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Analogue modelling of wrench tectonics typically utilizes a rigid basement with a velocity discontinuity under a
brittle or brittle-viscous cover, such as in Riedel experiments, which confines fault localization in the overlaying
model. However, such a set-up is hardly compatible with modeling brittle-ductile systems such as the upper and
lower crust or a brittle sedimentary cover overlying a viscous evaporitic layer. To achieve a more realistic
experimental approach, Bruno Vendeville designed an alternative experimental set-up decoupling the basement
from the brittle overburden with a viscous layer in which the basement is not involved. In this configuration,
strike-slip movement is driven laterally rather than from the base up, facilitated by “weak zones™” that prefer-
entially localize the deformation during shortening and enable sliding between compartments. This original
approach provides greater flexibility for modeling complex strike-slip settings, allowing for more freedom for
strike-slip structures to form and evolve through time.

Although the experiments described in this work were conducted in the late 1990s, the co-authors have chosen
to revisit and adapt this earlier work for this Special Issue to underscore Bruno’s influence on another aspect of
salt tectonics and his pioneering foresight in the field of analogue modelling.

1. Introduction

Wrench zones are some of the most challenging structures to simu-
late with physical (sandbox) models. In experiments involving pure
extension or shortening, the structures form perpendicular to the di-
rection of movement imposed by moving walls and terminate along-
strike along the sidewalls (e.g., Fig. 7a in Ferrer et al. (2014) for pure
extension models and Fig. 3a in Borderie et al. (2018) for pure short-
ening models). Hence the lateral conditions usually do not interfere
much with the deformation pattern and the structural evolution, except
for the potential effect of lateral friction along sidewalls. Instead, when
modeling strike-slip zones one needs to consider the boundary condi-
tions on all four sides, with deformation which is normally ad-hoc
imposed by motion of rigid plates (Riedel experiments, see below)
therefore limiting the freedom of structures to develop in a narrow linear
system.

Nearly all the Riedel experimental set-ups dating from the pioneering
works of Cloos (1928 and 1950), Riedel (1929), Cloos (1955), and

* Corresponding author.

Tchalenko (1970) (see also Naylor et al., 1986; Schreurs, 2003, and the
extensive review by Dooley and Schreurs, 2012) have imposed the
strike-slip movement from the base up using two adjoining rigid basal
plates that slide one past each other along a velocity discontinuity
(hereinafter VD) parallel to the imposed horizontal displacement
(Fig. 1a). This VD simulates a pre-existing fault affecting the rigid
basement, and the overlying layered sand pack representing the sedi-
mentary cover that deforms with a brittle behavior resulting in a set of
faults rooted at the VD and localized within a narrow belt in the im-
mediate surroundings of the VD (red surfaces in Fig. 1b). The Riedel
experimental set ups allowed to simulate the existence of a single or
multiple basement faults (velocity discontinuities between basal plates)
(e.g., Schellart and Nieuwland, 2003). Using a Riedel experimental set
up, other studies have investigated the interaction between wrenching
tectonics and crustal weak zones or pre-existing weak bodies such as
magmatic intrusions, volcanic calderas, or diapirs (i.e., Corti et al., 2005;
Roman-Berdiel et al., 1997; Letouzey and Sherkati, 2004; Koyi et al.,
2008; Dooley and Schreurs, 2012; Gomes et al., 2019).
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Unlike what is observed in Riedel experiments, where deformation is
constrained within a narrow band above the VD, strike-slip related
structures in nature tend to be distributed in broad zones (i.e., Dead Sea
fault system - Girdler, 1990). To simulate more realistic structures,
Mandl (1988) modified the Riedel experiment with a rubber sheet partly
glued to both rigid base plates allowing a more distributed strike-slip
deformation of the overlaying sand pack. Other experimental designs
(Schreurs, 1997, 2003; Schreurs and Colleta, 1998), imposed regional
wrenching by adding a set of plexiglass bars confined by wooden slats
that, as the deformation progresses, allow them to move like a stack of
cards by a system of pins fixed at the basal plate base and the lateral
walls of the model (see Fig. 1 in Schreurs, 2003). The model is then built
on top of a silicone layer overlying the plexiglass bars, simulating a
basin-scale or a middle to lower crustal detachment, that allows a
distributed deformation at the base of the model and in the overlaying
sand (brittle-viscous model). In contrast to Riedel experiments with two
basal plates and a VD, in this experimental set-up regional wrenching
was imposed by the combined movement of the base and the lateral
walls of the model (Schreurs, 2003). These second type of experiments
are beyond the scope of our work, so we will primarily focus on the
description of an original setup that is then compared with the
Riedel-type experiments.

The overburden of Riedel experiments has been classically simulated
with sand (i.e., Naylor et al., 1986; Richard et al., 1995 or Viola et al.,
2004 among others) or wet clay (i.e., Tchalenko, 1970; Hatem et al.,
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2017 or Toeneboehn et al., 2018 among others) without a basal
décollement (brittle models). Other authors used a basal viscous
décollement of silicone overlaid by a sand pack (brittle-viscous model, i.
e., Casas et al., 2001) or a combination of both (i.e., Rosas et al., 2014).
The mechanical properties of the overburden materials impact directly
on the final geometry of the resulting structures (see Dooley and
Schreurs, 2012 for specific information), leading to the development of
en-échelon Riedel shears or flower structures that systematically root at
depth onto the VD (Fig. 1b) (i.e., Naylor et al., 1986).

However, when addressing wrench zones in different geological
scenarios, such as faults affecting the upper continental crust or shal-
lower faults in a sedimentary cover and rooted in a weak layer, such as
evaporites or shales, the challenges become threefold.

1) Although the VD between the moving base plates may simulate
specific natural cases in which deformation is controlled by reac-
tivation of crustal or basement pre-existing structures (e.g., Zwaan
et al., 2019), this experimental set-up may not reproduce other
geological scenarios in which inherited structures are absent or play
a negligible role on strike-slip deformation.

2) The brittle layer is underlain by a viscous material (whether the
lower crust or evaporites) that has almost always a mechanical
strength much lower than that of the overlying brittle layer (Fig. 2).

Vertical
basement
fault

< =
< "

Vertical
basement

Fig. 1. a) Simplified sketch of the classical Riedel experimental set-up (Tchalenko, 1970) using two rigid basal plates (grey) beneath the layered sand to simulate
wrench faults. The boundary between both basal plates (VD) simulates a vertical basement fault and the overlying layered sandpack the brittle overburden. b)
Schematic 3D geometry of Riedel shears (reddish surfaces) resulting from the relative dextral displacement of the basal rigid plates of the previous set-up. Modified

from Naylor et al. (1986).
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A) Strength (stress) B) Strength (stress) C) Strength (stress)

Upper Sediment Sand
crust cover :

(brittle) (brittle) (brittie)

Lower Salt Silicone
crust : polymer

(ductile) (viscous) (viscous)

Depth Depth Depth

Fig. 2. Schematic strength profiles A) for the continental crust, B) a sedimentary cover overlying a viscous layer, and C) a sand/silicone model. The curves indicate

the stress value. The areas indicate the strength in terms of forces.

3) Using a rigid basement imposes the localization of the structure
during their formation and their following growth, leaving little or
no leeway for their own evolution.

Here, we present an alternative experimental set-up to the classical
Riedel experiment (Cloos, 1928; Riedel, 1929) by avoiding the use of
rigid basal plates. In addition, this alternative set-up also allows, with
some modifications, to successfully study the deformation of pull-apart
basins without the classical rigid basal metal plates or pre-existing dis-
continuities (i.e., Boussarsar et al., 2022; Peng et al., 2024). While the
experiments included in this work were conducted in the late 1990’s by
the first author, the co-authors have decided to revive and revise this
older article for the Special Issue. This decision aims to underscore
Bruno’s impact on another facet of analogue modelling, showcasing his
foresight and pioneering contributions in the field.

2. An alternative DESIGN for triggering wrench zones without
using basal discontinuities

The experimental set-up used in this study consists on a deformation
box of 112 cm long and different widths depending on the models with
two mobile end walls and two fixed lateral glass sidewalls (Fig. 3). The
box includes a viscous, tabular basal silicone layer covering the entire
model overlaid by a brittle layered pack of dry white and colored quartz
sand layers without any pre-existing regional fabric or fault (Fig. 3). A
regular grid of 1.5 x 1.5 cm carefully placed on the surface of the models
allows to visually monitor progressive deformation and offsets along
faults during the experiments. So far, this experimental set-up is a
standard configuration for an extension or contraction model (i.e.,
Ferrer et al., 2014; Borderie et al., 2018 respectively). Two “weak zones”
were created by locally vacuuming part of the brittle overburden during
the construction of the model (Fig. 3). These “weak zones” were located

Regional
shortening

Area with a thinner

thinner brittle layer

Fig. 3. 3D conceptual sketch illustrating the initial set-up of the models pre-
sented in this work. Note the north direction indicating the orientation
framework of the model and the developing structures.

at two opposite corners of the model occupying half the width of it (pink
polygons within the yellow overburden in Fig. 3). A motor-driven worm
screw transferred the deformation to the sandbox by pushing the mobile
end wall(s) towards the model’s center, therefore shortening the models
at a constant velocity of 5 mm/h (Fig. 3 and movie in supplementary
material). The experimental program including the two models pre-
sented here was carried out with one or two movable end walls indis-
tinctively without any significant differences between both procedures.
In order to prove it, we present a model performed with one and two
mobile walls (Model 2 and Model 1 respectively).

At crustal scale, the “weak zones" may be analogous to pre-existing
basins reactivated during compression. An example of natural proto-
type could be the Palmyride foldbelt and the Taurus structure that
located at the northern end of the Dead Sea strike-slip zone accumulate
up to 105 km of strike-slip movement in the last 20 Ma (Ben-Avraham
and Lyakhovsky, 1992). There, a pre-existing basin that was reactivated
in compression as the Eurasian block moved northward with respect to
the Arabian plate. Additionally, at smaller scale, the weak zones can
simulate dormant diapirs, salt walls or salt sheets linked by tear faults
under contraction (Rowan et al., 1999; Ferrer, 2012; Dooley et al., 2015;
Duffy et al., 2021).

The models were built with materials typically used to simulate
upper crustal deformation. Dry well-sorted quartz sand with an angle of
internal friction 30-31°, a density of 1760 kg m~>, and 300 mm grain
size (Vendeville and Jackson, 1992) was used as a mechanical analogue
of brittle rocks (Fig. 2c). Colored sand was dyed using organic and
mineral pigments with no variations on the mechanical properties. For
the construction of the layered overburden, sand was poured on the
model and then levelled with a manual scraper. On the other hand, a
transparent polymer (SGM-36 manufactured by Dow Corning) with a
nearly-Newtonian behavior at the experimental strain rates was used as
analog of ductile lower crust or viscous salt (Weijermars, 1986) (Fig. 2c).
The density of the polymer is 970 kg m~> and the dynamic shear vis-
cosity measured by Vendeville and Jackson (1992) in a coaxial
viscometer changes from 2.5x10* to 3.3 x10* Pa s at a strain rate of
3x107 ! and 2 x 1073 s7! respectively, at a room temperature of 23 °C.
The silicone layer was built from different chunks leaving them between
24 and 36 h to flow and homogenize. The scaling ration between models
and nature is around 10~°, such that 1 cm in the models represents 1 km
in nature (Hubbert, 1937; Ramberg, 1981).

The particularity of the experimental set-up presented in this work,
unlike the one used in Riedel experiments where the strike-slip move-
ment is imposed by the relative displacement of the two rigid basal
plates along the velocity discontinuity (Riedel, 1929; Tchalenko, 1970),
is that wrenching is triggered by lateral forces simulating regional
shortening. Because the overall mechanical strength of a brittle-viscous
system depends mostly on the brittle layer, the areas where this one is
locally thinner (i.e., above the “weak zones”) can deform much more
easily compared with the rest of the model (Fig. 3). In other words, these
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zones having a thinner brittle layer act like a car’s crumple zone that
cushions the impact during a collision.

The principle is rather simple. When shortening is applied, the part of
the model that includes a “weak zone” at its extremities tends to move
forward in a rigid fashion while being pushed by the moving end wall.
The same applies to the other half of the model, but the movement is in
the opposite sense (Fig. 3). This differential movement creates two
separate blocks that slide one past each other, thereby generating a
wrench zone between them. All of this is strictly independent of the
underlying rigid basal plate as the viscous layer fully decouples the
brittle layer from it.

Here, we present the two most informative experiments (named
Model 1 and Model 2) to illustrate the processes and the most
outstanding results. Note that for the sake of clarity, an arbitrary coor-
dinate system has been assigned to the models as shown in Fig. 3 and it
will be used for all overhead views and cross-sections in the rest of the
manuscript.

3. Experimental results

In this section, we summarize the main experimental results ac-
cording to the lateral confinement of the experiments during shortening
in both confined and unconfined models.

3.1. Model 1: two moving end walls and model laterally confined

The first model (Model 1) was initially 112 cm long and 40 cm wide,
with the “weak zones” located in the NE and SW corners of the sandbox,
respectively (Fig. 4). Location of their edges were offset from the center
of the model. The brittle overburden was laterally confined by the lateral
glass sidewalls and both end walls moved towards the center of the
model pushed by a motor-driven worm screw at a velocity of 5 mm/h
(Fig. 4). The total displacement (shortening) of each moving end wall
before the deposition of the syn-kinematic layer was 3 cm and at the end
of the experiment 6 cm (12 cm of total shortening when both end walls
displacement is combined).

The shortening transferred to the model by the movement of the two
mobile end walls during early stages of the experiment pushed forward
the brittle overburden without any apparent deformation on surface but
with bulk layer-parallel shortening as a major component of deforma-
tion (Koyi et al., 2004). In contrast, the weak zones were preferentially
shortened and uplifted. This triggered a right-lateral movement in the
central part of the model and the development of a wrench zone (Fig. 5).
In Fig. 5a, we highlighted three N-S passive markers (a, b, and ¢ dashed
white lines in Fig. 5a) on the overhead picture at the beginning of the
model (without deformation) in order to illustrate the amount of
strike-slip displacement and the deformation patterns between different
parts of the model. As shortening started (Fig. 5b), two small oblique
displacement, transpressional faults having an orientation similar to that
of left-stepping Riedel R shears initiated from the corner of each weak
zone and propagated along-strike towards the model’s center (Fig. 5b
and 6a). A set of partly overlapping WNW-ESE en-échelon R faults

Glass sidewall <— 20cm —><15cm >

N £
Weak S
:: : zone g : ::]
Motor-driven g l Motor-driven
I R N
worm screw = . worm screw
Expected location of
|::> Weak wrenching movement <::
zone
Mobile Mobile
endwall Glass sidewall endwall

112 cm

Fig. 4. Sketch of the experimental configuration of Model 1 (laterally confined
system) at the top of the weak zones. Pink: viscous silicone. Yellow: brittle
cover. (For interpretation of the references to color in this figure legend, the
reader is referred to the Web version of this article.)
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striking between 12° and 15° to the shortening direction develops in the
northern sector of the model (Fig. 6a). In contrast, an E-W and
WNW-ESE trending fault develop at the southern sector of the model
(Fig. 6a). The differential displacement between both sets of faults de-
velops a sigmoidal push up wide zone of dextral simple shear defor-
mation that bends the squared passive grid on top of the model (Fig. 6a).

During ongoing shortening, deformation propagated further into the
model as a wrench zone. Because the tips of the early-formed Riedel
faults was laterally offset from each other, a restraining bend forms in
the model’s center that was subjected to transpression (Fig. 5S¢ and 6b,
and cross-section in Fig. 7). The deformed model shows three areas
having different deformation patterns. Near the “weak zones” (in the
areas of passive markers 1 and 3) wrenching of the brittle cover was
accommodated by right-lateral Riedel R faults and synthetic shears in
between, clearly visible on Fig. 6b. In contrast, in the central part of the
model (Fig. 6a and b), the area located between markers 1 and 2
deformed by distributed strain with no clearly visible faults at surface
(see the central part of the cross-section in Fig. 7), although two incip-
ient faults, barely noticeable started to form (see black dashed lines in
Fig. 6b).

After deposition of a syn-kinematic layer (Fig. 5d and 6¢) increasing
deformation caused the further propagation of the southern set of faults
towards the opposite weak zone developing an anastomosing fault sys-
tem formed by the linkage of R and P shears (Fig. 6¢). In contrast, the
propagation of the northern set of faults reach the central part of the
model developing a fan of faults parallel to the shortening direction. An
oblique anticline connects both fault systems (Fig. 6¢). During the final
stages of shortening, some incipient reverse faults developed on the N
and NW flank of the anticline (Fig. 6¢).

The N-S serial vertical cross-sections at the end of the experiment
reveal how the thickening of the central area was accommodated by
both the formation of a structural high (pop-up) and by subsidence into
the viscous layer of the root of the thickened cover at depth (Fig. 7). So,
most of the wrenching movement was accommodated in the brittle sand
pack by distributed strain that thickened the entire unit (see little
faulting in cross-sections of Fig. 7). The cross-sections show how the
symmetry of the pop-up structure as well as its geometry changes along-
strike (Fig. 7). The relief of the area with the oblique anticline is clearly
asymmetric, with two clear vertical faults and a moderate dipping
transpressional fault (Fig. 7a). This geometry rapidly changes along-
strike to a thickened overburden with a symmetric relief (pop-up) on
surface, and a root (pop-down) at depth (Fig. 7b and c). The thickness of
the viscous layer decreases below the pop-down structure and increases
in adjacent sectors indicating silicone flow during deformation.

3.2. Model 2: one moving end wall and model laterally unconfined

Model 2 was initially 112 cm long and 50 cm wide, and therefore, the
width of the weak zones was also slightly larger (25 x 20 cm) (Fig. 8).
The width was increased to keep the dimensions of the model domain
the same as in model 1 to facilitate comparison, as the model 2 required
inserting silicone trenches along the glass sidewalls. Unlike Model 1,
deformation in Model 2 was applied by moving the eastern end wall at a
velocity of 5 mm/h reaching a total displacement of 12 cm (Fig. 8 and
movie in supplementary material). This displacement is the same as the
sum of the total displacement of the two moving end walls in Model 1. As
in Model 1, deformation created a differential movement along a wrench
zone that separates two blocks that moved one past each other.

In Model 2 we slightly modified the set-up of Model 1 to reduce the
confinement along the glass sidewalls (diminution of the N-S horizontal
stress) (Fig. 8). This was achieved by vacuuming the brittle sand pack in
two narrow trenches (5 cm wide) along the glass sidewalls (light blue
rectangles in Fig. 8). Vacuuming creates a pressure head gradient above
the horizontal silicone layer from the central part of the model, where
the overburden is thicker and the pressure head higher, towards the
trenches where there is no overburden resulting in minimal pressure
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Fig. 5. Overhead photographs showing the evolution of Model 1. a) Beginning of the model; b) moderate shortening; c) severe shortening; and d) end of the
experiment after deposition of a syn-kinematic green sand layer. White arrows inside the model: sense of relative displacement. White dashed lines and numbers 1, 2
and 3 are three initially N-S passive markers before (Fig. 5a) and during deformation (Fig. 5b and c). (For interpretation of the references to color in this figure

legend, the reader is referred to the Web version of this article.)

head. The load variation triggers silicone flow along the pressure head
gradient (Hudec and Jackson, 2007) adding a component of N-S
extension. To reduce the impact of this pressure head gradient, and
effectively minimize the lateral silicone flow, the trenches were
promptly filled with silicone as in other works (e.g., Ferrer, 2012; San-
tolaria et al., 2015; Borderie et al., 2018). In this way, the lateral
trenches acted as buffer zones along which the stress did not increase as
much as in Model 1.

Once regional shortening begins, the deformation transferred to the
brittle overburden preferentially deforms the weak zone closer to the
moving end wall squeezing it and creating an E-W right-lateral wrench
zone (Fig. 10a). Wrenching was initially accommodated by three partly
overlapping en-echelon strike-slip faults trending slightly oblique to the

shortening direction. These three faults quickly linked forming a unique
fault that propagates along-strike towards the east as shortening in-
creases (Fig. 10a). With increasing displacement, two new strike-slip
faults initiate at locations that are slightly offset with respect to the tip
of the pre-existing strike-slip fault and propagate towards the end walls
until they reach the corner of the eastern and western weak zones
(Fig. 10b). The linkage of these two new faults with portions of the
previous ones results in a slightly curved major strike-slip zone con-
necting the two weak zones. The formation of this major structure also
entails that the two ending splays of the first strike-slip fault progres-
sively become inactive (Fig. 10c). After 5.5 cm shortening the slip of the
major strike-slip fault continued throughout the experiment (Fig. 10c).
At this point linkage of previous faults resulted in a narrow corridor with
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Fig. 6. Close-up interpreted photograph of the central part of the model 1 at the evolutionary stages of Fig. 5 (see specific locations in the yellow squares of this is
figure). a) moderate shortening; b) severe shortening; and ¢) end of the experiment after deposition of a syn-kinematic layer with the location of the cross-sections of
Fig. 7. White arrows inside the model indicate the sense of relative displacement. Moving wall is located at the right of the figure. White dashed lines and numbers 1,
2 and 3 are three initially N-S passive markers during deformation. Black lines: strike-slip faults; black dashed lines: incipient strike-slip faults, black lines with
triangles: thrusts, and white line: anticline. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

a) Asymmetric uplift S-N

Syn-kinematic

% Pre-kinematic brittle
overburden (sand)

_3cm Viscous silicone

3cm

C) Symmetric uplift

Fig. 7. Selected S-N vertical cross-sections at the end of Model 1 (location of
the sections shown in Fig. 6¢). The top green layer was deposited during a late
stage of the experiment corresponding to the overhead view of Fig. 5d). Circle
with a dot: motion into page; Circle with a cross: motion out of page. (For
interpretation of the references to color in this figure legend, the reader is
referred to the Web version of this article.)

Glass sidewall «—20cm—>

N Lateral buffer I
T (vacuumed trench) g Weak
& zone ;‘:I
g _l Motor-driven
e o - — — — —— — ——— ——
3 < worm screw

Expected location of
wrenching movement
Weak <'I:|
zone Lateral buffer
Fixed (vacuumed trench) Mobile
endwall endwall

112.cm

Fig. 8. Overhead view of the initial set up of Model 2. Red: viscous silicone.
Yellow: brittle cover. Light blue: lateral buffer zones Sketch of the experimental
configuration of Model 2 (laterally unconfined system) at the top of the weak
zones. Pink: viscous silicone, yellow: brittle cover, blue squares: vacuumed
lateral trenches to reduce confinement. (For interpretation of the references to
color in this figure legend, the reader is referred to the Web version of
this article.)

isolated lozenge blocks bounded by two steep strike-slip faults
(Fig. 10c). A thrust perpendicular to the shortening direction develops
on the brittle overburden near the mobile end wall (Fig. 9¢). During mild
shortening to the end of the model, two highly oblique strike-slip faults
gradually propagate towards the southern edge of the major strike-slip
zone (Fig. 10c). These faults that compartmentalize the southern
sector of the model, progressively curve towards the strike-slip zone
slightly displacing its southern strike-slip fault by several millimeters
(Fig. 10c). At the end of the experiment an anastomosing wrench zone
resulting from the linking of overlapped fault segments developed
(Fig. 10¢c).

The narrowness of the central fault zone separating the two practi-
cally undeformed and horizontal sectors of the overburden is clearly
illustrated by the cross section in Fig. 11. No significant vertical slip or
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Fig. 9. Overhead photographs showing the evolution of Model 2. a) Beginning of shortening; b) mild shortening; and c) end of experiment after 12 cm shortening.
White arrows inside the model: sense of relative displacement. White dashed lines and numbers 1, 2 and 3 are three initially N-S passive markers showing relative
displacement during deformation. Black lines: faults; White dashed lines and numbers 1, 2 and 3) are three initially N-S passive markers before after deformation.

thickening occurred along the narrow fault zone.

Summarizing, Model 2 presents three major differences compared to
Model 1. First, there was no transpression in the center (Figs. 9 and 10).
Second, the wrench zone at the end of the experiment was made of one
single corridor bounded by two razor-sharp, vertical strike-slip faults
trending practically parallel with respect to the imposed direction of
horizontal movement in the eastern sector of the model but slightly
curved to the western one (Figs. 10 and 11). Third, the strike-slip fault
did not initiate from the edges of the weak zones (Fig. 9a and 10a).
Instead, it started to form in the model’s center itself, then propagated
both westward and eastward (compare Fig. 9a and b, and 10a and b).

4. Discussion

4.1. How the number of moving end walls affect the kinematic evolution
of the models?

The two models presented in this work demonstrate that strike-slip
deformation can be initiated without involving rigid basement plates
with a velocity discontinuity in between. The use of a brittle-viscous
model with weak zones in the brittle overburden is an effective way to
nucleate and transfer strike-slip deformation.

Regional contraction was applied with two (Model 1) or just one
(Model 2) moving end wall(s). As the appearance, sense and relative
length of displacement vectors in both fault blocks indicate (compare
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Fig. 10. Close-up interpreted photograph of the central part of the Model 2 at the evolutionary stages of Fig. 9 (see specific locations in the yellow squares of this is
figure). a) Beginning of shortening; b) mild shortening; and c¢) end of the experiment with the location of the cross-sections of Fig. 11. White arrows inside the model
indicate the sense of relative displacement. Moving wall is located at the right of the figure. White dashed lines and numbers 1, 2 and 3 are three initially N-S passive
markers during deformation. Black lines: strike-slip faults; black dashed lines: incipient strike-slip faults. (For interpretation of the references to color in this figure

legend, the reader is referred to the Web version of this article.)

Viscous silicone

Fig. 11. S-N cross-section in the center of Model 2 (location of the section
shown in Fig. 10c). To note the narrowness of the steeper wrench zone at the
center of the picture.

displacement vectors between fault blocks in Model 1 and 2, Fig. 12a
and b respectively), the number of walls through which shortening is
transmitted into the model strongly affects the deformation pattern.
During the early stages of Model 1 (two mobile end walls) contractional
deformation is primarily absorbed by squeezing of both weak zones that
uplifts and bulges the surface of the model above them (Fig. 5b). As
shortening increases, the weak zones becomes completely uplifted
above the pre-shortening regional relief by a thrust and backthrust
(Fig. 5¢). In contrast, in the equivalent sector where the model consists
of sand, the initial component of deformation is layer-parallel

shortening, but when the basal detachment of silicone becomes effec-
tive, the overburden is transported forward. In this part of the model, the
length of the displacement vectors gradually decreases from the moving
end wall towards the weak zones (Fig. 12a). The differential displace-
ment between both sectors of Model 1 is accommodated by an oblique,
transpressional fault with an orientation similar to that of Riedel shears
(Fig. 6a). Wrench faults nucleated at the corner of each weak zone and
propagated along-strike towards the center of the model (Fig. 6). Before
the deposition of the syn-kinematic layer (Fig. 6b), two arrays of oblique
faults linked by a large wrench fold (pop-up) resulted in a restraining
bend with diffuse deformation that significantly thickened the over-
burden (Fig. 7). This is well illustrated by the total displacement vectors
in the center of Model 1 (Fig. 12a), where the vectors with the shortest
length are distributed following an ENE-WSW trend highlighting the
transpressional component in the restraining bend.

On the other hand, just the weak zone adjacent to the mobile end
wall in Model 2 is squeezed during the early stages of deformation with
thrusts developing on the overlying sand cover (Fig. 9a). As shortening
increases, this weak zone becomes narrower with greater displacement
of the thrusts accommodating most of the contractional deformation
(Fig. 9b). Like in Model 1, the initial deformation of the sector adjacent



B.C. Vendeville et al.

Journal of Structural Geology 184 (2024) 105166

P AnAt —-—
B S~

Mobile endwall

T T e e A e e e e e o —

|BIE
o  wla
*

L bl

Mobile endwall

F‘é

&
#

Fig. 12. Accumulated displacement vectors of Model 1 (a) and Model 2 (b) determined by measuring the location of the regular grid at the surface of the models
during the deformation. Note how the length of the vectors is similar on both sides of the wrench zone in the model with two mobile end walls (Model 1, Fig. 12a),
while in the model with a single mobile end wall (Model 2, Fig. 12b) they are much longer in the southern fragile sector displaced by the eastern mobile wall.

to the weak zone composed solely of sand is by layer-parallel shortening
without any new relief. During mild shortening, a thrust trending par-
allel to the moving wall develops in the sector without a weak zone
(Fig. 9b), and from this point outwards, the entire southern sector of the
model is transported forwards over the silicone basal décollement
(Fig. 9c). This results in the squeezing and thrusting of the weak zone
located in the SW sector of the Model 2 (Fig. 9¢). The displacement
vectors of this model have all the same transport direction but show
different lengths, being shorter in front of the weak zone where they
gradually decrease towards the fixed end wall (Fig. 12b). The
displacement difference between the northern and southern sectors of
Model 2 is accommodated by an E-W right-lateral wrench zone in the
central part of the model (Figs. 9 and 12b). However, the geometry and
the structural style of the wrench zone is drastically different than the
one of Model 1. In this case, the fault formed in the center of the model

a) o,

Imposed
E-W
displacement

(Fig. 10a) and propagated along-strike very quickly towards the weak
zones (Fig. 10b) to form an anastomosing strike-slip zone with overlaps
and steps that remained active as horizontal shortening increases
(Fig. 10c). The total displacement vectors highlight the sharp and clear
boundary between the two fault blocks along the wrench zone without
significant dip slip or thickening along the faults (Figs. 10 and 11), with
strong different lengths at each fault block controlled by the experi-
mental configuration with a single moving end wall (Fig. 12b).

4.2. Effect of the lateral “buffer zones” on the orientation of Riedel faults

The cause for the orientation of Riedel R faults in Model 1 is well
known, as illustrated in Fig. 13a (Wilcox et al., 1973). During simple
shear, the maximum principal stress, the ¢, axis, is oriented at 45° from
the direction of E-W imposed shear. With an angle of internal friction of

b) ~ /03

S

Fig. 13. a) Sketch illustrating the orientation of the maximum horizontal stress (6;) and the two potential Riedel faults (R and R') in Model 1. b) Sketch illustrating
how the orientation of the maximum horizontal stress (6;) can change when reducing the N-S horizontal stress (using lateral buffers in Model 2). Note that one of the
two potential Riedel faults (R) is parallel to the direction of imposed movement (blue line). (For interpretation of the references to color in this figure legend, the

reader is referred to the Web version of this article.)
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about 30°, Riedel R faults form with an obliquity of about 15° with
respect to the transport direction, thus leading to an en-échelon pattern
between faults in the western and those in the eastern part of the model
(Fig. 6a).

The change in orientation of the wrench zones in Model 2 is
explained in Fig. 13b. Our hypothesis for such a change is that by
lowering the N-S horizontal stress, the maximum principal stress was no
longer oriented at 45° with respect to the transport direction (Model 1).
The impact of having some lateral “buffer zones” lowers the horizontal
stress, thereby changing the orientation of the maximum principal stress
so that the Riedel R fault formed almost parallel with respect to the
transport direction. Also note that during the latest stage (Figs. 9¢ and
10c), there was a slight component of movement towards the sidewalls
resulting in the formation of Riedel R’ faults in the southern sector of the
model.

Similar structures have been described in salt-bearing rifted margin,
where the downdip movement of salt due to gravity gliding caused by
the margin tilting is significantly influenced by the geometry of the
preexisting base salt relief. Dip-parallel or slightly oblique steps parti-
tion the deformation, forming strike-slip faults that separate domains of
differential downslope translation (Dooley et al., 2017; Rowan, 2020).
This type of structures is clearly illustrated in experiments conducted by
Dooley et al. (2017). Figs. 4 and 7 of this work demonstrate that even
when the roof blocks on either side of a presalt step are both moving
downslope, the differential motions resulting from the base salt relief
induce the development of Riedel shears that propagate from the base-
ment step where the salt thickness increases. As in Model 2, this could
validate the lack of confinement (N-S extension) as the primary control
in this case.

In this way, the classical conceptual model is more realistic to study
the deformation of a brittle overburden above a pre-existing strike-slip
fault, while the new configuration is more realistic to study the initiation
of wrench zones on a brittle cover fully decoupled from its basement by a
ductile layer and without a pre-existing fault (i.e., salt-bearing basins).

4.3. Bruno Vendeville’s legacy: modelling strike-slip deformation with no
pre-imposed boundary conditions

The current models illustrate an alternative modelling set-up to
reproduce strike-slip deformation designed by Bruno Vendeville in the
late 90s. This experimental set-up reproduced strike-slip deformation,
with no need to include motion of basal rigid plates and velocity
discontinuity. This offers the system to respond freely to imposed
boundary conditions avoiding the deformation localization effect of a
basal VD, which would normally influence on the local stress orientation
in a critical way (e.g., Morley, 1999).

In general, the laterally confined model, whose lateral boundary
conditions resemble the classic Riedel experiments, show results in
agreement to previous modelling works of this latter type (e.g., Cloos,
1928; Riedel, 1929; Tchalenko, 1970; Naylor et al., 1986). Wrenching is
indeed accommodated by a broad zone combining folding and faulting,
with the typical minor structures (e.g., R shears) and through-going
transcurrent faults cutting the models and allowing the two halves to
slip past each other. This supports the validity of the current set-up to
model strike-slip deformation. This configuration represented a step
forward with respect to the classic Riedel experiments and opened new
experimental possibilities to simulate other scenarios with strike-slip
deformation. This is the case of salt-bearing rifted margins where dur-
ing gravity gliding or spreading the seaward movement of the over-
burden commonly varies between adjacent depocenters or between
adjacent domains of depocenters locally causing relative strike-slip be-
tween units moving at different rates (Rowan, 2020). One of these linear
left-lateral strike-slip fault parallel to the regional dip and rooted in the
edge of a shallow salt sheet of the northern Gulf of Mexico is clearly
illustrated in the time slice of F ig. 25 by Rowan et al. (1999). Other
works based on analogue models also produced strike-slip tear faults
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linking shortened diapirs, salt walls or salt canopies (e.g., Rowan and
Vendeville, 2006; Ferrer, 2012; Dooley et al., 2017, 2023; Duffy et al.,
2018; Santolaria et al., 2021). The salt of the diapirs preferentially ac-
commodates the shortening forcing the overburden, in places, to frag-
ment into blocks with different shortening-parallel displacements
reflecting the progressive development of strike-slip tear faults. The
depth slice of F ig. 22a by Dooley et al. (2023) shows the system of faults
and strike-slip tear faults linking the stems of several diapirs beneath a
salt canopy.

The setup presented in this work may be better suited for analyzing
the influence of lateral variations in rheology at different crustal and/or
lithospheric scale on strike-slip deformation, an effect which may be
masked by the use of a basal VD, which may otherwise affect the stress
field an resulting structural pattern in a dominant way. Similarly, the
effect on stress reorientation and structure development of pre-existing
brittle (discrete or pervasive) fabrics may be masked by the use of basal
rigid plates (e.g., Morley, 1999) and therefore the use of the set-up
designed by Bruno Vendeville may be more efficient to simulate such
effect. Varying the overlapping of weak zones and working in exten-
sional or compressional scenarios, the presented set-up could be useful
to generate releasing or restraining bends, respectively. In fact, with
some additional modifications the set-up presented in this work has been
used to model the spontaneous formation of pull-apart basins (Bous-
sarsar et al., 2022; Peng et al., 2024). In the experimental configuration
by Boussarsar et al. (2022), the weak zones located in front of the mobile
end walls partially overlap, but in addition they vacuumed two trenches
in the overburden that also overlap and did not force the location of
wrench zones when shortening started (see Fig. 8 by Boussarsar et al.,
2022 for more details). The area between the two wrench zones without
any pre-existing structure evolved to a pull-apart basin as shortening
increased. Furthermore, although it has not yet been modeled, the
experimental configuration used by Boussarsar et al. (2022) and Peng
et al. (2024) can be useful to simulate the rise or rejuvenation of salt
structures in pull-apart basins.

In addition to present an alternative to Riedel experiments, the set-up
designed by Bruno Vendeville uses silicone not only as a salt analogue
but as a medium localizing the deformation. The weak zones made by
silicone are mechanically weaker than the surrounding sand and pref-
erentially localize contractional deformation. This allows the develop-
ment of the E-W right-lateral wrench zone due to the differential
displacement between both parts of the models as shortening progresses
(Figs. 5 and 9). Other authors used different types of weak zones made
by silicone to localize deformation in different geological scenarios. Le
Calvez and Vendeville (2002) used for the first time silicone ridges on
predetermined locations over a silicone layer to nucleate and propagate
extensional faults along-strike into the overlaying brittle sand cover.
Their set-up represented a revolution compared to the classic fragile
models where extensional faults or relay zones between offset exten-
sional faults were forced by a velocity discontinuity made by a basal
plastic sheet or metal plate (e.g., McClay and Ellis, 1987). This practice
was incorporated as a guideline in analogue modelling methodology and
has been used in numerous works (e.g., Zwaan and Schreurs, 2017;
Molnar et al., 2019; Zwaan et al., 2019, 2021 among others). Dooley and
Schreurs (2012) used weak zones made by silicone over a silicone
detachment covering two basal rigid plates that slide one past each other
along a strike-slip basement fault. The weak bodies with different ge-
ometries (rectangular walls and cylinders) representing dykes or salt
walls were located over the basement fault trace with different orien-
tations and then covered by sand. Restraining or releasing stepovers
developed depending on the weak zone’s orientation respect the base-
ment fault trace. Dooley and Hudec (2020) and Wilson et al. (2023)
presented a series of models simulating segmented rift systems that were
subsequently inverted. To avoid internal artifacts as the ones described
in set-ups with a basal rubber sheet (e.g., Amilibia et al., 2005), these
authors used silicone slabs of triangular and rectangular sections over a
thin basal silicone layer which in turn covered the rubber sheet. In this
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way, the movement of the moving end walls produced rubber sheet’s
stretching which was transferred to the silicone detachment deforming
the slabs allowing the nucleation of extensional faults at their edges
forming half-graben (triangular slabs) or graben (rectangular slabs).

5. Conclusions

We have presented an alternative experimental configuration to the
classical Riedel experiment to trigger wrenching or regional strike-slip.
The set-up demonstrates that initiating strike-slip does not necessarily
require to be transmitted from the base up using a rigid basement with a
velocity discontinuity simulating a pre-existing structural fabric or basal
discontinuities as in Riedel experiments.

By using zones of weakness simulating sedimentary basins at crustal
scale or dormant diapirs or salt massifs at smaller scale, strike-slip can
occur spontaneously above a viscous layer under the influence of lateral
shortening, rather than by the stresses imposed by traction of basal
blocks.

Where lateral confinement is high (Model 1), the potential slip planes
are oblique to the direction of imposed movement. Early individual R1s
are short-lived as the fault zone with significant component of dip-slip
evolves. Flower structures and wrench folds form and strata are thick-
ened by lateral contraction.

Where lateral confinement is lower (using lateral buffers as in Model
2), there is little or no conflict between the direction of potential slip
planes (controlled by the orientation of principal stresses) and that of the
imposed regional displacement. Deformation can be accommodated by a
simple, narrow and permanent, vertically-dipping strike-slip fault.

The degree of overlap between the weak zones opens up a new set of
modelling possibilities in future works on extensional or compressional
scenarios to generate releasing or restraining bends respectively, as well
as to model the reactivation or rejuvenation of pre-existing salt struc-
tures in wrench tectonics.
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