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a b s t r a c t

We present new analogue modelling results of crustal thrust-systems in which a deformable (brittle)
hanging wall is assumed to endure passive internal deformation during thrusting, i.e. exclusively as a
consequence of having to adapt its shape to the variable geometry of a rigid footwall. Building on pre-
vious experimental contributions, we specifically investigate the role of two so far overlooked critical
variables: a) concave-convex (CC) vs. flat-ramp-flat (FRF) thrust ramp geometry; and b) presence vs.
absence of a basal velocity discontinuity (VD). Regarding the first variable, we compare new results for
considered (CC) smoother ramp types against classical experiments in which (FRF) sharp ramp geom-
etries are always prescribed. Our results show that the considered sharp vs. smooth variation in the
thrust-ramp geometry produces important differences in the distribution of the local stress field in the
deformable hanging wall above both (lower and upper) fault bends, with corresponding styles of strain
accommodation being expressed by marked differences in measured morpho-structural parameters.
Regarding the second variable, we for the first time report analogue modelling results of this type of
experiments in which basal VDs are experimentally prescribed to be absent. Our results critically show
that true passive hanging wall deformation is only possible to simulate in the absence of any basal VD,
since active shortening accommodation always necessarily occurs in the hanging wall above such a
discontinuity (i.e. above the lower fault bend). In addition, we show that the morpho-structural
configuration of model thrust-wedges formed for prescribed VD absence conditions complies well
with natural examples of major overthrusts, wherein conditions must occur that approximate a fric-
tionless state along the main basal thrust-plane.

© 2017 Elsevier Ltd. All rights reserved.
1. Introduction

Thrusts faults are often formed in nature in different tectonic
settings to accommodate compressive horizontal stresses in the
lithosphere. This process often implies exhumation of older crustal
segments of rocks that are gradually transported over a low dipping
(�30�) fault-ramp on top of younger upper-crustal rock sequences.
Thrust hanging wall rocks are thus generally subjected to defor-
mation under retrogressive metamorphic conditions undergoing
de de Ciências, Universidade
cooling and decompression at upper crustal levels, whereas foot-
wall sequences generally undergo opposite conditions of prograde
metamorphism assisted by increase of lithostatic pressure and
heating. At crustal-lithospheric depths where the effects of tem-
perature are generally not enough to trigger a prevailing viscous
behaviour (i.e. crystal-plastic deformation mechanisms), the
implied overall mechanical conditions can in general be well rep-
resented by a rigid footwall basement on top of which a brittle
deforming hanging wall block is thrust. The study of this type of
thrust-system in which a (relatively) softer hanging wall unit is
passively deformed as a consequence of adapting to the geometry
of a rigid footwall thrust-ramp has been recurrently addressed in
the literature since the classic work of Rich (1934), aiming to
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understand the fundamentals of the underlying mechanics of such
systems (e.g. Serra, 1977; Wiltschko, 1979; Suppe, 1983; Cooper and
Trayner, 1986; Eisenstadt and De Paor, 1987; Cello and Nur, 1988;
Kilsdonk and Fletcher, 1989; Taboada et al., 1990; Chester et al.,
1991; Zoetemeijer and SASSI, 1992; Strayer and Hudleston, 1997;
Erickson et al., 2001; Maillot and Leroy, 2003; among others).

Likewise, analogue modelling investigations of upper crustal
thrust-systems (in a brittle medium) have been presented pro-
fusely in the literature (e.g. Davis et al., 1983; Malavieille, 1984,
2010; Lallemand et al., 1994; Gutscher et al., 1998a,b; Mulugeta,
1988; Storti and Salvini, 2000; Casas et al., 2001; Agarwal and
Agrawal, 2002; Lohrmann et al., 2003; Ellis et al., 2004; McClay
et al., 2004; Bonini, 2007; Bonnet et al., 2007; Zhou et al., 2007;
Duarte et al., 2011; Bose et al., 2014; Rosas et al., 2015; Saha et al.,
2016), including for the specific case in which a brittle deform-
able hanging wall is thrust on top of a rigid (footwall) basement
(Merle and Abidi, 1995; Bonini et al., 1999, 2000; Persson, 2001;
Persson and Sokoutis, 2002; Mulugeta and Sokoutis, 2003;
Maillot and Koyi, 2006; Koyi and Maillot, 2007). Such previous
contributions have been mostly focused on the following main
variables: a) thrust-ramp dip angle (e.g. Bonini et al., 1999, 2000;
Persson, 2001; Persson and Sokoutis, 2002); b) thrust-ramp
rheology and basal friction conditions (e.g. Merle and Abidi, 1995;
Bonini et al., 2000; Maillot and Koyi, 2006; Koyi and Maillot,
2007); and c) existence and degree of hanging wall erosion/rede-
position (Merle and Abidi, 1995; Persson, 2001; Persson and
Sokoutis, 2002).

In the present paper, building on this previous (analogue
modelling) experimental work, we investigate the effects that two
other variables exert on the mechanics and corresponding morpho-
structural (geometric/kinematic) configuration of this type of
thrust system: a) thrust-ramp geometry (either flat-ramp-flat or
concave-convex configuration); and b) presence vs. absence of a
basal velocity discontinuity (as originally defined in this context by
Beaumont et al., 1994, 1996). Furthermore, we specifically discuss
the significance of the obtained results, evaluating the relevance of
the newly investigated parameters in the mechanics of the thrust-
systems at stake, and in view of their compliance with given natural
examples.

1.1. Previous work

To gain insight in the origin and tectonic evolution of this type of
thrust system several authors have previously addressed such
typical structural-mechanical setting through different analogue
modelling techniques, focusing mainly on the deformation pro-
cesses implied by hanging wall brittle accommodation above a rigid
basement footwall (Merle and Abidi, 1995; Bonini et al., 1999, 2000;
Persson, 2001; Persson and Sokoutis, 2002; Mulugeta and Sokoutis,
2003; Maillot and Koyi, 2006; Koyi and Maillot, 2007):

Initial analogue modelling experiments of this type carried out
by Merle and Abidi (1995) differed from (all) ensuing contributions
in the fact that the hanging wall sand-layered cake was pushed
against, instead of indented by, a rigid footwall ramp. Such exper-
imental procedure was conceived to account for a thin-skinned
tectonic setting, comprising actively induced shortening in the
hanging wall, and thus, not exclusively the deformation resulting
from the passive accommodation of this (brittle/softer) allochtho-
nous unit to the geometry of a rigid footwall. In their work these
authors focused on assessing the influence of basal friction and
erosion on the resulting overall structural configuration of the
thrust hanging wall units. They specifically considered a (sharp) 30�

flat-ramp-flat footwall geometry, and prescribed in some experi-
ments a thin viscous silicone layer at the base of the granular
hanging wall (i.e. along the main-thrust basal plane) accounting for
low viscosity thrust lubricant rocks that can occur in nature (e.g.
evaporites, marble- or quartz-mylonites). Their results showed
that, for the modelled specific case of thin-skinned thrusting, the
resulting structural configuration of the hanging wall unit is highly
dependent on the ratio between tangential displacement rate vs.
erosion rate, with a sort of feedback effect expressed by the
circumstance that higher displacement rates result in higher reliefs,
which thus tend to be more efficiently compensated by higher
erosion rates, which again result in basal thrust unloading and
consequently higher tangential displacement rates.

Bonini et al. (1999, 2000) focused for the first time on a sys-
tematic analogue modelling analysis of two main critical variables
controlling the overall structural configuration of this type of thrust
system and its underlying mechanics: a) the dip angle of the sharp
ramp; and b) the basal ramp frictional vs. viscous slip conditions.
They concluded that the overall accommodation of hanging wall
deformation depended greatly on both variables, determining the
height and width of the allochthonous deformable wedge, the
number, geometry, dip and spacing of implied inner wedge back-
thrusts, and the development of hanging wall normal-fault reac-
tivation of such inner backthrusts as a result of abrupt changes in
the local stress field orientation above the sharp ramp-to-flat
transition.

Using a similar experimental approach Persson (2001) and
Persson and Sokoutis (2002) looked into the influence of syn-
tectonic erosion vs. sedimentation on the development of similar
deformable hanging wall wedges. Their results showed that in
steep ramps (typically � 45�) lithostatic unloading due to pre-
scribed local erosion favoured the continuation of thrust-slip along
a single backthrust for a longer period of time, hence leading to the
formation of a smaller number of this type of inner wedge thrusts,
and to a less prominent topography. Redeposition of the eroded
material in the margins of the thrust-wedge would further prolong
the life of given active internal backthrusts, since the resulting
overburden would hinder the formation of new underlying ones.

Mulugeta and Sokoutis (2003) added to a hitherto essentially
geometrical-kinematical approach an attempted characterization
of the dynamic and rheological constraints governing the same
type of thrust system. They studied different hanging wall accom-
modation styles in sharp 30� flat-ramp-flat thrust centrifuged
models, using different ductile and frictional materials and varying
the shear strength/gravity stress ratio for the different cases. Their
results showed that changes in the material strength strongly in-
fluence hanging wall strain accommodation, making kinematic
restoration more complex than anticipated by strictly geometric-
kinematic models alone. The same results have also shown that
matching of natural fault bend folding geometries was better ach-
ieved in experiments in which elastic-plastic strain hardening
materials were used.

Maillot and Koyi (2006) and Koyi and Maillot (2007) considered
the influence of the same two critical variables originally addressed
by Bonini et al. (2000), ramp friction and ramp dip, although using a
somewhat different modelling setting and procedure simulating
steady-state emerging ramps (i.e. without relief build-up, with
topographic bulging being recurrently compensated by experi-
mentally prescribed erosion). Additionally, they adopted a sys-
tematic variation in the friction coefficients of the used hanging
wall granular materials, consisting of a two-layer sand cake sepa-
rated by a thin layer of glass micro-beads. Focus was specifically on
the critical control exerted by these variables on the amount of
hanging-wall thickening over the ramp, on inner thrust refraction
mechanisms across beds, and on experimental verification of pre-
vious theoretical approaches to explain inner wedge structural
configuration in this type of thrust system (mean dissipation theory
of Maillot and Leroy, 2003). Their experimentally obtained results
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validated the cited theoretical predictions, and showed that any
retardation during transport of the hanging wall units over the
thrust ramp, either caused by prescribing greater ramp dips and/or
higher basal friction, always favours the development of thicker
hanging wall units over the ramp. Also, the same results showed
that inner wedge backthrust refraction across the beds is only made
possible if friction between the two prescribed layers is lower than
on the basal ramp. Moreover, the experimentally obtained inner
wedge backthrust dips were much lower than the ones typically
obtained in other (kinematical) models, in better compliance with
evoked natural observations.

1.2. Present work

In the present paper we use a similar experimental apparatus
and similar modelling procedures to investigate two new variables,
testing their influence on the development of the thrust-wedge
morpho-structural patterns arising from this type of thrust-
system (Fig. 1):

i) Thrust ramp geometry. We compare the results of a sharp (flat-
ramp-flat, FRF) configuration (corresponding to the classical
ramp geometry used in previous experiments) with a smoother
concave-convex (CC) one (Fig. 1A and C versus B and D);

ii) Presence vs. absence of a basal velocity discontinuity (VD). We
for the first time prescribed the absence of such a VD in this type
of experiments (Fig. 1A and B vs. C and D).
Fig. 1. General conceptual illustration of the two main variables investigated in the pres
correspond to the actual obtained results): A: Sharp flat-ramp-flat (FRF) classical geometry s
2000; Persson, 2001; Persson and Sokoutis, 2002; Mulugeta and Sokoutis, 2003; Koyi and Ma
(FRF) ramp geometry and prescribed absence of basal velocity discontinuity (VD); D: Smoo
footwall ramp.
In the first case, it has been repeatedly shown (e.g. Bonini et al.,
2000; Persson, 2001; Persson and Sokoutis, 2002; Mulugeta and
Sokoutis, 2003; Koyi and Maillot, 2007) that the lower and upper
fault bends associated with the FRF ramp geometry exert a critical
influence in the resulting hanging wall structural configuration. The
lower fault bend (or first singularity in Fig. 1A) corresponds to the
site of nucleation of shear kink-bands (defined by a regularly spaced
set of inner backthrust faults), whereas the upper fault bend (sec-
ond singularity) reactivates these structures as normal faults by
tensile failure (op. cit.). However, in nature the sharp definition of
such (lower) flat-ramp and (upper) ramp-flat singularities is likely
to be strongly attenuated (namely due to tectonic erosion/abrasion
processes) and rather defined by a smoother (concave - convex)
footwall geometry (Fig. 1B). Different geometric nuances of such CC
ramp geometries are seen as often occurring in nature, corre-
sponding to a range of possibilities grading from the end-member
configuration of pure staircase (FRF) geometry (e.g. Cooper and
Trayner, 1986). Hence, to gain new insight on the influence of this
difference in the overall definition of the structural style arising
from the investigated type of thrust system, we thoroughly
compare the results of otherwise equal experiments, in which
either FRF or CC footwall ramp geometries are prescribed.

In the second case the velocity discontinuity (VD in Fig. 1A and
B) prescribed in all of the previously reported similar experiments
(see section 1.1 above) can have no real meaning in some natural
thrust systems. Models with a prescribed basal VD account for the
natural examples in which an orogenic continental collision is
ent work (the deformation of the hanging wall is generic illustrative and does not
ystematically employed in previous analogue modelling experiments (e.g. Bonini et al.,
illot, 2007); B: Newly employed smooth convex-concave (CC) ramp geometry; C: Sharp
th (CC) ramp geometry and prescribed absence of basal VD. i ¼ dip angle of the rigid
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simulated implying the existence of a continental buttress against
which upper crustal segments/slices of an opposite converging
block are indented and squeezed while detaching from an under-
lying subducting slab. The archetypal example of a continental
Fig. 2. Schematic illustration of the general configuration of sand-box analogue modelling e
considered (e.g. as in the case of an accretionary wedge formation in a subduction zone); an
kilometric emplacement of allochthonous nappes).
margin in a subduction zone, against which sediments are being
pushed/squeezed to form an accretionary wedge, would also ac-
count for a natural VD (Fig. 2A). Conversely, in other examples at
different scales the existence of a VD natural counterpart is much
xperiments and corresponding natural prototypes, in which: (A) a basal VD is typically
d (B) no such basal VD can be envisaged (as in the case of major overthrusts involving
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harder to envisage, as in the general case of a developing major
overthrust involving nearly frictionless basal thrust conditions,
allochthonous nappe emplacement and implied passive hanging
wall deformation/accommodation (Fig. 2B). We therefore test the
influence of the presence vs. absence of such a VD in the morpho-
structural pattern of the thrust wedges resulting from this specif-
ically investigated type of thrust system. We further discuss new
insights provided by our experimental output in view of some
natural examples, taking into account the control exerted by the
two main investigated variables.

2. Experimental procedure

2.1. Material properties and scaling

In all experiments the brittle deformation behaviour of the
thrust hanging wall block was simulated by dry quartz sand
(SIFRACO NE34 see properties in Table 1, and Repository content 2
and 3). Sand deforms in a brittle way following the Coulomb frac-
ture criteria (e.g. Davis et al., 1983; Hubbert, 1937, 1951; Appendix
A) and has been widely used in other similar analogue modelling
studies to mimic deformation by mechanical accommodation of
stress in lithospheric (crustal and upper-crustal) rocks (e.g., Krantz,
1991; Schellart, 2000; Lohrmann et al., 2003; Rosas et al., 2012,
2015). Under these same assumptions dynamic scaling in our ex-
periments was achieved through establishing model/prototype
ratios for fundamental units following the scale model theory of
Hubbert (1937). In the present case inertial accelerations are
considered negligible since velocities implied in natural geological
active thrusting are probably of the order of a few centimetres per
year (n x 10�9 ms�1), varying significantly only within millions of
years (n x 1013 s) and thus are at least 22 orders of magnitude lower
than the acceleration of gravity, g z 10 ms�2. Because of this, the
dynamic similarity between experimental models and nature was
fundamentally achieved considering the model/prototype cohesion
ratio (S), which is shown in Appendix A to be ultimately dependent
on the product of density (d) by length (l) ratios.

2.2. Apparatus initial stage and procedure

All the experiments were performed in a 120 � 12 � 10 cm
Perspex deformation box, comprising one horizontal basal plate
and two lateral vertical walls, orientated relatively to an X, Y, Z
Cartesian reference frame as illustrated in Fig. 3A. A rigid Perspex
ramp-block of variable geometry (see below) was originally placed
inside the box close to one of its ends with the ramp surface facing
its interior (Fig. 3A). The inner volume of the deformation box was
filled with horizontally stacked layers of sand covering (onlapping)
Table 1
Analogue modelling scaling parameters and material properties.

Material properties and scaling parameters Quartz sanda (model)

Grain shape Well-rounded
Grain size (mm) <0,30
Density (kg.m�3) ~1600
Internal friction angle, f (o) ~30
Coefficient of internal friction, mc ~0,6
Cohesion, co (Pa) Negligible (~100)
Stress, S (Pa) ~100
Gravity acceleration, g (m.s�2) 9,81
Length, L (m) 0,01
Mass, M, (kg) e

Scaled fundamental units are in bold.
A mean cohesion of Co ¼ 40 MPa was assumed for the natural prototype (e.g. Hoshino e

a Sand used in our models is SIFRACO NE34 (see more details in the contents of Repo
the ramp surface, and the top surface of the sand pack was always
set to level the 2 cm height of the top-flat (Fig. 3B). The sand was
hand-sieved from ~20 cm above the model, progressively sweeping
the width of the deformation box (along Y-direction) and running
along the whole of its length (X-direction). No strict rigorous con-
trol of the layer thickness was exerted (as this is also variable in
nature), although prescribed original individual layer thickness was
of approximately 0.5 cm. No significant rheological contrast was
implied in the sand layering, since this was simply obtained by the
alternate sieving of different batches of normal and blue dyed sand
(in the absence of any scrapping or compaction) to be used as strain
markers along vertical (XZ-parallel) sections of the model. In the
present case no meaningful differences regarding both grain-size
distribution and internal/basal friction were detected for dyed
versus non-dyed sand (see Repository materials 2 and 3 for further
details), although these have been reported to be potentially rele-
vant in some instances, namely depending on the adopted dyeing
procedure (Klinkmuller et al., 2016). The surface of the sand (or of
any of the successively deployed sand layers) was never scraped off
to avoid possible local compaction effects and implied local varia-
tions in the sand mechanical properties. Together with the above-
described hand-sieved methodology, this lack of scrapping resul-
ted in a somewhat irregular variation in layer thickness along the
width of the model (Y-direction). This was expressed by a
commonly slightly higher thickness along the longitudinal central
domain of the model relatively to its marginal areas, closer to the
(longitudinal) lateral walls. Such a variation often implied layer
parallel thinning towards the lateral walls of the model, where in
some instances some layers pinched out and disappeared. Because
of this (and also to avoid the blurring caused by minor frictional
dragging along lateral walls) in the end-stage of all experiments the
resulting deformed models were humidified, cut and photographed
along their central (XZ) longitudinal section, providing an
enhanced perception of the main resulting structures and struc-
tural style. All measurements and morpho-structural parameter
determinations were done using these end-stage central cross-
sections. Also, to maintain the same boundary friction conditions
and avoid continued repeated scratching and abrasion of the
Perspex surfaces by sand grains (which would modify contact
friction and harm photo quality), all the surfaces of the deformation
box in contact with the sand were thoroughly enveloped in a thin
Mylar sheet before any new experiment was done. All experiments
were initiated by moving the rigid ramp-block along the X-direc-
tion pushing the ramp surface against, or underneath, the
deformable sand pack (Fig. 3B). A stepping motor was used to move
the rigid-ramp block at the constant velocity of 20 cm/h, and the
prescribed maximum percentage of shortening was the same in all
cases (60%). As the experiments unfolded, photographs of the
Natural prototype (upper crust) Ratio: model/nature

e e

e e

2600 d ¼ 0.62
e e

0,6e0,85 e

40 � 106 e

40 � 106 2.5 � 106

9,81 gg ¼ 1
5000 l ¼ 2 £ 10�6

e m ¼ 4.96 � 10�18

t al., 1972; Weijermars et al., 1993).
sitory 2 and 3).
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model were serially taken at regular time intervals through the
transparent sidewalls.
2.2.1. Varying ramp geometry in the presence of a basal VD
In a first set of experiments the sliding of the rigid ramp-block
Fig. 3. Experimental setting: (A) Perspex deformation boxes employed in the (A1) FRF, and (A
configuration and procedure (using CC ramps as an example). B1: Experiments with basal
on top of the basal Perspex plate created a linear velocity discon-
tinuity (VD) corresponding to the edge of the moving ramp (see VD
in Fig. 3-B1). In these experiments this basal VD was always present
while ramp geometry was prescribed to vary in different experi-
ments, either corresponding to FRF or CC (see Fig. 1A and B). FRF
2) concave-convex experiments; (B) Schematic illustration of experimental initial stage
VD; B2: Experiments with prescribed absence of basal VD.
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experiments using ramp dips of i ¼ 30� were performed to be
directly compared with CC1 ramps (Fig. 4A) produced by elimi-
nating the discrete edges of the lower and upper fault bends (sharp
singularities), and their substitution by low amplitude concave and
convex surfaces respectively (see Fig. 4A, Appendix B and supple-
mentary material for a quantitative description of all obtained ramp
surfaces).

Additionally, two other FRF experiments were also done for the
sake of benchmark comparison with (geometric end-member)
experimental results: one corresponding to the pure staircase ge-
ometry (ramp dip of i ¼ 90�), and the other corresponding to the
dip generally considered for reverse-slip normal fault reactivation
(i ¼ 60�). In both cases the obtained results are compared with the
ones arising from steeper CC2 ramps (Fig. 4B), whose surface ge-
ometry is defined by strictly cylindrical concave and convex (90�

amplitude) ramp segments (Appendix B and supplementary
material).
2.2.2. Varying ramp geometry in the absence of a basal VD
In a second set of experiments FRF and CC ramp geometry

variation was introduced exactly as before, with the exception that
Fig. 4. Illustration of the exact geometry of the convex-concave ramps used in the experi
Appendix B and supplementary material for a quantitative description of the obtained ramp
smoothing/elimination. (For interpretation of the references to colour in this figure legend
in this case the elimination of the basal VD was prescribed by
placing a Mylar sheet at the bottom of the deformation box
continuously covering both the fixed basal plate and the moving
ramp-block (see Fig. 3-B2). The layered sand cake was thus placed
on top of the Mylar sheet in frictional contact with its top surface,
while its down facing surface slid on top of the different Perspex
blocks. Since sand was never in direct contact with the linear edge
of the ramp no VD was present in this case (Fig. 1C and D and Fig. 3-
B2).

This experimental procedure renders kinematical coherence
along the whole basal surface of the model, removing the otherwise
existent linear VD. However, it imposes a critical change in the
friction conditions along that basal surface, since such conditions
are no longer determined by the contact between the infilling sand
and the surface of the underlying different parts of the deformation
box (Fig. 3Be1), but instead by the down-facing surface of the
(newly introduced) Mylar sheet and those same parts (Fig. 3Be2).
As such, in the prescribed absence of a basal VD, basal friction
conditions are governed by the contact between two Mylar foil
surfaces, and not by the sand-Mylar contact as in the cases in which
a VD exists. Accordingly, for non-existent VD conditions friction
ments: (A) smoother CC1 ramp (red); and (B) more abrupt CC2 ramp (blue, see also
surfaces). Dashed black lines correspond to the original FRF geometry before fault bend
, the reader is referred to the web version of this article.)



Fig. 5. Experimental results for 30� FRF thrust ramp geometry and prescribed basal VD. A to C: incremental evolution from 20% to 60% (end-state) of applied shortening. D e

Considered morpho-structural parameters: dh/dl - height/length ratio, as a quantitative measure of the wedge topographic prominence; ws e wedge skewness, used to quantify
wedge asymmetry, defined as the percentage of shift of the topographic wedge culmination relatively to its central position; DPq e distribution parameter of dip angular values (qi)
of internal backthrust faults (see detailed explanation in the text, equation (1), section 3.1.1.), and u - inter-limb angle of the backthrusts-related folds affecting the planar (strain-
marker) layers in the hanging wall unit. Du ¼ u2-u1 is a measure of the degree of unfolding of the backthrust-related folds, where u2 is the mean value of u above the top flat, and

F.M. Rosas et al. / Journal of Structural Geology 99 (2017) 45e6952
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along the model basal surface is considerably lowered conforming
to nearly frictionless (almost free slip) basal boundary conditions.
This difference has to be taken into account in the comparison with
experiments in which a basal VD is prescribed (see discussion
below, section 4.2).

Adding to the described systematic modelling approach, and
building on the new insight resulting from the experimentally
studied thrust systems, another very simple experiment was also
performed to test the model reproducibility of given natural con-
strains (10� dipping FRF and scaled 20 km of shortening) arising
from the specific example of the Gorringe overthrust in NE Atlantic
(see section 4.3 below).

3. Results

Experimental results obtained in models with a basal VD as a
function of varying ramp geometry (FRF or CC) are presented first,
followed by the description of the specific differences arising from
considering the same variation in the absence of such a VD.

In all figures depicting longitudinal XZ cross sections of the
models, the evolutionary stages referring to 20% and 40% of
shortening correspond to lateral views (resulting from photographs
taken through one of the transparent sidewalls), whereas the 60%
of shortening final experimental stage always corresponds to a
central-longitudinal cross section. Accordingly, all measurements
relevant for the definition of the employed morpho-structural pa-
rameters (see below) were also obtained based on these end-stage
central-longitudinal cross-sections.

3.1. Prescribed basal VD

3.1.1. Flat-Ramp-Flat (FRF) geometry
These results confirm what was previously observed in similar

(classical) experiments by other authors (e.g. Bonini et al., 1999,
2000; Persson, 2001; Persson and Sokoutis, 2002; Mulugeta and
Sokoutis, 2003; Maillot and Koyi, 2006; Koyi and Maillot, 2007;
Rosas et al., 2015, Fig. 5). For FRF geometry and presence of a
basal VD a number of parallel and regularly spaced backthrusts are
consecutively formed above the lower (sharp) fault bend, rooting in
the VD and originally dipping ~25e30�. As the main thrust-system
develops, these backthrusts are continuously (passively) trans-
ported upwards along the basal thrust-ramp, eventually over-
coming the upper fault bend, becoming somewhat steeper and
being reactivated as normal faults above the top-flat (Figs. 5 and 6).
Along this ramp-to-flat sharp transition, the inter-limb angle (u) of
the backthrust-related folds (affecting the strain-marker layers in
the deforming hanging wall unit) increases in a somewhat abrupt
way (Du in Figs. 5D and 6C and D). In some cases, late-stage pop-up
structures of different sizes cut across the previous structures in the
hinterland domain facing the main ramp (Fig. 6C and D).

The resulting overall morpho-structural pattern consists of a
nearly triangular thrust-wedge pervasively cut by a series of sub-
parallel, regularly spaced, faults that dip in the opposite direction
of the main thrust-ramp (Figs. 5C and 6C and D). Such thrust-
wedges exhibit different overall shapes (topographic prominence
and symmetry) depending mainly on the prescribed dip (i) of the
ramp.

The parametric (quantitative) description of these shape fea-
tures is here defined by two sets of morhpo-structural parameters
u1 above the down flat and ramp domains. The angular magnitude diagram (in D) correspon
along the whole length of the main basal thrust. Note that experimental stages correspondin
to 60% of shortening (C and D) are depicted along central-longitudinal XZ cross-sections. F1, F
are active backthrusts, in black passive (non-active) faults, and in red backthrusts reactivated
reader is referred to the web version of this article.)
(Fig. 5D and Table 2A): 1) a robust one, comprising the height/semi-
length ratio (dh/dl) and the wedge skewness (ws); and a less robust
(more qualitative or indicative) one, comprising the inter-limb
angle (u), the inter-limb angle variation (Du) and the fault dip (q).

The first set of parameters represents a reliable quantitative
morpho-structural characterization of the experimentally obtained
thrust wedges, based on consistent geometric measurements.
Accordingly, dh/dl is defined as the ratio between the maximum
height of the thrust wedge and its (horizontal) half base length (see
dh and dl in Fig. 5D), whereas the ws is the normalized measure of
the horizontal shift of the top vertex of the triangular thrust wedge,
relatively to its middle position (the percentage of shift given
relatively to the half base length).

As for the second set of parameters, u and q are the result of
direct angular measurements in the final stage of the experiments,
and Du ¼ utop�flat � uramp is the difference between the mean
values of u above the top-flat and above the main ramp (Fig. 5D).
The relatively less rigorous meaning of u (and thus Du) and q arises
from an inherent degree of uncertainty in determining the exact
position of the trace of the inner backthrust faults along the end-
state longitudinal cross sections (see data and materials in
Repository 4 for further detail). The determination of such a posi-
tion can show a somewhat non-negligible variation depending on
the observer (Schreurs et al., 2016), and this is directly reflected on
the obtained measurements for the (angular) values of these pa-
rameters. As a result, some caution should be considered in the use
of this second set of parameters alone, while attempting a morpho-
structural characterization of the experimental thrust wedges.

Accordingly, the dispersion pattern (DPq) of the dip values (q) of
the inner backthrust faults, defined as

DPq ¼
Pn�1

i¼1 ðxnþ1 � xnÞ2

Pn�1
i¼1 Dq2 (1)

(where n ¼ number of backthrusts; xi ¼ measured angular dip of
each backthrust; Dq ¼ angular dip interval corresponding to the
ideal case of uniform distribution), shall also be considered with the
same thoughtfulness. Nonetheless, this parameter can be seen as
expressing some indication of the deviation from uniform distri-
bution of angular values of backthrust dip (q). Hence, when such
deviation is null, in the case of a uniform distribution, DPq ¼ 1.
Conversely, a tendency for clustering of the measured values of
inner backthrust dip is expressed by increasing (>1) values of DPq.
This is graphically illustrated by the backthrusts dip diagrams in
Figs. 5D and 6C-D (see also corresponding cumulative distribution
functions - CDFs in figures R4_Fig. 1 and R4_Fig. 2 of Repository 4).

Taking into account the whole of the morpho-structural pa-
rameters mentioned above, the main effect produced by the in-
crease of the ramp dip in the resulting morpho-structural pattern is
that of a more prominent and more symmetric triangular thrust-
wedge (compare ws and dh/dl values for experiments FRF 30�

and FRF 60� in Table 2A and Figs. 5D and 6C), in which a lower
number of (more curved) inner backthrusts is formed (Fig. 7). Note
that this fault number is approximate, since inner backthrusts can
display some geometric complexity (dying out, bifurcating or
merging towards the surface of the thrust wedge), ascribing some
uncertainty to their definite/absolute count. An approximately
similar inter-limb unfolding (Du) of the hanging wall inner folds is
ds to a graphical depiction of the distribution of the inner backthrusts angular dip (q�)
g to 20% and 40% of shortening (A and B) are side views, whereas stages corresponding
2, F3 …. Fn refer to the chronology of internal backthrust fault generation. Faults in blue
as normal faults. (For interpretation of the references to colour in this figure legend, the



Fig. 6. Experimental results for 60� FRF thrust ramp geometry and prescribed basal VD. A to C: incremental evolution from 20% to 60% (end-state) of applied shortening. D e

Experimental end stage for FRF 90� ramp geometry and presence of basal VD. Dip diagrams and considered morpho-structural parameters: dh/dl, ws, DPq and Du as defined in
Fig. 5D. Red faults in D correspond to normal faults superimposed (i.e. cutting across) the previously formed backthrusts (R1-R8 indicates their chronology of formation). Faults in
white bound late-stage pop-up structures. Experimental stages corresponding to 20% and 40% of shortening (A and B) are side views; Stages corresponding to 60% of shortening (C
and D) are depicted along central-longitudinal XZ cross-sections. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this
article.)



Table 2
Measured morpho-structural parameters (dh/dl and ws are statistically robust pa-
rameters; Du and DPq are merely indicative since their determination bears some
degree of inherently uncertainty).

Table 2A - Presence of a basal VD

Parameters Experiments

FRF 30� FRF 60� FRF 90� CC1 CC2

ws (%) 17% 0% 4% 2% 2%
dh/dl 0.35 0.51 0.37 0.32 0.37
Du (�) 26.3� 20.8� 103.7� 9.3� 9.0�

DPq 2.6 2.3 4.1 1.7 1.9

Table 2B - Absence of basal VD

Parameters Experiments

FRF 30� FRF 60� CC1 CC2

Ws (%) 73% 74% 59% 74%
dh/dl 0.14 0.15 0.13 0.15
Du (�) 7.4� 18.5� 15.3� 75.6�

DPq e As defined in equation (1) section 3.1.1.
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also observed above the top-flat in both 60� FRF and 30� FRF cases
(see corresponding Du values in Table 2A).

In the end member case corresponding to the 90� staircase ramp
geometry (Fig. 6D) the topographic prominence of the resulting
thrust wedge is only slightly higher than the one registered in the
30� FRF experiments, and lower than the one observed for the 60�

FRF situation (compare corresponding dh/dl values in Table 2A).
This case is the only one in which new normal faults are formed
above the top-flat crosscutting the previously formed backthrusts.
These new normal faults are taken into account while assessing
inner fault dip distribution above the top flat. Also, in this case the
degree of inter-limb unfolding (Du) in the hanging wall transition
above the upper (sharp) fold bend is significantly higher in 90� FRF
Fig. 7. Graphic representations of the approximate number of internal backthrusts formed
Note that the exact number of backthrusts is sometimes difficult to determine due to geom
experiments, with utop�flat values above the upper top-flat
generally > 90� (see Du values in Table 2A and Fig. 6D).
3.1.2. Concave-convex (CC) ramp geometry
The experimental end-result in the CC1 case (Fig. 8) consisted of

a triangular thrust-wedge with a topographic expression similar to
the one observed in the 30� FRF experiments (with similar dh/dl
ratios, see Table 2A), and comprising a similar number of internal
backthrusts (see Fig. 7). However, a closer inspection of the CC1
thrust-wedge morpho-structural pattern reveals some important
differences to the 30� FRF case:

a) A more symmetric triangular thrust-wedge was observed in the
CC1 case, as expressed by relatively lower skewness (ws) values
(Table 2A, Figs. 5D and 8C-D).

b) A lower inter-limb unfolding amplitude (Du) of the backthrust-
related inner folds was also observed in the CC1 case
(Fig. 8CeD), above the smoother transposition of the convex
upper fault bend (compare Du values in Figs. 5D and 8C-D and in
Table 2A).

c) Also, the clockwise steepening of the hanging wall inner back-
thrusts along the convex ramp-to-flat transition in the CC1 case,
although similar to the 30� FRF situation in terms of its mean (q
angular) amount, occurs in a much more gradual way, expressed
by a more uniform distribution of q in the CC1 case (see dip
diagram in Fig. 8D and corresponding CDF graph in R4_Fig. 1B of
Repository 4). As a result, in this situation a more gradual dis-
tribution of increasingly dipping inner faults is observed in the
hanging wall above the smoother CC1 ramp, contrasting with a
bimodal parallel steepening of the same inner faults observed in
the down and top flats above the sharp 30� FRF (compare cor-
responding dip diagrams in Figs. 5D and 8D and DPq values in
Table 2A, see also CDF graphs in Repository 4).
as a function of the prescribed percentage of shortening for the specified experiments.
etric complexity of the thrusting fault pattern.



Fig. 8. Experimental results obtained for concave-convex (CC1) ramp geometry and prescribed basal VD. A to C: incremental evolution from 20% to 60% (end-state) of applied
shortening. D e Angular magnitude diagrams and considered morpho-structural parameters: dh/dl, ws, DPq and Du as defined in Fig. 5D (see also Table 2A). Experimental stages
corresponding to 20% and 40% of shortening (A and B) are side views; Stages corresponding to 60% of shortening (C and D) are depicted along central-longitudinal XZ cross-sections.
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Fig. 9. Experimental results obtained for concave-convex (CC2) ramp geometry and prescribed basal VD. A to C: incremental evolution from 20% to 60% (end-state) of applied
shortening. D e Dip diagrams and considered morpho-structural parameters: dh/dl, ws, DPq and Du as defined in Fig. 5D (see also Table 2A). Experimental stages corresponding to
20% and 40% of shortening (A and B) are side views; Stages corresponding to 60% of shortening (C and D) are depicted along central-longitudinal XZ cross-sections.
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Fig. 10. Experimental results obtained for 30� FRF ramp geometry and prescribed absence of a basal VD. Thin Mylar sheet is represented in red between the rigid footwall and the
deformable hanging wall. A to C: incremental evolution from 20% to 60% (end-state) of applied shortening. C e Angular magnitude diagrams and considered morpho-structural
parameters: dh/dl, ws and Du as defined in Fig. 5D (see also Table 2B). Experimental stages corresponding to 20% and 40% of shortening (A and B) are side views; Stage C (60%
of shortening) corresponds to a central-longitudinal XZ cross-section. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of
this article.)
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The obtained thrust-wedge morphology in the CC2 ramp ex-
periments is characterized by low asymmetry (i.e. low ws values) as
in the 60 FRF case, but relatively lower topographic expression (i.e.
comparatively lower dh/dl values e Table 2A and Fig. 9). Also, in the
case of the FRF geometries, both the amplitude of the unfolding of
the inner minor folds, and the tendency for a bimodal clustering of
backthrust dip values (expressed by Du and DPq parameters,
respectively) are consistently higher. These same parameters are
hugely amplified in the end member case of the staircase (90� FRF)
ramp (see Fig. 6D and Table 2A).
3.2. Absence of basal VD

Regardless of the adopted FRF or CC ramp geometry, strikingly
different results were observed in the experiments lacking a basal
VD (Figs. 10e13 and Table 2B). Accordingly, in these experiments
the overall morphology of the model thrust-wedges always shows
a flatter topography (lower dh/dl ratios) and a much higher
asymmetry (markedly higher ws values, compare Figs. 5, 6, 8 and 9
with Figs. 10e13, and corresponding parameters in Table 2A and B).

The main generic difference in the internal structure of these
same thrust-wedges consists of a much fainter development of the
inner backthrusts, which in CC experiments are poorly marked
(Fig. 12) or even practically absent (Fig. 13), replaced either by
mostly a low-amplitude (wavy) fold pattern (CC1, Fig. 12) or by a
complex somewhat chaotic or convoluted one (CC2, Fig. 13).
Still, when present (FRF geometries in Figs. 10 and 11, compare
with Figs. 5 and 6), these inner faults occur in a much greater
number (see Fig. 7), show a much more constant (q) dip (lacking
any kind of drag-related bending near the basal thrust plane), and
very few signs of steepening rotation above the ramp-to-flat tran-
sition (upper fault bend). This is expressed in the corresponding
fault dip diagram (Fig. 10C) by a marked unimodal distribution.
Note that given the strong asymmetry of the thrust wedges in these
cases (showing ws values consistently above 60% and generally
above 70%, see Table 2B), DPq is no longer a reliable parameter to
express the degree of uniformity in the distribution of the back-
thrusts' dip (q) along the whole length of the main thrust. The
majority of these inner faults are now located above a much wider
top flat (always corresponding to at least ~60% of the total length of
the model) where they all exhibit very similar dip values, which
necessarily produces a biased result of DPq values towards non-
uniform dip distributions.

Another general result is the observed much wider inter-limb
angle (u) in the backthrust-related inner folds, which in the ex-
periments lacking a basal VD is always greater than 90� (compare
uramp and utop�flat mean values in Figs. 5, 6, 8 and 9, with the same
parameters in Figs. 10e13). Nonetheless, in the absence of a basal
VD, Du is comparatively lower in the sharp FRF experiments, and
higher in the CC cases, contrasting with corresponding Du values
for prescribed basal VD conditions (compare Du values for FRF and
CC experiments in Table 2A and B).



Fig. 11. eExperimental end results obtained for 60� FRF ramp geometry and prescribed absence of a basal VD: corresponding XZ photo (A) and matching interpreted diagram (B) for
60% of applied shortening. C e Zoomed top flat hanging wall domain of the observed conspicuous (i.e. highly asymmetric) fold pattern. Considered morpho-structural parameters:
dh/dl, ws and Du as defined in Fig. 5D (see also Table 2B).
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3.2.1. FRF and CC comparative results
In the absence of a basal VD the prescribed smoothing of the

thrust ramps (from FRF to CC) does not change significantly the
described main morphology (flatter topography and greater
asymmetry) of the resulting thrust-wedges (compare dh/dl and ws
parameters in Table 2B, and Figs. 10 and 11 with Figs. 12 and 13,
respectively). Differences between these experiments consist
fundamentally in some details regarding the thrust-wedge internal
structural configuration in both cases. The closely spaced internal
fault pattern in the 30� FRF experiments is easily recognized, con-
trasting with the mild (although pervasive) perturbation of the
hanging wall strain-marker layers in the CC1 case, marked by a
wiggly/wavy low amplitude fold pattern, from which no inner
faults can be reliable inferred (compare Figs. 10 and 12).

For higher ramp dips (as in the 60� FRF experiments - Fig. 11) a
seemingly less developed internal fold pattern is also formed in the
hinterland ramp domain, showing a smaller wavelength and a
relatively less asymmetric geometry (see hinterland domain in
Fig. 11A). In the hanging wall above the top-flat these folds are
clearly asymmetric with long thinned (stretched) limbs, and a
much wider wavelength (see Fig. 11C). In the CC2 case, the defor-
mation in the hanging wall hinterland domain is more heteroge-
neous with somewhat irregular fold patterns being formed
(Fig. 13A and B), making the precise geometry of internal (back-
thrust?) fault traces difficult to recognize. Above the top-flat the
geometry of the strain-marker layers is rather irregular and
sinuous, comprising differently rotated fold-hinges preserved be-
tween thinned (irregularly stretched) limbs (Fig. 13C).
Also, it is worth noting that the amount of inter limb unfolding
(Du) occurring above the ramp-to-flat transition is only slightly
amplified by the smoothing of the rigid ramp geometry (see
Table 2B). In the CC2 case, the sinuous (chaotic-like) fold pattern
above the top flat (Fig. 13) makes it very difficult to fully reconstruct
the corresponding geometry. Hence, the very high value of
Du ¼ 76�, although corresponding to the measured relative in-
crease in inter-limb amplitude for some of the inner folds (see
umean a and umean b in Fig. 13B), has a larger uncertainty associated
with it.
4. Discussion

4.1. Presence of basal VD

4.1.1. Flat-Ramp-Flat (FRF) thrust geometry
As referred above, previous experiments addressing this same

type of thrusting considered only a FRF sharp geometry and a basal
VD (e.g. Bonini et al., 1999, 2000; Persson, 2001; Persson and
Sokoutis, 2002; Mulugeta and Sokoutis, 2003; Maillot and Koyi,
2006; Koyi and Maillot, 2007; Rosas et al., 2015). The general pro-
cess by which the observed thrust-wedge structural pattern was
proposed to have formed in those cases also explains the obtained
results for the present conditions (Figs. 5 and 6). Accordingly, new
backthrusts were observed to be successively formed, dipping
~25�e30� and propagating upwards from the lower (sharp) fault
bend. The formation of these backthrusts was interpreted as
expressing the local passive accommodation of the deforming



Fig. 12. Experimental results obtained for concave-convex (CC1) ramp geometry and prescribed absence of a basal VD. Thin Mylar sheet is represented in red between the rigid
footwall and the deformable hanging wall. A to C: incremental evolution from 20% to 60% (end-state) of applied shortening. C e Dip diagrams and considered morpho-structural
parameters: dh/dl, ws and Du as defined in Fig. 5D (see also Table 2B). Experimental stages corresponding to 20% and 40% of shortening (A and B) are side views; Stage C (60% of
shortening) corresponds to a central-longitudinal XZ cross-section. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of
this article.)
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hanging wall unit to the compression induced exclusively by the
space confinement implicated by the sharp geometry of the (flat-
to-ramp) lower fault bend transition (see Fig. 3Be1 and B2).
Whenever this local compressive stress could no longer be
accommodated by a given backthrust a new one would form, and
the previous one would be passively transported above the ramp,
until it would overcome the second (upper) fault bend enduring a
slight clockwise rotation and becoming steeper (e.g. see Figs. 5AeC
and 6A-C). Bonini et al. (2000) argue that such (upper) ramp-to-flat
transition implies an abrupt rotation of the principal components of
the local stress field (with s1 maximum compression rotating from
closely horizontal to closely vertical), which would comply with the
observed reactivation of the internal backthrusts as normal faults
(Fig. 14A).

The critical aspect overlooked in previous analogue modelling
contributions is the fact that due to the presence of a basal VD the
shortening accommodation above the lower fault bend cannot be
considered as strictly passive, i.e. caused exclusively due to hanging
wall strain accommodation to the local geometry of the rigid
footwall. In fact, adding to this passive compression (arising from
the local confinement determined strictly by the lower fault bend
geometry), active compression also exists since relatively to the
same fixed external reference frame “true” convergence occurs
between the basal flat and the moving ramp (Fig. 15). The hanging
wall sand onlapping the ramp is pushed against the sand lying still
above the down flat, causing additional active local compression
and shortening (Fig. 15A).

The observation that steeper ramps generate more symmetric
and prominent thrust-wedges (compare ws and dh/dl parameters
in 30� and 60� FRF cases, Figs. 5 and 6, Table 2A) results from the
fact that these ramps represent a relatively more efficient (me-
chanical) barrier to thrusting and tangential transport along the
ramp (see Fig. 14B). In fact, � 60� dipping ramps are mechanically
not viable as thrust faults (e.g. Sibson, 1895), and have been
considered in previous experiments only to account for thrust
reactivation of pre-existent normal faults (e.g. in the context of the
tectonic reactivation of a passive margin, Neves et al., 2009).
Steeper ramps tend to increase the confinement effect above the
lower fault bend, localizing compressive stress in that area in a
more efficient way, and favour local strain accommodation prefer-
entially through vertical thickening in the deforming hanging wall
rather than by tangential transport along the main basal thrust
(compare the normal and shear components of stress, sn and t
respectively, in 30� and 60� dipping sharp ramps - Fig. 14B). The
steeper the ramp the higher the modulus of the local normal stress
component applied to the ramp surface and the higher the shear
strength along that surface, which also contributes to relatively
more symmetric and more topographically prominent thrust-
wedges (as widely recognized in previous experiments, e.g.
Mulugeta, 1988; Colletta et al., 1991). The observed slightly lower



Fig. 13. eExperimental end results obtained for concave-convex (CC2) ramp geometry and prescribed absence of a basal VD: corresponding XZ photo (A) and matching interpreted
3D block-diagram (B) for 60% of applied shortening. C e Zoomed top flat hanging wall domain of the observed complex structural pattern (implying sequential shortening and
folding followed by stretching and long limb normal faulting). Considered morpho-structural parameters: dh/dl, ws and Du as defined in Fig. 5D (see also Table 2B).
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amount of inter-limb unfolding observed in 60� FRF experiments
when compared with 30� FRF ones (see Du values in Table 2A), also
agrees with the obtained overall tighter and more symmetric
thrust-wedge configuration of the first situation, since such
unfolding is directly related with the degree of allochthonous
tangential transport and concomitant stretching above the main
thrust top-flat (which is relatively less significant in the case of
steeper ramps). Conversely DPq values are approximately similar in
30� and 60� FRF cases (see DPq values in Table 2A and Figs. 5D and
6C), expressing a tendency to a bi-modal distribution of inner
backthrust dip values (q). This reflects a clustering around lower q
values above the lower fault bend and ramp (where backthrusts are
formed and passively transported), and a similar concentration
around relatively higher q values above the top flat (where steeper
backthrusts are reactivated as normal faults after having endured
some degree of clockwise rotation). The relative increase in shear
strength as a function of ramp steepness also explains the more
pronounced curvature of the inner backthrusts in the 60� FRF case
when compared with the 30� FRF situation.

In the extreme case of 90� FRF experiments the obtained results
(see Fig. 6D) show a fairly symmetric thrust wedge (with low ws
values similarly to the 60� FRF experiments), but also a relatively
less prominent one (with dh/dl values similar to the ones obtained
for the 30� FRF situation - Table 2A). This can be explained by the
fact that the staircase geometry works as a vertical backstop, thus
efficiently favouring early hanging wall vertical thickening in the
hinterland domain (near the backstop), which in turn promotes the
“forward” propagation of new fore- and backthrusts from the basal
main thrust (as profusely described in classical examples of thrust
imbrication/propagation in orogenic wedges, e.g. Davis et al., 1983;
Malavieille, 1984). Such propagation is represented by the asym-
metric pop-up structures marked by the white faults in Fig. 6D, and
has the effect of compensating vertical thickening since it con-
tributes to the absolute widening of the triangular thrust-wedge,
hence diminishing the dh/dl ratio. This process is also present in
the 60� FRF case (see white pop-up structures in Fig. 6C), and could
explain in those experiments the observed increase of only 16% in
the dh/dl parameter relatively to the one obtained for the 30� FRF
situation.

The very high values of Du and DPq observed in 90� FRF ex-
periments (see Table 2A) are due to the fact that in this case new
normal faults were formed above the top-flat (red faults in Fig. 6D),
cutting across the original backthrusts, overprinting the previously
formed inner fold pattern, and in most cases producing very sig-
nificant unfolding of these initial folds (see Du values in Table 2A).
The exact chronology of this unfolding is hard to specify, since the
overprinting normal faults are formed seemingly continuously,
affecting the previous backthrusts as soon as they pass the upper
sharp fault bend. Also because of this, the evaluation of the (q) dip
distribution of inner faults along this model took into account (in
the hanging wall segment above the top flat) the q dip values of this
newly formed (red) active faults, instead of the dip of the original
backthrusts as in all other cases. This explains the higher DPq value
of 4.1 obtained in this case (see Table 2A).



Fig. 14. A: schematic illustration of the rotation of the local stress field in a sharp FRF thrust system with a basal VD (40% of applied shortening), occurring above the ramp-to-flat
transition (upper fault bend) as originally proposed by Bonini et al. (2000). Principal components of stress: s1> s2>s3. B: Schematic (geometric) illustration of the influence exerted
by different dipping rigid sharp ramps (30� and 60� FRF) in the orientation and modulus of the normal (sn) and shear (t) stress components for the same applied differential (i.e.
tectonic) stress (s).
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Fig. 15. Schematic illustration of the dependence of active vs. passive local compression as a function of both existence (A) versus absence (B) of a basal VD, and different (30� and
60�) dipping sharp ramps.
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Fig. 16. Geometrical comparison of the passive marker fold pattern that can be obtained under progressive simple shear deformation (given an original folded layer represented in
green), and the fold pattern obtained in CC2 experiments in the hanging wall above the top-flat (as seen in Fig. 12, inset 4). g ¼ tang (j) is the shear strain. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)
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4.1.2. Concave-Convex (CC) thrust ramp geometry
Following the same reasoning used to interpret the dependence

of thrust-wedge configuration on ramp dip (see previous section),
smoothing ramp geometry would seemingly contribute to decrease
the mechanical obstacle represented by the existence of a flat-
ramp-flat configuration in itself, since elimination of the corre-
sponding sharp (edgy) fault bends would apparently facilitate
thrust tangential transport along the ramp, thus favouring rela-
tively flatter more asymmetric thrust wedges. However, this is not
shown by the obtained experimental results (see section 3.1.2.,
Figs. 8 and 9 and Table 2A): thrust-wedges formed above smoother
CC1 ramps exhibit a topography very similar to those in 30� FRF
cases (only 3% flatter), but are considerably more symmetric.
Moreover, their internal structure reveals a more shortened (nar-
rower) configuration, especially in the hanging wall above the top-
flat wherein utop�flat values express a considerable tighter fold
pattern (compare utop�flat values in Figs. 5D and 8D). Accordingly,
the degree of inter-limb unfolding affecting the hanging wall inner
folds above the upper fault bend transition in CC1 experiments is
considerably lower (compare Du values for FRF 30� and CC1 ex-
periments in Table 2A). This somewhat paradoxical result is
explained by the fact that the replacement of a sharp upper fault
bend by a convex one determines a more gradual rotation of the
local stress field along the smoother ramp-to-flat transition,
hampering the abrupt substitution of horizontal compression by
extension that is known to occur in the dependence of a sharp fault
edge transition (Bonini et al., 2000), and making the corresponding
stretching and unfolding affecting the hanging wall above the top-
flat much less evident in the CC1 case (compare Figs. 5D and 8D).
Instead of a sudden stress relaxation homogeneously localized
above the top-flat immediately past the edgy fault bend (as seen in
the 30� FRF experiments), a more gradual propagation of extension
is observed to occur in the CC1 case, in compliance with an incre-
mental stretching that is proportional to the distance from the
upper (convex) fault bend (note how u2 angular amplitude in-
creases with this distance in Fig. 8D). This also agrees with the more
uniform distribution of the (q) inner backthrust dip along the upper
fault bend transition in CC1 experiments, relatively to 30� FRF ones
(see corresponding DPq values in Table 2A). The relatively lower
values of DPq in the CC1 case express a more uniform (gradual)
distribution of q along the upper ramp-to-flat transition, contrast-
ing with the bi-modal distribution in the 30� FRF case (compare
corresponding angular diagrams in Figs. 5D and 8D and corre-
sponding CDF graphs in Repository 4). Thus, in CC1 experiments the
more continuous/diachronic change in the local stress field trans-
lates into more gradual normal fault reactivation of the hanging
wall inner backthrusts and associated (strain-marker) layer
unfolding, which produces a relatively later (thus less pronounced)
overall stretching of the hanging wall segment above the top-flat.
Note that the observed differences in the obtained (end-result)
structural configurations between 30� FRF and CC1 experiments
cannot be explained by local variations in basal shear strength (as in
the 30� vs. 60� FRF cases), but instead by the prescribed elimination
of the sharp fault bends and ensuing modifications of the local
stress field.

The same paradoxical effect just described for CC1 results (when



Fig. 17. Comparison between the present day overall morpho-structural pattern of the Gorringe thrust, and obtained experimental results. A: Schematic cross section of Jim�enez-
Munt et al. (2010) in which a shortening of ~20 km (minimum of ~15 km) is assumed; B e Experimental results obtain for 10� FRF no VD conditions, and a prescribed shortening of
4 cm equivalent to 20 km. Note that the obtained hanging wall (sand) relief is of 0.96 cm, which accordingly to the present scaling (see l ratio in Table 1) corresponds to ~4.8 km,
thus matching the bathymetric height of the Gorringe Bank.
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compared with 30� FRF ones), also emerges from the comparison
between CC2 results with either 60� or 90� FRF experiments.
Accordingly, in the CC2 experiments both the Du and DPq param-
eters are consistently lower than the ones obtained for the two
mentioned FRF cases (see Table 2A), also expressing a more pro-
gressive/diachronic transition of the local stress field above the
convex upper fault bend (with a relatively delayed more gradual
change from horizontal compression to tension), and a complying,
more uniform, distribution of the (q) inner backthrust dip along the
same ramp-to-flat transition (compare Fig. 6 with Fig. 9). On the
other hand, the morphological parameters are somewhat less clear
in this respect (see ws and dh/dl parameter in Table 2A). This is due
to the fact that the morphology of thrust wedges in experiments
with high dipping ramps (approximately working as upright ob-
stacles or backstops) is also significantly influenced by the lateral
propagation from the main basal thrust of relatively late fore- and
backthrusts, defining asymmetric pop-up structures (as already
discussed in section 4.1.1. for 60� and 90� FRF cases e Fig. 6C and D).
These late pop-up structures also form in CC2 experiments (Fig. 9C
and D), and overprint the morpho-structural configuration directly
resulting from the (sharp to smooth) change in ramp geometry.
4.2. Absence of basal VD

The elimination of the basal velocity discontinuity was experi-
mentally prescribed to simulate proper passive deformation
conditions in the deforming hanging wall, ascribing kinematic
coherence to the main basal thrust, and removing convergence due
to local active compression above the lower fault bend (see
Fig. 15B). As referred above (section 2.2.2) this procedure rendered
nearly frictionless basal thrust conditions in the experiments
without a VD. Such conditions, promote the dissipation of the bulk
compressive stress applied to the model essentially through slip
along the basal thrust plane, which is clearly dominant relatively to
the local internal strain accommodation to (the lower and upper
fault bends of) the ramp geometry. As a result tangential
allochthonous transport is strongly facilitated, leading to a much
more flattened and skewed final wedge morphology (see corre-
sponding dh/dl and ws values in Table 2A and B, and compare
Figs. 5 and 8 with VD, against Figs. 10 and 12 without VD). For the
same reason, the number of faults that form in this case is
considerably higher, for equivalent amounts of shortening per-
centages, relatively to the one registered in experiments with a
basal VD (see Fig. 7). One exception to this is the case of CC1 ex-
periments in which well-defined inner backthrusts are hardly
recognizable in cross-section (see Fig. 12).

Albeit significantly attenuated (relatively to VD experiments),
internal deformation in the hanging wall still occurs above the
lower fault bend as a result of strain accommodation to local passive
compressive stress, determined by the confinement effect arising
from the concave geometry of this segment of the ramp. This is
expressed by the observed formation of a relatively fainter inner
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(back)thrust-fold pattern, showing much lower fold amplitudes,
greater wavelengths, and thus much wider inter-limb uramp am-
plitudes (e.g. compare Figs. 5 and 8 against Figs. 10 and 12). The
influence of smoothing ramp geometry in the absence of a basal VD
can be appreciated by the differences of the obtained inner defor-
mation patterns observed between sharp 30� FRF and CC1 experi-
ments (compare Figs. 10 and 12). In the first case faults are still
recognized, whereas in the second no well-defined backthrust
were formed. This is interpreted as the result of the accommoda-
tion to more abrupt local compression in the case of the sharp flat-
to-ramp lower transition, resulting in backthrust propagation from
this edgy geometric singularity. Comparatively, such a singularity is
lacking in the case of the smooth concave ramp, and thus back-
thrusts are absent.

The signs of the internal deformation affecting the hanging wall
above the upper ramp-to-flat transition (upper fault bend),
although also strongly attenuated, are likewise still recognizable.
Nearly frictionless basal thrust conditions render inner backthrusts
dragging, associated bending and clockwise rotation much less
effective, which explains the observed much more constant dip of
the inner faults (q) in the experiments without basal VD (cf.
unimodal distribution of the inner backthrust dip diagram in
Fig. 10C). Similarly, despite a much wider fold pattern affecting the
strain marker layers (expressed by higher >90� absolute values of u
inter-limb amplitude), unfolding associated to upper fold bend
transition also occurs (see Du values in Table 2B).

In both 30� FRF and CC1 cases the shortening structures initially
formed above the lower fault bend endure some degree of internal
stretching above the top-flat (once past the upper fault bend),
despite the fact that in no VD experiments basal-thrust free-slip
takes over as a dominant stress dissipation mechanism, rendering
internal passive strain accommodation much less relevant when
compared with experiments in which a basal VD was prescribed
(compare experiments in Figs. 5 and 8 with Figs. 10 and 12,
respectively). However, the stress jump implied in the hanging wall
as it surpasses the sharp upper fault bend (i.e. sudden rotation of
the local stress field, and consequent substitution of local hori-
zontal compression by local horizontal extension, see Fig. 14A) is
once again better expressed in steeper ramp models, as seen by the
comparison of 30� and 60� FRF no VD results (Figs. 10 and 11,
respectively). In the second case, the faint wavy folding pattern
observed in the hinterland domain clearly endures normal fault
reactivation and long limb stretching (Fig. 11A and B), following a
bookshelf-like mechanism (implying slight counter-clockwise
rotation of the internal faults) assisted by the prevalent basal-
thrust (near) free-slip conditions (Fig. 11B). Accordingly, a rela-
tively higher amount of inter-limb unfolding also occurs in this case
(compare Du values for 30� and 60� FRF experiments in Table 2B).

The somewhat sinuous/convoluted pattern seen in CC2 experi-
ments, can be explained in a fairly similar way by passive short-
ening accommodation in the hinterland domain followed by
stretching above the top-flat (Fig. 13A and B). In this case, however,
the CC curved geometry of the main ramp causes rotation and
refolding of the hanging wall marker layers in the concave flat-to-
ramp transition, and a smoother (more gradual/continuous)
unfolding and stretching of these folds along the convex ramp-to-
flat upper bend, rendering the observed overall sinuous/convo-
luted geometry. This top-flat conspicuous structural pattern
geometrically resembles the classical situation characterized by
extension after layer-parallel shortening during non-coaxial pro-
gressive deformation (e.g. Passchier and Trouw, 2005). The
continuous character of the shortening-to-stretching transition
governed by the smooth concave-convex ramp geometry, mimics
the continuous conditions associated to the shortening to stretch-
ing transition under non-coaxial (simple shear) flow (Fig. 16).
It should also be noted that in the cases in which the ramp fault
dip exceeds the angle of repose of the sand (e.g., in 60� FRF and CC2
situations) the shortening occurring above the lower fault-bend as
a result of strain accommodation to its confining geometry (passive
shortening) can be combined with the effect of downward sliding
of the sand along the ramp dip (gravitational collapse effect). In
both 60� FRF and CC2 experiments (Figs. 11 and 13) this is testified
by the thickened sand wedge in front of the main ramp, which
exhibits an outer surface dip much lower than the dip of both the
ramp and the hinterland layer strain markers. The fact that these
markers seemingly remain fairly undisturbed suggests that this
gravity collapse effect is probably preferable affecting the outer
(more surficial) domains of the model, without significantly
changing the structural pattern arising from passive shortening
accommodation.

4.3. Compliance with previous results and natural examples

The novel insight provided by the present experiments
regarding the fault bend smoothing effect of a thrust system
comprises two main critical aspects: a) smoothing of the lower fault
bend inhibits inner back thrust formation (nucleation) under true
passive deformation conditions; and b) smoothing of the upper
fault bend renders a more gradual change in the local stress field
delaying, and thus inhibiting, stress relaxation, i.e. extension and
stretching in the top-flat. These novel analogue modelling results
both confirm the numerical predictions of Erickson et al. (2001), in
which according with a) only low mean and low differential
stresses are predicted to occur above the (lower) concave fault bend
in CC ramp systems; and according with b) the output contoured
distribution of mean stress in elastic models with round (concave
and convex) fault bends reveals an absence of tensile stress above
the top-flat, in striking contrast with the sharp FRF case, in which
the same numerical output shows tensile normal stress to exist in
the same (top-flat) area of the models.

As referred above, the elimination of the basal VD in our ex-
periments implied nearly frictionless basal boundary conditions.
This complies well with overthrusts observed in nature: e.g. the
Glarus overthrust in the Eastern Swiss Alps (Badertscher and
Burkhard, 2000; Badertscher et al., 2002; Poulet et al., 2014), the
MacConnell thrust in the Canadian Rocky Mountains (Kennedy and
Logan, 1997), or the Gorringe thrust in NE Atlantic region (Jim�enez-
Munt et al., 2010; Martínez-Loriente et al., 2014 and references
therein). In these cases kilometric allochthonous thrust emplace-
ment of ten to hundred meter-thick hanging wall units is only
thought mechanically possible if assisted by an intense lubrication
effect of certain types of rocks (e.g. quartz- and/or carbonate-
mylonites, evaporites, serpentinites, etc.) and/or associated over-
pressured fluid circulation along the main thrust plane (e.g. Loch-
seiten calc-mylonite in the Glarus overthrust). In the case of the
Gorringe thrust in the NE Atlantic (Fig. 17A), oceanic serpentinized
(upper) mantle and transitional crust are tectonically exhumed and
thickened to accommodate an estimated (minimum) tangential
shortening of ~15 km since late Miocene times, giving rise to an
approximate 5 km high submarine relief produced by the local
plate boundary convergence between the Eurasia and Nubia plates
(e.g. Auzende et al., 1984; Girardeau et al., 1998; Jim�enez-Munt
et al., 2010 and references herein). The relatively shallower (crus-
tal/upper-lithospheric) internal structure of the Gorringe seamount
is imaged by several seismic reflection profiles revealing a NW-
directed thrust, responsible for the tectonic superposition (dupli-
cation) of the locally recognized seismostratigraphy (e.g. Roque,
2007; Roque et al., 2010; Jim�enez-Munt et al., 2010; Martínez-
Loriente et al., 2014). The main thrust plane has been generically
interpreted as corresponding to a low dipping (~10�) FRF ramp
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(Jim�enez-Munt et al., 2010), although the resolution of the available
seismic data does not allow a clear dismissal of a CC geometry (see
Fig. 17A). Moreover, no basal VD of any sort can be envisaged in this
thrust system, and pervasive inner hanging wall backthrusts are
clearly absent. This overall thrust-wedge morpho-structural
configuration was realistically reproduced by the present model-
ling (Fig. 17B) assuming the absence of a basal VD, for 10� dipping
FRF ramps, and prescribed (scaled) ~20 km of shortening (in
compliance with the constraints arising from published geophys-
ical modelling, e.g. Jim�enez-Munt et al., 2010).

5. Conclusions

The following conclusions can be drawn regarding the studied
type of thrust-system and the two main investigated variables.

5.1. FRF vs. CC ramp geometry

- Smoothing thrust ramp geometry, through replacing sharp FRF
fault bends by curved CC ones, produces compliant more
gradual changes in the local stress associated with such flat-to-
ramp and ramp-to-flat transitions, and as a result makes cor-
responding hanging-wall strain accommodation above such
fault bends also less abrupt and more gradually distributed.

- In VD experiments a somewhat paradoxical effect is observed to
occur determined by the modelled convex smoothing of the
upper fault bend: while the elimination of a sharp/edgy me-
chanical barrier would in principle favour tangential thrusting
and allochthonous hanging wall emplacement above the top-
flat, the implied smoother gradual change in the local stress
field above the convex fault bend inhibits the resulting accom-
modating extensional response, cancelling a potential top-flat
spreading effect and maintaining the same (tight) morpho-
structural configuration as in the FRF situation.

- In experiments without VD the smooth concave lower fault
bend geometry inhibits the pervasive development of well-
defined backthrusts that form in the sharp (FRF) equivalent
case (in both cases by passive accommodation to confining local
compression), and is rather represented by a low amplitude
(wavy) fold pattern affecting the strain-marker layers.

- In experiments without VD and smooth CC ramps the wavy fold
pattern forming above the lower (concave) fault bend, can
endure some degree of continuous refolding determined by the
curved geometry of the ramp, before being significantly
stretched while moving past the convex upper fault bend and
being emplaced above the top flat. The resulting conspicuous
(sinuous and irregular) internal folding pattern resembles the
geometries typically of progressive non-coaxial shear regimes
involving continuous transition from shortening to stretching
deformation.
5.2. Presence vs. absence of basal VD

- Passive hanging wall deformation (i.e. determined by strain ac-
commodation to changes in the local stress field that are
exclusively caused by basal ramp geometry variation) is only
possible to simulate in analogue modelling experiments
wherein the absence of a basal VD is prescribed.

- The existence of such a VD necessarily induces active local
shortening in the hanging wall above the lower fault bend, since
the corresponding overlying sand-cake is in frictional contact
with both the (relatively converging) steady basal plate and the
moving ramp, thus determining active localization of compres-
sive stress above the VD.
- Consequently, hanging wall strain accommodation of the
localized active compression above the lower fault bend, always
leads to the formation of well-defined, narrowly spaced inner
backthrusts (regardless of the prescribed FRF or CC ramp ge-
ometry), masking the purely passive deformation effect that
would strictly arise from hanging wall accommodation to the
ramp geometry.

- While modelling the here-investigated type of thrust-system
the presence of a basal VD is only conceivable in large-scale
natural tectonic environments comprising for instance
orogenic continental collision or sedimentary accretionary
prisms (in subduction zones). Conversely, if the considered
natural counterpart corresponds to the generic case of crustal
overthrusts the existence of a natural VD is very hard to
envisage, and thus meaningless in corresponding analogue
modelling experiments.

- The closely frictionless basal conditions implied by VD elimi-
nation in the present modelling comply well with correspond-
ing natural examples wherein no VD exists, such as in major
overthrusts comprising tens of kilometres of tangential trans-
port of allochthonous (thick) hanging wall units. These major
overthrusts have long been recognized as mechanically viable
only when assisted by a lubrication effect along the main thrust
plane exerted by specific types of shear softening rocks and
combined (tectonically channelled) fluid circulation.
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Supplementary data related to this article can be found at http://
dx.doi.org/10.1016/j.jsg.2017.05.002.

Appendix A. scaling

Hubbert's (1937) scale modelling theory dictates that in order to
achieve proper dynamical scaling between experiments and na-
ture, model (m) and natural prototype (p) ratios are required to be
independently established for the three fundamental units of
length (L), time (T) and mass (M), respectively corresponding to:

l ¼ L ðmÞ
L ðpÞ ; t ¼ T ðmÞ

T ðpÞ ; m ¼ M ðmÞ
M ðpÞ (1)

In the present case the length ratio was set to correspond to
l ¼ 2 � 10�6, and the time ratio t is (in this particular case)
redundant since brittle deformation is time independent, governed
by the mechanical elastic behaviour of both the sand and the nat-
ural crustal rocks, which instead yield according to the Coulomb
fracture criterion (e.g. Hubbert, 1937, 1951; Davis et al., 1983):

tss ¼ mcs n þ co (2)

(tss and s n are shear and normal stresses, respectively; co is the
material cohesion; and mc is the coefficient of internal friction:
mc ¼ tan 4, where 4 ¼ internal friction angle).

http://dx.doi.org/10.1016/j.jsg.2017.05.002
http://dx.doi.org/10.1016/j.jsg.2017.05.002
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The mass ratio (m) can further be determined using this linear
empirical relationship between shear and normal stress, by
considering the model/prototype ratios for both mc and co param-
eters. In the first case internal friction is dimensionless and mc(m)/
mc(p) is generally close to one (see Table 1), whereas in the second

case cohesion has stress dimensions and can be scaled accordingly:

S ¼ coðmÞ
coðpÞ

¼ mg
l2 (3)

(S and g are model/prototype ratios for stress and acceleration,
respectively).

Given that in the present case inertial forces are considered to be
negligible when compared with gravity (since inertial acceleration
is ~22 orders of magnitude lower than g), the acceleration ratio
becomes:

g ¼ gg ¼ g ðmÞ
gðpÞ ¼ l

t2 ¼ 1 (4)

(gg is the model/prototype gravity acceleration ratio).
Hence, substituting g ¼ 1 in Eq. (3) renders the following

simplification:

S ¼ CoðmÞ
C0ðpÞ

¼ m
l2 ¼ ml

l3 ¼ dl (5)

(d is the model/prototype density ratio).
It thus becomes clear that using the values of the density (d) and

length (l) ratios (see Table 1) together in Eq. (5) immediately leads
to the determination the implied mass ratio m ¼ 4.96 � 10�18.

Appendix B. quantitative description of used CC ramps

B1. Convex-concave ramp #1 (CC1 ramp):

Equation for the line-trace of the used smoother convex-
concave ramp (CC1) is

y ¼ �6 � 10�4x3 þ 3:78 � 10�2x2 � 2:26 � 10�2x þ 2:86

� 10�1

(for a width of 40 mm and a height of 20 mm)

B2. Convex-concave ramp #2 (CC2 ramp):

Both convex and concave surface portions of CC2 ramp are
exactly cylindrical (see Fig. 4B) with the line trace of the whole
ramp corresponding to different (convex-concave) 90� arc seg-
ments of two tangent circumferences lying horizontally side-by-
side, and both with a radius equal to half of the height of the
rigid ramp block (i.e. r ¼ 1 cm in this case).

Please note that a MATLAB code conceived to generate the exact
CC1 and CC2 ramp geometries that were used in the present ex-
periments is provided as supplementary material, making it
possible to rigorously reproduce and to further test the present
experimental results.
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