
It is noteworthy that the retrothrust was still very active (D,,
Figure 4d), whereas retrowedge toe growth started to slow
down at late stages of contraction (L,, Figure 4e). This
difference in motion was perhaps absorbed within the retro-
wedge region, during its rotation and reaching of the final
maximum taper.

4.2. Kinematics Versus Syntectonic Denudation
(CC-38)

[15] In this experiment, syntectonic denudation was in-
troduced in two distinct stages during P2. Both the events
reduced the surface slope to 10° (minimum taper for this
sand) in different parts of the wedge. The first rapid
denudation event affected the P1 retrowedge region, to
evaluate the impact of a lowered topography on P2 defor-
mation, the width of the overburden being fixed. The
second erosion event was instigated later, on the P2 retro-
wedge, to test whether this wedge region was able to
increase its strain rate at a stage when it should already
have been very active and if this inhibited deformation in
the prowedge sector at the same time.

[16] The wedge dimensions at the beginning of the P2
were as in CC-36 (Figure 5a, stage ) and, as in that case, a
foreland verging anticline propagated at the tip of a very
long detachment in the prowedge region at the onset of P2.
Conversely, in this model, no retrovergent kink band
developed at the anticline back limb, this being true also
at later stages of deformation (Figure 5a, stages II and III).
The first thrust was followed by nucleation of a new ramp
after 5% shortening. Following the first denudation event
(operated at 10% shortening; Figure Sa, stage II), rapid
prowedge accretion characterized this phase as in the

Figure 4. (a) Line drawings of sequential stages of wedge
development during the second phase (P2) for experiment
CC-36. Stage I is end of the first phase (P1). Different arrow
sizes indicate dominant and secondary motion on thrust
faults. (b) Displacement curves for each prowedge thrust
(D1 to D7). (c) Distance of the wedge toes from the
subduction slot: prowedge (L,) and retrowedge (L,). H is the
axial zone maximum height and displacement for the axial
zone bounding faults is marked by D, and D, (on the
prowedge and retrowedge sides, respectively). Because of
100 cm initial undeformed length, percent of shortening
equates to centimeters of shortening. (d) Progressive
evolution of selected parameters of CC-36 experiment
wedge growth during P1 (first phase) with displacement
curves for the most long-lived thrusts in the prowedge. Note
the reduced cumulative displacement on each fault and how
the retrothrust (D,) outpaces prowedge imbricates. (e) L,
showing the three evolutionary stages, from pop-up
structure to fully developed doubly vergent wedge. Note
larger shortening ratio required to achieve the wedge critical
taper.
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Figure 4.

previous experiment. However, a marked change in the
wedge mass transfer took place. The third thrust unit
accreted in the prowedge started to be passively underthrust,
as seen by the related retrovergent kink band being progres-
sively buried underneath the second imbricate (Figure 5a,
stages III to V). The prowedge basal décollement must have
exhibited complex mechanics at this stage. An active seg-
ment must be inferred in its outmost sector, where a new
forethrust was propagating, but this was followed inward by
a deactivated portion, which allowed the third thrust to be
transported backward. At the same time, the basal detach-
ment in the innermost sector had stepped up to a shallower
position in the deforming section. Accordingly, the second
anticline became unrooted from its ramp, the latter being
dragged back toward the subduction slot (Figure 5a, stage V).
The second erosional event did not strongly alter the
deformation pattern in the P2 prowedge. In addition, it was
very difficult to visibly define a distinct increase in strain rate
in the P2 retrowedge. Toward the end of the model run, a
new underthrusting cycle was possibly occurring in the
prowedge outer region, where the fourth thrust started to
branch through the outer anticline. This is clearly indicated
by the asymmetric bulge in the fifth anticline hinge area
(Figure Sa, stage VI).

[17] The D1 and D2 early stages of deformation were
marked by high displacement rates, but for both faults there
was a subsequent decline of activity (Figure S5b). The
decreasing trend is less evident for D2, perhaps because
the quiescence phase is inhibited by the first denudation
event (10% of shortening). A strong out-of-sequence reac-
tivation for D1 appeared much later (around 18% of
shortening). This is interpreted as the décollement shallow-
ing up (as previously described). During the shortening
interval ranging between 18% and 22% of shortening, D1
was capable to regain the displacement difference with D2.
They later deformed at comparable strain rates, meaning
that the two imbricates were now growing on the same
décollement (D1 plus D2). During the same deformation
interval, D3 reached its quiescence asymptotic value and the
difference in displacement with D1 plus D2 continuously
increased till the end of the measured shortening interval
(underthrusting beneath D1 plus D2). A piggyback thrusting
sequence can be inferred from the plot for D4, D5, and D6
accretion following the underthrusting event. The effect of
the second denudation event is not clear. It does not seem to
alter thrust nucleation (only D6 is possibly triggered early)
and strain rates in the prowedge (D3, D4, D5, Do) are
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(continued)

comparable with other experiments. Even the P2 retrowedge
region does not appear to be affected by this event (Figure 5c).
The first erosional event shows a major effect (Figure 5c)
marking the beginning of P2 retrowedge growth, coupled
with a linear increase in wedge maximum height. Moreover,
the decreased vertical load promoted a short-lived reactiva-
tion for the fault (D,) bounding the base of the axial zone on
the prowedge side.

4.3. Kinematics Versus Weaknesses in Mechanical
Stratigraphy (CC-39)

[18] With this experiment, rheological anisotropies in the
mechanical stratigraphy were modeled, with leveling glass
beads into two different horizons. The first was layered at
the base of the sand pack, thereby simulating a weaker basal
décollement. The second layer was positioned closer to the
surface, representing a shallower potential detachment. The
glass beads were carefully layered in the P2 deformation
sector only, so that they were located beyond the Pl
retrothrust tip propagation domain. In other words, the
presence of the mechanical anisotropy should theoretically
not influence P1l. Therefore its boundary conditions
remained unaltered compared to previous experiments.

[19] The P2 initial setting shows a P1 retrowedge char-
acterized by a width of 13.2 c¢m, the maximum observed
during the experimental program. Coupled with a reduced
P1 retrowedge height, this gives a lower taper inherited
from the first phase of contraction in comparison to other
experiments. The difference in P1 retrowedge width was
due to a set of small-scale detachment folds developed at the
foot of the advancing retrowedge main body (Figure 6a,
stage 1). A weak mechanical anisotropy (glass beads) in the
footwall of P1 retrowedge caused some of the prowedge
contraction to be absorbed in the stationary area where these
small-scale folds were produced. Each small fold had a
concomitant counterpart in the P1 prowedge suggesting that
the propagation of a new thrust in the prowedge was
accompanied by a backward translation of the wedge as a
whole. As no fault is visible beneath the small-scale
features, an active push exerted by the retrowedge on the
horizontal glass beads detachment is believed to be respon-
sible for the deformation. Moreover, detachment fold activ-
ity increased after 12—13% of shortening. This indicates
that this stage is critical when wedge development passes
from axial zone nearly vertical uplift to effective wedge
backward displacement. The first thrust unit nucleated at
0.5% of shortening (Figure 6a, stage II), displaying a very
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broad flat segment, longer than the corresponding units in
previous experiments. However, the spacing between
the thrust tip and the P1 retrowedge toe was similar. The
position where the décollement ramped up through the
sand pack was always located along the prolongation of
the P1 retrowedge slope. As deformation progressed,
relatively long décollement segments were activated se-
quentially at the prowedge toe, each of which showed a
flat-topped box-fold at its tip (Figure 6a, stage III). The
two glass bead layers provided the rheological weakness to
produce a rapid forward growing P2 prowedge (the
lowermost) and well-defined staircase trajectories for each
thrust (the uppermost). The combined effect caused a rapid
propagation of the deformation front, that coupled with the
low topography of each imbricate, led to the critical
minimum taper at very early deformation stages (less than
25% of shortening; Figure 6a, stage IV). Moreover, the
presence of a second detachment in the uppermost part of
the sand-pack favored continuing slip between units (as
testified by the displacement of retrovergent kink band
hinges), and efficient out-of-sequence thrusting beneath the
P1 retrowedge region (Figures 6a, stages V and VI).

[20] The case with rheological anisotropies in mechanical
stratigraphy showed a set of forward propagating faults,
marked by prolonged activity throughout the deformation
history (Figure 6b). Because of the basal weaker detach-
ment, the initial fault growth occurred at the fastest rate
observed in these experiments. However, despite the con-
tinuous displacement along each fault, an overall piggyback
thrusting sequence can be inferred by displacement curves
shape. In CC-39, it is difficult to distinguish a distinct
reactivation on single fault planes. Rotation of imbricates
causes progressive alignment between thrust ramps at depth
and weak décollement at the surface. The latter activates
very easily, ensuring ample layer-parallel thrusting at late
deformation stages that mimics synchronous thrusting. The
D2 thrust ramp may be the only one that undergoes out-of-
sequence motion, as demonstrated by a cumulative dis-
placement much higher than DI.

[21] The P2 prowedge toe position (Figure 6¢) gives an
idea of the high rate of outward stepping ahead for the
deformation front. At 12% of shortening, the P2 prowedge
width is already comparable to that observed toward the end
of the model run for previous experiments. At early stages
of contraction, the P2 prowedge region showed minimal toe
retreat: only at 20% of shortening, when the P2 retrothrust

Figure 5. (a) Line drawings of sequential stages of wedge
development during the second phase (P2) for experiment
CC-38. Stage I is end of the first phase (P1). The white
arrows indicate deactivated portions along the basal décolle-
ment. In stage VI, the dashed segment denotes initiation of a
new underthrusting cycle. (b) Displacement curves with
arrangement different from the previous experiment. Step-
ping up for D1 is evident between 18% and 22% when it
finally merges with D2 in a single fault. (c) L, indicating an
initial outward growth for prowedge toe as in CC-36,
although less marked. For notation symbols, refer to Figure 4.
Because of 100 cm initial undeformed length, percent of
shortening equates to centimeters of shortening.

DEL CASTELLO ET AL.: TOPOGRAPHY AFFECTING WEDGE KINEMATICS

B05405

e

eroded sector

P2
:> D2 i /@ 1=10%

DISPLACEMENT (cm)
N
2]

15 D1

1

0,5 .

0
° xR N x =
N o o o ©
o -~ N [sel [sp]

b) SHORTENING (%)

25 Lp

DISPLACEMENT (cm)
N
S

C) SHORTENING (%)

7 of 17



B05405

became active, did the prowedge toe start to display its
characteristic retreat.

4.4. Kinematics Versus Syntectonic Sedimentation
(CC-40)

[22] In the last experiment, the effect of syntectonic
sedimentation was analyzed. Instantaneous sedimentary
strata were layered in two distinct stages during P2, trying
to reproduce a triangular foredeep basin. Layering was
scaled to simulate a syntectonic wedge tapering above a
basal surface inclined at 3°. As a very first-order approxi-
mation, this is intended to represent natural conditions,
where the maximum normal stress, therefore maximum
confining pressure on potential décollements, is positioned
close to the advancing wedge toe. The first layering event
added half the thickness of the initial incoming sand section
and it was put in before the beginning of P2 (Figure 7a,
stage I). At 15% shortening during P2, when a new thrust
was about to nucleate, the second, thick sand layer was
added. This doubled the incoming section at its point of
maximum thickness and covered it over a much wider
surface.

[23] At 2% of shortening, a small thrust nucleated be-
neath the P1 retrowedge region and was offset from the
subduction slot (Figure 7a, stage II). As in the other
experiments, this event revealed the activation of the P2
retrowedge. At 3% of shortening, a distinct anticline devel-
oped at the tip of the detachment propagating at the base of
the P2 prowedge (Figure 7a, stage II). The provergent kink
band extended up to the syntectonic wedge apex, while the
retrovergent kink accommodated an equal amount of dis-
placement, causing a vertical uplift of the anticline. At 15%
of contraction, the second syntectonic wedge was added. At
this point, the P2 prowedge displayed two long thrust units
and an additional ramp starting to deform the sand-pack
surface (in cross section a slight bulge in the most external
part of the prowedge is visible; Figure 7a, stage III). At the
onset of contraction, there was an immediate step back of
the active deformation front. At later stages, thrusts in the
P2 prowedge were reactivated out of sequence, following a
piggyback reactivation sequence, with subsidiary faults
branching from main thrusts and shortcutting respective
footwalls. At this stage, competition between retrothrust
and prowedge basal décollement mutual shear resistances
controlled mass transfer within the wedge. Despite an active
retrothrust, motion along this fault was insufficient. P2

Figure 6. (a) Line drawings of sequential stages of wedge
development during the second phase (P2) for experiment
CC-39. Stage I is end of the first phase (P1). Small arrows
show that some deformation is absorbed along the shallower
detachment. (b) Displacement curves denoting simple
piggyback nucleation sequence for faults, although cumu-
lative displacement for each of them is very high.
(c) Position reached by the prowedge toe (L,) which is
the farthest observed during the experimental program
because of a lower basal shear resistance. The positions of
the lower and upper glass bead layers are indicated by the
dotted horizons. For notation symbols, refer to Figure 4.
Because of 100 cm initial undeformed length, percent of
shortening equates to centimeters of shortening.
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retrowedge became a buttress driving deformation in the P2
innermost prowedge, as confirmed by second-order box
folds and related small-scale thrusts at shallow level above
the oldest thrust unit in the P2 prowedge (Figure 7a, stage
IV). It is at this point that growing stresses at depth
overcame the threshold for a new detachment to activate
beneath the P2 retrowedge (Figure 7a, stage IV). At 32.5 cm,
the P2 prowedge basal detachment finally produced a new
ramp, which nucleated well beyond the subduction slot
(Figure 7a, stage VI). Surprisingly, it by-passed the preex-
isting discontinuity positioned where the embryonic thrust
had been buried under a thick syntectonic wedge, where
shear resistance was assumed to be characterized by a
minimum. Toward the end of the model run, the whole
wedge (prekinematic plus synkinematic sediments) dis-
played a superficial taper comparable to CC36 and CC38.
However, considering only the prekinematic sand pack, the
wedge architecture was highly asymmetric, with a central
part “vertically extruded” from the rest of the system.

[24] In this experiment, the displacement curves showed
a more irregular shape due to the strong effect of syntec-
tonic sedimentation. Periods of activity along fault surfaces
were separated by long quiescence phases. The impact of
syntectonic sedimentation is evident from the plot in
Figure 7b: (1) the first syntectonic wedge retarded the
nucleation of D1; and (2) the second syntectonic wedge
prolonged the quiescence phase of D2 and D3, while D1
underwent a marked reactivation. At 24% of contraction,
D2 and D3 reactivated simultancously. At 38% of contrac-
tion, D2 had accumulated a total displacement comparable
to D2 in CC-39. Most importantly, there was a marked
delay in thrust nucleation after the second syntectonic
sedimentation event; more than 17% of shortening was
necessary before a new anticline transferred the deforma-
tion front outward. Another consequence was the distinct
reactivation of P2 retrothrust since very early stages of
deformation (Figure 7c).

[25] The mechanical link between retrothrust activity and
accretion in the prowedge region became evident immedi-
ately after the second sedimentation event. At this stage,
retrothrust (D,) underwent a marked increase in displace-
ment rate coupled by rapid P2 retrowedge toe advance (L,).
This increase in retrothrust activity was paralleled, nearly
symmetrically, by P2 prowedge retreat (L,) (the measured
prowedge toe position corresponded to the outermost de-
formation front in the prekinematic sand pack). Yet, a very

Figure 7. (a) Line drawings of sequential stages of wedge
development during the second phase (P2) for experiment
CC-40. Stage I is end of the first phase (P1). The white
arrows underline the coupling event in the prowedge,
accompanied by reactivation of the basal décollement in the
retrowedge. (b) Progressive evolution of selected param-
eters during wedge growth. Note the decreased number of
imbricates. (c) Strong variation for D,, H, and L,. The
prowedge toe clearly retreats (L,) when the retrothrust
activates but nucleation of a new thrust allows a prowedge
toe position to be regained comparable to previous
experiments. For notation symbols, refer to Figure 4.
Because of 100 cm initial undeformed length, percent of
shortening equates to centimeters of shortening.
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long thrust unit nucleated at 32% of contraction, rebalancing
the predicted asymmetric wedge geometry with a prowedge
length comparable to other experiments (Figure 7c).

5. Discussion
5.1. Taper Asymmetry

[26] The first remarkable outcome of this experimental
program is the asymmetry achieved by the wedge after the
subduction polarity reversal. Despite the multiphase defor-
mation applied, each model tended to attain the expected
difference in taper between prowedge and retrowedge
regions as predicted by theoretical analyses. However, the
mechanical equilibrium was approached at different stages
during P2 and the relative maximum taper reached by the
retrowedge did not show the same value in separate experi-
ments. The mechanical and kinematic aspects of retrowedge
growth have already been highlighted [Koons, 1990; Willett
et al., 1993; Wang and Davis, 1996]. In particular, Wang
and Davis [1996] suggested the existence of a noncritical
retrowedge taper in their models and stressed the impor-
tance of external factors (such as erosion and/or sedimen-
tation) driving the wedge toward either the end-member
states of criticality. Subduction polarity reversal can be seen
as one of those factors, for it reverses the P1 prowedge to a
final P2 retrowedge location. Because of the drastic “flip”
imposed on the contractional system, this experimental
procedure tested how the retrowedge responds to renewed
stress and velocity boundary conditions, and also whether or
not it is capable of keeping its unbalanced state in the
retrowedge region for a long deformation interval. Experi-
mental results from this study confirmed Wang and Davis’
[1996] reasoning that axial zone uplift controls the retro-
wedge taper growth history. As observed in Figure §,
maximum variations in retrowedge taper (Avy,) match the
larger variations in axial zone positions between P1 and P2
(AH; this would be higher for CC-38 considering the
material removed by the denudation events). However, this
is not only due to the effect of variable basal friction
coefficients in the retrowedge region. Retrowedge slope is
also mechanically linked to P2 prowedge growth history,
basal décollement activation and taper dynamic variations.
All the experiments display similar H; values at the begin-
ning of P2 and thus, potentially, an equal differential uplift
with respect to the axial zone final equilibrium position.
Nevertheless, taper increase during P2 varied widely among
single experiments. A remarkable difference exists between
CC-36 and CC-40. As observed by the differential axial
zone uplift (AH), CC-40 is characterized by a surplus in
vertical motion. This difference was due to the increase in
vertical normal stress in P2 prowedge region, related to the
syntectonic sedimentary wedge. This pushed P2 prowedge
basal décollement within the field of frictional stability for a
longer time interval, thereby inhibiting accretion of new
imbricates at the prowedge toe and, in turn, provoking
active “indentation” of the prowedge region toward the
retrowedge region. Accordingly, activity along the retro
thrust (A D,) was marked and the retrowedge taper (Avy,)
was able to grow to a very high value.

[27] Although to a lesser extent, the same difference in
retrowedge taper can be observed comparing CC-38 with
CC-36. The effect of a syntectonic denudation event on the
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growing CC-38 P2 prowedge decreased the overall vertical
overload within the wedge. The result was a promoted
vertical shift of inner thrust units and consequent under-
thrusting of outer imbricates. This reasoning may explain
why retrothrust activity was very low and suggests that the
steep slope mainly resulted from retrowedge passive rota-
tion. The effect of prowedge mechanics was confirmed by
CC-39. The presence of a more efficient basal detachment
promoted only accretion in the P2 prowedge, resulting in
minimal P2 retrothrust activity and nearly absent Avy, and
AH increase.

5.2. Comparison With P1 Kinematics

[28] Wedge growth during P1 was consistent with the
kinematics described by Storti et al. [2000], in that
distinct stages of wedge development were observed. In
contrast to Storti et al. [2000], no distinct break between
the two stages was found in our experiments. An inter-
mediate stage provided a continuous transition, as evinced
from the L, curve in Figure 4e where at about 16% of
contraction, the prowedge started to be unstable. This
critical point in wedge development was recognized by
the formation of small-scale fold at shallow levels in the
sand pack stationary region during the P1 phase in CC-39
and a switch from pure uplift to effective wedge back-
ward dislocation was recalled. The nearly linear prowedge
toe growth characteristic of early stages of deformation
was replaced by a discontinuous trend, whereby every
thrust nucleation was followed by a short phase of
prowedge toe retreat. Therefore this transitional stage
shared common features with the previous one (a reduced
prowedge toe propagation) and subsequent stage (a pro-
wedge toe retreat).

[20] As observed in our experiments, there is a substantial
difference in the way shortening affected mass transfer
during P2. Although varying between different models,
activity along single thrust ramps always appeared more
long-lived than during P1. Cumulative displacements were
indeed much higher (compare displacement curves in
Figure 4e with similar ones computed for P2) and the simple
piggyback thrust sequence characteristic of the P1 prowedge
was substituted by complex deformation paths for material
being dragged toward the subduction slot. All these features
must be encompassed in the overall behavior shown by the
wedge during P2, i.e., a higher rate of prowedge lateral
growth. The presence within the wedge of preexisting
topography drives accretion of long frontal units at the toe
of the P2 prowedge. In other words, the first stage of
deformation characteristic of the uplifting axial zone is
minimal during P2. For this reason, most of the shortening
is absorbed within the P2 prowedge region and the wedge
itself grows laterally faster than during P1. Furthermore, the
changed stress boundary conditions after the subduction flip
require the P1 inherited slope to be lowered, because it is too
steep within the new P2 prowedge context. In order to
achieve a homogeneous minimum critical taper predicted
by theory, the P2 prowedge works in different directions at
the same time: (1) accreting material at its toe, therefore
building a frontal slope; (2) shifting away the deformation
front as far as possible, thus lowering the frontal slope; and
(3) uplifting and rotating the region proximal to the P1
retrowedge toe, so its previous maximum taper starts to
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Figure 8. Synoptic plots for this experimental program. (a) Axial zone topography height inherited after
the first phase (H;), differential axial zone height (AH), differential retrothrust activity (AD,);
(b) differential retrowedge taper (Avy,), P2 final prowedge taper (v,,). These values are expressed as
the difference between the end of P1 and end of P2. Axial zone height at the end of the first phase (H,) is
consistent for each experiment. Nevertheless, evolution of selected parameters differs markedly
according to various perturbations brought into the accreting system for each experiment (see text for

details).

approximate the minimum taper required by mechanical
balance for the P2 prowedge.

[30] The stress unbalance left behind in the wedge at the
end of P1 controls the mass transfer to fill up the triangular
gap existing between the already built up P1 retrowedge
region and the flat sand pack (see beginning of P2 shorten-
ing for each experiment). This confirms that thrust wedge
development is highly sensitive to variations in surface
topography [Marques and Cobbold, 2002]. Obviously, any
perturbation brought into the system can strongly alter the
general deformation distribution.

5.3. Accretion Versus Underthrusting

[31] In general, a continuous interplay between accretion
at the toe and underthrusting in the innermost part of the
prowedge was observed during the experiments. In partic-
ular, in CC-36, where the P1 retrowedge region was at its

maximum width and was not altered by erosion or sedi-
mentation, the first stage of P2 contraction was marked by
continuous accretion of a very short unit at the prowedge
toe. This resulted from nearly zero activity along the P2
retrothrust (L,, Figure 4c), turning the P1 retrowedge region
into a vertical, quasi-rigid backstop. For this reason, a
secondary strain discontinuity developed away from the
subduction slot and persisted for a significant time interval.
Only later, with partial activation of the retrothrust, was
there distinct out-of-sequence thrusting (synchronous se-
quence) in the innermost part of the wedge, but in any case
underthrusting was very limited. In subsequent experiments,
where P1 retrowedge size was kept smaller by a syntectonic
denudation event operated on top of it (CC-38), continuous
activity of inner thrusts was observed (synchronous thrust-
ing throughout P2 shortening), with clear underthrusting of
entire thrust units. From these considerations, one might
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conclude that a great overburden (CC-36) is able to stabilize
the loaded sedimentary section for a certain time interval,
permitting only accretion at the toe. Conversely, a reduced
narrower preexisting wedge loading the downgoing sedi-
mentary succession favors underthrusting of material un-
derneath an upward stepping active fault. The same effect
might be explained in terms of prowedge transient taper.
The CC-36 prowedge displayed a higher taper (P1 retro-
wedge) than CC-38. In CC-36, progressive rigid rotation of
the P1 retrowedge occurred by backthrusting concentrated
around the P1 retrowedge toe and out-of-sequence duplex-
ing underneath. This is necessary to the P1 retrowedge to
decrease its transient slope down to the minimum taper
characteristic of the prowedge. In CC-38, after the first
denudation event, the transient taper was already closer to
its minimum value, thus a limited rotation was followed by
rigid forward displacement that allowed underthrusting of
outer imbricates.

[32] Continuous cyclicity between accretion and under-
thrusting modes has been already described. It was inter-
preted either as depending upon evolving surface slope of
the wedge [Gutscher et al., 1998] or as being controlled by
different basal coefficient of friction [Burbidge and Braun,
2002]. Our results are consistent with both theories, but the
underthrusting/accretion ratio is more limited in our experi-
ments. This might be partly due to a slightly lower basal
coefficient of friction than in Gutscher et al.’s [1998]
experiments. However, the height difference inherited after
P1 was much less in the experiments we performed,
suggesting that the amount of topography unstable with
respect to potential detachments is key to controlling mass
transfer modes within a deforming wedge. On the other
hand, the interplay between the fixed basal coefficient of
friction and the continuous variation of the topographic
aspect ratio due to wedge growth and/or the effect of
erosional unloading control the dynamic critical stages at
which some portions of the basal décollement may be
deactivated. This allows transitions to occur locally, from
pure frontal accretion to basal underthrusting.

[33] The absence of a slot, in our case, allowing material
to exit the system provides a tool for a mass balance
condition to be respected so that mass transfer is totally
controlled by strain distribution within the wedge. More-
over, no rigid vertical buttress was present in our models.
Conversely, the hypothetical output was governed by the
activity along the P2 retrothrust, which showed different
degrees of displacement and stage of reactivation depending
on the variable boundary conditions imposed and/or their
dynamic variations them during the course of distinct
models. Nevertheless, the similarity of results obtained in
distinct experimental procedures is striking. Thus our
experiments suggest that the same evolution might also be
appropriate for collisional orogens, for which the retrothrust
activity is a further control on the balance between accretion
and underthrusting modes within the prowedge region.

[34] CC-40 represents an interesting case for different
reasons. If the overall wedge aspect (i.e., surface slope and
final prowedge toe location) is compared to those of other
experiments no major difference emerges. However, in the
CC-40 case, the final wedge geometry resulted from a
perturbed deformation path, both in terms of timing and
mass transfer. At the end of the model run, the syntectonic
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wedge not being taken into account, a nearly symmetrical,
strongly deformed area above the subduction slot can be
observed, which is separated by an outer zone where thrust
units are very long and nearly flat at depth. The perturbation
brought into the system by the addition of the syntectonic
wedge might be interpreted in terms of variation of basal
shear resistance due to an increase in normal stress acting on
the prowedge basal décollement.

[35] Results from finite element analysis [Willett, 1999a]
suggest that when the basal angle of friction equals the
corresponding value characteristic of the deforming material,
deformation tends to localize between two major shear
zones (prothrust and retrothrust). Accordingly, the wedge
grows to its maximum height and assumes a more sym-
metrical shape. CC-40 showed the same evolution for a
significant time interval after the deposition of the second,
thicker syntectonic wedge. In this last case though, no
variation of basal angle of friction occurs (this is a fixed
property for the sand-Mylar film interface), so the sudden
increase in normal stress must be evoked as a driving
mechanism. This causes transitory coupling of the inter-
face [Del Castello, 2003], so that the sand pack can move
toward the subduction slot essentially undeformed. The
coupling event prolongs the duration and amplifies the
velocity contrast between prowedge and retrowedge
regions and is responsible, in turn, for persistent deforma-
tion in the axial zone, and the highest retrowedge taper
measured during the experiments presented here (Figure 8).
The renewed frictional stability along the basal décolle-
ment prevents absorption of shortening within the pro-
wedge region by accreting new frontal imbricates. At the
same time, vertical growth in the axial zone approaches its
maximum permitted value. The “mature” wedge is thus
transported backward as a whole, exerting a push from the
rear in P2 retrowedge region. This is sufficient to reacti-
vate the early basal detachment corresponding to the Pl
prowedge (Figure 7a, stages IV and V) resembling a
phenomenon defined in the past as basal traction reversal
[Willett et al., 1993; Buck and Sokoutis, 1994].

[36] Transitory coupling also affects deformation timing
within the wedge. Nearly 18% of the shortening was
absorbed in the inner part of the prowedge before reactiva-
tion of the basal décollement. Therefore the time at which
thrust units nucleated at the front of the prowedge is
markedly different from other experiments, whereas the
final overall wedge geometry is very similar. It is worth
noting that once propagated, the long detachment at the base
of the prowedge did not reactivate a preexisting disconti-
nuity. Conversely, it developed a ramp in such a position as
to reequilibrate the prowedge toe location (Figure 7c)
predicted by the given value of basal/internal coefficients
of friction ratio. This equates to rebalancing the prowedge
region minimum critical taper expected after the internal
stress reorientation at failure, as in previous experiments

(Figure 8).

5.4. A Collisional Perspective

[37] Some considerations on the limitations of the method
must be taken into account when trying to interpret natural
orogens in the light of these results. These include the
impossibility of properly modeling interference between
flexure/isostasy and the amount of syntectonic sedimenta-
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tion, and the dip of the down going plate (3 angle). The first
causes an active and continuous variation of the wedge
attitude at the surface (o angle). The second alters the rate at
which topography is formed, in turn affecting the amount of
gravitational unbalance. Therefore topography evolution in
laboratory experiments (3 = 0) can only be taken as a gross
approximation. As to real cases of collisional systems, both
the factors discussed above can be considered to vary in
time and space as a composite oceanic-continent transition
approaches the collision zone, this being valid for either the
prowedge or retrowedge side. As a consequence, the rate at
which topography is created can differ, i.e., the effect of an
unbalanced internal state of stress might vary in time and in
distinct sectors of the orogen itself. For instance, the wedge
net elevation is a function of its position with respect to the
down going plate curvature [Bigi et al., 2003] and the
rheology of the subducting plate [Wang, 2001]. The ques-
tion now arises as to how the wedge dynamically responds
to this transition. Is it capable of readjusting rapidly to the
change in characteristic variables? Or does the overall
wedge aspect derived from early contractional phases inter-
fere with renewed wedge basal conditions such that it
strongly affects further deformation? Can unbalanced to-
pography and overload control the rate at which a wedge
propagates and also control the vertical evolution of
décollement depth in time?

[38] One of the remarkable aspects of wedge growth
observed during the experiments performed was the anom-
alously strong accretionary flux characterizing the P2 pro-
wedge region and the large distance between the subduction
slot (strain singularity) and the deformation front from early
stages of shortening immediately after the subduction flip
event. The extrapolation of these observations to real orogens
is not straightforward due to the peculiar dynamic character
of accretionary flux [Gutscher et al., 1998; Burbidge and
Braun, 2002]. In other words, it is not easy to define what
stage is reached by an orogen, whether it is still in the
accreting mode or underthrusting mode. This is key to our
reasoning, as mass transfer modes influence the overall
wedge aspect. Thus comparing these laboratory results to
nature might be an oversimplification without an in-depth
study of the tectonostratigraphic signal, whereby detecting a
subduction polarity reversal event by means of a sudden
increase in the accretionary flux restricted to well-defined
time intervals during such complex tectonic evolutions and
positioned at large distances from the supposed location of
the plate margin. However, it seems that where subduction
polarity reversal is currently active, strong deformation has
been detected within the upper plate, far away from the
subduction margin, as in the Banda Arc [Snyder et al.,
1996]. The same scenario might be envisaged for the
northwestern sector of South Island, New Zealand. The
overriding plate is here dominated by subhorizontal com-
pression [Reyners et al., 1997] and strong exhumation (up to
3000 m) along discrete contractional structures, which af-
fected the upper plate from the late Miocene to early Pliocene
[King and Trasher, 1992; Armstrong et al., 1998]. In both
settings, the phenomenon takes place just where variably
thinned continental crust entered the subduction zone.
Reyners et al. [1997] interpreted this far-field effect as the
result of an interplate coupling episode offshore South Island,
New Zealand, where a large accretionary wedge has not yet
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deformed the trench turbidites. It is impossible to predict
whether these systems will eventually undergo a complete
polarity reversal, but if this does happen, the early deforma-
tion should be preserved somewhere in the tectonostrati-
graphic record. Thus these recently active settings could be
compared to ancient collisional systems, and their geometry
might help to unravel the complex tectonic history derived
from an evoked subduction polarity reversal event.

[39] Collisional orogens such as the Pyrenees-Cantabrian
system, the eastern Alps of Europe and the Apennines all
suggest strong involvement of the overriding plate during
collision, which might be interpreted in terms of different
degrees of ablative subduction and/or subduction polarity
reversal. The Pyrenean-Cantabrian system displays an
along-strike variation of retrowedge region size (Figure 9).
If the Iberian plate is supposed to have behaved coherently
as the down going plate subducting toward the north, then
progressively stronger involvement must be assumed for the
upper plate, from the easternmost sectors to the westernmost
ones, up to possible subduction polarity reversal in the
Cantabrian-Bay of Biscay region [Alvarez-Marron et al.,
1997]. As observed from the serial cross sections, the
retrowedge region is very narrow in the eastern Pyrenees
profile (Figure 9a; 27 km wide for 37 km of shortening
[Beaumont et al., 2000]). In the Central Pyrenees profile
(Figure 9b) a similar amount of shortening produces a much
wider wedge, up to about 100 km if the sub-Pyrenean zone
and Landes shoal are included in the computation [7eixell,
1998; Rocher et al., 2000]. In the western Pyrenees-Canta-
brian region section (Figure 9c), shortening values are more
difficult to obtain and the boundary between the prowedge
and retrowedge regions is less clearly defined. However, a
width of 56 km accounts only for the accretionary wedge
developed at the base of the continental slope, without
taking into account inner deformed areas, for an overall
shortening value that ranges between 35 km [Alvarez-
Marron et al., 1997] and 88 km [Gallastegui et al.,
2002]. Most importantly, timing of deformation within the
retrowedge region for the latter cases is coeval with the
main tectonic phases affecting the Pyrenean prowedge
region [Alvarez-Marron et al., 1997; Rocher et al., 2000],
suggesting that the two phenomena coexisted during the
tectonic history of the Pyrenees.

[40] The eastern Alps of Europe also display an excep-
tionally wide retrowedge region (Figure 10). A deep reflec-
tion seismics interpretation [TRANSALP Working Group,
2002] shows a thick-skinned thrust belt developed at the
southern edge of this collisional system. Also for the eastern
Alps, a close correlation between the main tectonic events
for the prowedge and retrowedge regions can be detected, at
least until the Serravallian-Tortonian times, when tectonic
accretion ended for the prowedge side [Steininger et al.,
1986; Schmid et al., 1997], but continued for the retro-
wedge until Messinian-Pliocene. This might indicate that in
this case deformation within the retrowedge region was
possibly partitioned in time between ablative subduction
and the active indentation suggested for the Adriatic plate
[Castellarin et al., 2002]. Nevertheless, a strong bending of
the Adriatic deep crustal levels toward the subduction zone
can be detected from the seismic profile, and the Adriatic
lower crust itself becomes part of the orogen crustal roots as
predicted by the ablative subduction model. As a result, the
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Figure 9. Along-strike variation of the retrowedge region length within the Pyrenees: (a) eastern
Pyrenees, (b) western Pyrenees, and (c) Cantabrian Mountains-Bay of Biscay region. Shaded areas
indicate the retrowedge region for distinct crustal-scale section, with outer front reconstructed on the
basis of coeval deformation phases with the tectonic events within the prowedge region. Black indicates
partially subducted oceanic crust in the Bay of Biscay. Data are from Munoz [1992] and Beaumont et al.
[2000] (Figure 9a), Teixell [1998] and Rocher et al. [2000] (Figure 9b), and Alvarez-Marron et al. [1997],
Gallastegui et al. [2002], and Pedreira et al. [2003] (Figure 9¢). NPF, North Pyrenean Fault; SPFT, South

Pyrenean Frontal Thrust; NPFT, North Pyrenean Frontal Thrust.

uppermost crustal levels are delaminated and accreted in
what now appears as a 140 km long retrowedge, for a
shortening computed by cross section balancing ranging
between 35 km and 40 km only [Bertelli et al., 2002].
Therefore also for this case preexisting topography might
have played a role in determining anomalously high accre-
tionary flux within the southeastern Alps.

[41] The Apennines (Italy) could represent the extreme
end-member for which a complete subduction flip event
occurred for a full continent-continent collision. This fold

and thrust system has been interpreted as derived from the
Alpine system after a subduction polarity reversal event
[Elter and Marroni, 1991; Castellarin, 1994; Doglioni et
al., 1999]. Ablative subduction may be a viable mechanism
to explain some discrepancies between the metamorphic
and the tectonostratigraphic records of this complex con-
vergent margin soon after the early stages of collision. As
for the previous cases, cumulative effects from asymmetric
excess topography and vertical overloads acting on the
overriding plate may account for the elevated accretionary
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Figure 10. Deep structure of the eastern Alps. (a) Line drawing from Vibroseis and explosive sections
superposed onto depth-migrated receiver functions. (b) One interpretation of the geometry of the eastern
Alps wedge, obtained by integrating surface and subsurface data. In the retrowedge region, this shows
how the upper crust is partially delaminated and involved in the retrowedge structuring; Figure 10b is not
to scale. Reprinted from TRANSALP Working Group [2002]. See color version of this figure at back of

this issue.

flux observed during the early history of Apenninic
tectonism. Moreover, the effect of margin-parallel varia-
tions of the rheological properties characterizing the crust
involved in the deformation may provide an alternative
picture to explain some peculiar features concerning the
dynamic evolution of the Apenninic orogen [Del Castello,
2003].

6. Conclusions

[42] Given the general validity and applicability of the
concept of criticality, the balance between wedge bounding
surfaces implied in the model remains in equilibrium only in
steady state conditions, provided that the basal detachment

is everywhere in a state of permanent failure. However, it is
important to understand how long a perturbation affecting
resistance to traction can be stored within the accreting
system before returning to a new equilibrium, and what are
the results during this transient stage. This set of experi-
ments illustrates the link between unbalanced topography
and dynamic basal shear resistance and how this generates
complex mass transfer modes across the wedge. In partic-
ular, a fixed critical taper, related to time-invariant frictional
properties, is an ideal condition that the wedge is perhaps
only able to achieve at a mature stage. Local shear resist-
ance heterogeneities, arising from temporally varying nor-
mal stress surpluses and/or from excess topography with
respect to existing detachment surfaces can account for the
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anomalous behavior of a fold and thrust belt during inter-
mediate stages.
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Figure 10. Deep structure of the eastern Alps. (a) Line drawing from Vibroseis and explosive sections
superposed onto depth-migrated receiver functions. (b) One interpretation of the geometry of the eastern
Alps wedge, obtained by integrating surface and subsurface data. In the retrowedge region, this shows
how the upper crust is partially delaminated and involved in the retrowedge structuring; Figure 10b is not
to scale. Reprinted from TRANSALP Working Group [2002].
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