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Strike-slip restraining bends, such as the Levant Fault, belonging to push-up
systems and the Jamaican fault network, belonging to duplex systems, display
a diversity of fault geometries and deformation patterns that reflect distinct
modes of lithospheric-scale strain localization. To investigate the origin of this
variability, we develop 3D numerical models of transpressional strike-slip
systems using heterogeneous simple shear boundary conditions and ther-
mally-dependent, non-linear rheology. Unlike classical analog or numerical
models that impose velocity discontinuities, our approach allows spontaneous
fault localization that naturally generates transpression. We systematically
explore how the position and geometry of inherited weak zones influence fault
development. We show that three distinct strike-slip systems emerge: (1) push-
up systems with a single strike-slip fault and outward-propagating thrusts; (2)
duplex systems with interacting parallel faults connected by P-shears; and (3)
systems of non-interacting parallel faults. These results highlight spontaneous
strike-slip localization and how initial heterogeneities control formation and

evolution of long-term lithospheric deformation.

Strike-slip deformation occurs across a wide range of scales, from tens
of meters to thousands of kilometers, including features from outcrop-
scale faults to plate boundaries'™. Strike-slip systems consist of indi-
vidual fault segments that either connect directly to a principal fault
through hard-links or distribute into deformation zones where faults
do not directly connect, forming soft-links. These segments often
organize into relays, which can be either transpressional or transten-
sional, depending on the geometry of the step-over and the sense of
slip®. Transtensional relays are generally associated with releasing
bends and pull-apart basins [e.g. ], where the crust or lithosphere
undergoes thinning. In contrast, transpressional relays are linked to
restraining bends, which promote crustal and/or lithospheric thick-
ening. In nature, restraining bends fall into two main structural

categories®™: duplex systems (Fig. 1a) characterized by parallel,

lithospheric-scale strike-slip faults linked by oblique transpressive
shear zones accommodating shortening and push-up systems, char-
acterized by two offset strike-slip fault segments describing a step-
over connected by a sigmoidal transpressive structure and surrounded
by thrusts propagating outward from the strike-slip faults system
(Fig. 1b). A third configuration can occur when the spacing between
strike-slip segments is large enough that they interact only weakly,
resulting in subparallel fault arrays with limited deformation in
between. Duplex systems are observed at diffuse transpressive plate
boundaries such as the northern California Shear Zone', the northern
Caribbean plate boundary”, or the Chaman plate boundary, while
lithospheric-scale examples of push-up structures include the Arabia-
Africa plate boundary in the Lebanon and Anti-Lebanon mountains
along the Levant Fault system®, and the Sorong Fault in the Bird’s Head
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Fig. 1| Schematic representation of natural restraining bends. a Duplex system,
where parallel strike-slip faults link with a restraining bend as in Jamaica®. b Push-up
system, where a single strike-slip fault splits at shallow depth into two sigmoidal-
shaped segments forming a restraining bend as along the Levant Fault in Lebanon
[e.g., ref. 97. At depth, the two segments connect to a single strike-slip fault through
a hard-link.

Peninsula in northwest New Guinea' resulting from strain partitioning
in the Australian plate.

Although these structures and their kinematics are well docu-
mented in nature, their underlying dynamics remain challenging to
reproduce in models. Push-up systems have been extensively investi-
gated in numerical and analog experiments” ¥, but models of
lithospheric-scale networks of strike-slip faults [e.g., refs. 28-30] or
more specifically, duplex systems are more rarely modeled***

A key challenge arises from how boundary conditions are
imposed. Classic Riedel experiments prescribe basal velocity dis-
continuities, assuming the existence of one or several pre-localized
shear zones at depth [e.g., refs. 1,17,33-39] that can be combined with
imposed fault geometries [e.g., refs. 19,20,25-27,40] to generate
restraining and releasing bends. While well-suited for studying defor-
mation in sedimentary basins above known basement faults, this
approach does not capture the strain localization processes that
initiate the formation of lithospheric-scale strike-slip zones. Lateral
indenter-type models [e.g., refs. 41-45] provide an alternative, but rely
on step or arctangent velocity functions imposed at the boundaries of
the system, which still constrains localization externally rather than

allowing it to emerge. Other numerical studies have employed periodic
boundary conditions [e.g., refs. 46,47] enforcing symmetry in the
system or stress-free boundary conditions [e.g., ref. 21] neglecting the
resistance of surrounding lithosphere and thus limiting their applic-
ability to various systems at the plate-boundary scale.

In natural systems, however, deformation often localizes pro-
gressively within heterogeneous lithosphere that can be influenced by
pre-existing structures such as lithological contacts and inherited
faults**™", Fault patterns may also be controlled by rheological layer-
ing, ductile shear zones and the depth-dependent mechanics of strain
localization in the lithosphere, as suggested by observations of con-
jugate fault sets like those activated during the 2019 Ridgecrest
earthquake®™*. Capturing this self-consistent evolution in models
requires approaches that avoid prescribing discontinuities or arbitrary
velocity variations across fault zones.

Here, we employ a 3D numerical framework® that enables the
spontaneous development of lithospheric-scale strike-slip shear zones
under simple shear boundary conditions, without imposing pre-
existing faults or velocity discontinuities. Using this approach, we
investigate the formation and evolution of restraining bends, and
explore the conditions leading to push-up systems, duplex systems, or
parallel fault systems. We then compare our numerical results with
analog experiments and natural examples, focusing on the Levant
Fault and the Jamaican fault network.

Results

In the following results section, we refer to the fault orientation using
the Riedel terminology®*®” to ease the comparison between our
models and the literature. The terminology distinguishes shear zones
based on their orientation relative to the principal shear direction and
their sense of shearing. The principal shear zone, denoted as Y-shear, is
parallel to the regional simple shear direction and in the same sense of
shearing (in our case left-lateral). The P-shear zones are oblique to the
principal shear direction, oriented at an angle of approximately 10-20°
(¢/2 where ¢ is the friction angle of the material, clockwise and in the
same sense of shearing. The R-shear zones are also oblique to the
principal shear direction, oriented at an angle of approximately 10-20°
counter-clockwise and in the same sense of shearing (right-lateral in
our case). The R’-shear zones are oblique to the principal shear
direction, oriented at an angle of approximately 70-80° counter-
clockwise (11/2-¢/2) but in the opposite sense of shearing (right-lateral
in our case). Finally, the X-shear zones are oblique to the principal
shear direction, oriented at an angle of approximately 70-80° clock-
wise and in the opposite sense of shearing too. We provide a diagram
of these orientations in map view on Figs. 3, 5, and 7. We parameterize
the initial geometry using the angle a and the distance A between two
weak zones (Fig. 2c¢), to run 10 simulations. Initial weak zones are
conceptualized as pre-existing lithospheric weaknesses, such as
inherited structures or lithological contacts. However, their role is
strictly to initiate deformation. While weak zones can be imposed as
local cubes [e.g., refs. 58-60] or wide zones [e.g., refs. 61,62], we
choose Gaussian distributions to avoid imposing arbitrary strain
localization directions or mimicking specific geological features.

We find that the models first fall into two groups: those that form
restraining bends and develop interactions, and those that do not.
Then, among the models that form restraining bends, we identify two
more groups based on the geometry of the strike-slip fault network
and their time evolution. Therefore, we classify the models into three
categories: push-up structures and duplex structures that belong to
the group forming restraining bends, and parallel shear zones that
belong to the group where no or poor interaction occurs (Fig. 3).

The push-up structure category in Fig. 3, encompasses models for
which a < 15 such as models with a = 7, A = 52 km (Figs. 4, 5, Sup-
plementary Figs. 1-3, Supplementary Movie 1), « = 11, A = 65 km
(Supplementary Figs. 4-6, Supplementary Movie 2) and a = 12. 5,
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Fig. 2 | Numerical models setup. a Map view: domain geometry and boundary

conditions. The red dashed line indicates the imposed shear direction. The green
arrows indicate the imposed velocity, while the blue arrows exemplify the two end-
member velocity fields resulting from the application of Navier-Slip condition when
the strain rate is distributed (left) or localized (right) in the solution of the Stokes
equation. b Vertical cross-section showing the initial rheological stratification. The

initial geotherm is in red. The initial yield stress envelope is in black. The grey curve
shows the yield stress for the fully softened material at initial conditions. ¢ Map
view: initial plastic strain distribution. The red dashed lines indicate the shear
direction passing by the centers of the two Gaussian functions. « is the angle
between the shear direction and the weak zones, and 4 is the distance taken per-
pendicularly to the shear direction between the two weak zones.

A =100 km (Supplementary Figs. 7-9, Supplementary Movie 3). In these
experiments, a principal strike-slip shear zone develops to form a
restraining bend evolving into a push-up structure of different obli-
quities. Within the central region of the bend, deformation is char-
acterized by transtension and extension, while compressional shear
zones develop around the bend, resulting in a sigmoidal shape struc-
ture (Fig. 3).

The duplex structure category in Fig. 3, comprises models for
which a>15" and A < 60 km. For this category, we utilize the following
combinations of a and A: a = 15°, A = 55 km (Figs. 6, 7, Supplementary
Figs. 10-12, Supplementary Movie 4), a =18, A = 50 km (Supplemen-
tary Figs. 13-15, Supplementary Movie 5), and a = 22. 5, A = 50 km
(Supplementary Figs. 16-18, Supplementary Movie 6). These experi-
ments result in the development of parallel Y-shear strike-slip zones
connected by P-shear strike-slip zones. Compressional shear zones
develop around these structures, creating a duplex strain pattern
characterized by multiple main strike-slip shear zones running parallel
to each other.

The parallel shear zones category in Fig. 3, includes models for
which a > 15" and A > 60 km, such as models with a = 15, A = 75 km,
a=17.5,A=70km,a=17.5,A =100 km and a =20°, A = 60 km. These
models also show parallel Y-shear strike-slip shear zones, but these

zones do not connect, resulting in minimal interaction. The outcome is
a simple network of strike-slip faults parallel to each other that show
limited deformation beyond the principal shear zones.

Among the ten experiments, we detail two cases representative of
the push-up and duplex structure categories, respectively. The model
using values of a = 7 and A = 52 km exemplifies the formation of
sigmoidal push-up structures, whereas the model using values of a =15
and A = 55 km demonstrates the development of duplex structures.
Additional details about other models are provided in the supple-
mentary data and supplementary movies. These models highlight the
interaction between strike-slip shear zones in restraining bends and
the emergence of compressional deformation patterns. In contrast,
models producing parallel shear zones with limited interaction do not
exhibit significant deformation beyond the principal shear zones and
will not be further detailed.

Model a = 7', A = 52 km

Figure 4 illustrates the evolution of the model with « = 7, A = 52 km.
Initially, deformation localizes along the two weak zones, forming
vertical strike-slip shear zones oriented parallel to the imposed simple
shear direction. These shear zones propagate toward one another
while accommodating a small portion of the total plate motion (2 cm
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Fig. 3 | Diagram summarizing the three categories of models based on the
initial parameters a and A. Pictures show the stress regime of the strain locali-
zation in models after 7 Myrs of evolution (See Figs. 4 & 6 for colors signification).
The bottom right inset shows the orientation of the different shear zones in map
view® o7,

yr) with a slip rate of approximately -0.7 cm yr™. At this stage,
deformation remains diffuse, and topography is negligible.

By 4 Myrs, the shear zones link in the central region of the model
via a P-shear, forming a restraining bend (Fig. 5). Positive topography
begins to develop around this bend as deformation becomes more
localized, and the slip rate on the fault increases to -1.4 cm yr™.

At 6 Myrs, the strain localization varies with depth. In the lower
crust and lithospheric mantle, deformation localizes on a single strike-
slip shear zone. However, near the brittle-ductile transition, corre-
sponding to the lower-upper crust interface, the central segment of
the shear zone bifurcates into two branches. At the surface, transten-
sional deformation localizes between the two branches, while com-
pressional shear zones develop both near the surface and at the brittle-
ductile transition around the restraining bend.

By 8 Myrs, the spacing between the two branches increases, and
the restraining bend evolves into a sigmoidal push-up structure. Right-
lateral transpressional shear zones begin to localize at the edges of the
restraining bend to accommodate rotations due to the reorientation of
the main shear zone. Slip rates within the restraining bend vary, ran-
ging from ~1.65 cm yr at depth (single shear zone) to -1 cm yr™ at the
surface (distributed across the two branches). High topography con-
tinues to develop, crustal thickening intensifies, and the lower crust
begins to exhume. This exhumation forms a sigmoidal dome, with
transtensional to extensional deformation localized above it.

At 12 Myrs, deformation propagates outward from the restraining
bend, and well-localized thrust faults develop along each branch. The
distribution of slip rates reflects this structural complexity: ~1.7 cm yr™
at depth, 0.9 cm yr™ on the surface strike-slip branches, and ~0.6 cm
yr'! on the thrust faults. Flexural basins form in front of the thrust
faults. Additionally, right-lateral X-shear zones at the edges of the
restraining bend accommodate rotation, with slip rates of ~0.15 cmyr™.
Exhumation of the lower crust continues, carrying a slice of the litho-
spheric mantle between the two branches.

By 16 Myrs, the growing spacing between the two branches drives
further outward deformation propagation. Thrust faults, initially par-
allel to the strike-slip shear zones, rotate to form an angle of ~35° with
them, promoting the development of new, more external thrust faults,
resulting in a rectangular shape structure. This reorientation is
accompanied by a reduction in slip rates: ~0.6 cm yr™ on the strike-slip
branches and ~0.4 cm yr™ on the thrust faults, while the deep strike-slip
fault maintains a slip rate of ~1.7 cm yr™.. A secondary family of thrust
faults emerges near the right-lateral X-shear zones, accommodating
additional shortening due to rotation.

Model a =15, A = 55 km
Figure 6 illustrates the evolution of the model with a = 15", A = 55 km.

Initially, deformation localizes along two vertical left-lateral strike-
slip shear zones oriented parallel to the imposed shear direction,
exhibiting slip rates of approximately -0.7 cm yr™. Conjugate right-
lateral shear zones also develop, but their slip rates remain < 0.1
cmyr

At 4 Myrs, the two left-lateral shear zones propagate parallel to
each other and intersect the conjugate right-lateral shear zones,
forming a rectangular geometry. At the external corners of this rec-
tangle, compression due to fault interactions generates small thrusts
and positive topography (Fig. 7). The slip rates on the northern shear
zone increase to 0.9 cm yrin its central segment and ~-1.1cm yr at its
western extremity. The southern shear zone exhibits a slip rate of ~0.8
cm yr?, decreasing westward.

By 6 Myrs, two new P-shear zones begin to form, linking the
parallel left-lateral shear zones. One develops at the western extremity
of the southern shear zone, while the other forms in the central part of
the rectangle. Slip rates continue to increase, reaching ~1.3 cm yr™ on
the northern shear zone and the newly forming central P-shear.
Topography also builds at the junctions of the left- and right-lateral
shear zones.

At 8 Myrs, the P-shear zones are fully localized, and restraining
bends begin to form around them. The central P-shear zone, however,
exhibits transtensional to extensional deformation in its central seg-
ment, while thrust faults develop around and root into the strike-slip
shear zones, forming a positive flower structure, i.e., a crustal scale
push-up visible in the topography (Fig. 7). Slip rates show notable
variability across the system: ~1.6 cm yr™ at the western junction of the
shear zones, decreasing to ~1.2 cm yr™ on the northern segment of the
P-shear, ~0.8 cmyrinits central portion, and -0.6 cm yr™ on the thrust
faults.

By 12 Myrs, significant structural changes occur. A new left-lateral
shear zone develops to the north, branching from the northernmost
shear zone as a P-shear and evolving northwestward into a Y-shear,
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forming a new duplex structure. To the south, an additional P-shear
emerges, running parallel to the central and western P-shears to link
the two principal shear zones. These P-shear zones exhibit transten-
sional to extensional deformation in their central segments, while
thrust faults form around them, generating pop-up structures and
flexural basins. The development of these new faults leads to a redis-
tribution of slip rates across the system, resulting in decreased activity
on the principal shear zones.

Finally, at 16 Myrs, the P-shear zones gradually lose prominence as
deformation shifts to thrust faults, further accentuating topography.
Additionally, right-lateral shear zones develop between the parallel
left-lateral shear zones to accommodate the rotation generated by
their interaction. Slip rates continue to redistribute across the evolving
fault system.

Strain localization and fault interaction

Our models reveal three distinct evolutions governed by the initial
geometric configuration, specifically the angle a and the spacing A
between the two weak zones (Fig. 3). A clear distinction arises between
the first group of models, which develop sigmoidal push-up structures,
and the second and third groups, which form parallel strike-slip faults
that may or may not interact to produce duplex systems, depending on
A, the distance between the initial weak zones in the direction per-
pendicular to the boundary velocity field.

The angle a primarily controls whether deformation localizes into
a single push-up structure or into multiple parallel shear zones. A cri-
tical threshold occurs at a = 15, which corresponds to an angle of ¢/2,
where ¢ is the internal friction angle of the material. This threshold
aligns with the orientation of P-shears measured clockwise from
Y-shears. For angles below this threshold, shear zones remain relatively
aligned and interact to form a push-up structure. At larger angles, the
system favors the development of parallel shear zones, with their
interaction dependent on A.

While A plays a limited role in the formation of push-up structures,
it becomes a key parameter for duplex systems. When the spacing
between the weak zones is too large, the two strike-slip faults that
emerge from the weak zones do not interact, preventing the formation
of a duplex system. Conversely, at smaller spacings, interaction occurs,

leading to the emergence of internal restraining bends and duplex-like
architectures.

Push-up and duplex systems also differ in how they accommodate
shortening and in their temporal evolution. Push-up systems typically
develop as a single lithospheric-scale shear zone that distributes
deformation into the crust, growing by initiating new thrusts that
propagate outward from the restraining bend. In contrast, duplex
systems consist of a network of lithospheric-scale, parallel strike-slip
shear zones. Within these, shortening is accommodated by oblique
P-shears forming restraining bends. However, because the central
restraining bends are confined between the main shear zones, thrust
propagation is inhibited. Instead of outward growth, these systems
evolve by initiating new restraining bends, often accompanied by the
development of secondary Y-shears, as deformation continues (e.g.,
Fig. 7, 12 Myr). Nevertheless, our models reveal a vertical gradient in
strain localization, with multiple shear zones developing near the
surface, whereas single larger-scale shear zones persist at depth. This
behavior likely results from a greater stress drop at depth for an
equivalent frictional weakening combined with shear heating that
locally reduces the viscosity in the deeper parts of the crust and
lithospheric mantle.

An interesting by-product of these contrasting styles of defor-
mation at depth is that as the duplex accommodates the transpression
at the crustal scale, therefore only exhumes lower crustal material
within the restraining bends where erosion is high (Fig. 6 and supple-
mentary material Figs. 10 to 18) while lithospheric scale push-up lead to
the exhumation of mantle rocks (Fig. 4 and supplementary material
Figs. 2t0 9).

Moreover, Figs. 4 and 6 illustrate how the fault network evolves
over time, how slip rates redistribute as new faults form and interact,
and how faults connect with each other in space. Fault connectivity
and fault system interaction has implications for earthquake rupture
dynamics and seismic hazard, particularly since fault geometries often
remain difficult to constrain at depth. Fault connectivity may govern
whether dynamic rupture remains confined to a single fault segment
or cascades through an entire fault system [e.g., refs. 63-67]. Where
unfavorably oriented gaps or rheologically strong patches decouple
neighboring strands, dynamic ruptures tend to arrest, limiting event
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size [e.g., refs. 68,69]. By contrast, geometrically linked segments can
foster through-going rupture and hence larger-magnitude
earthquakes’, as documented for the 2019 Ridgecrest sequence and
the 2016 Kaikoura cascade” . In this context, our long-term geody-
namic models can be coupled with dynamic rupture and seismic cycle
simulations [e.g., refs. 74-78] to explore the influence of fault geo-
metry and connectivity on earthquake rupture dynamics and help
interpret the connectivity of the complex natural strike-slip fault net-
work at depth.

Comparison with previous experiments

Numerical simulations provide a valuable complement to laboratory
experiments and can help bridge the gap between surface observa-
tions and deep lithospheric processes, especially in regions where
direct imaging remains limited. However, modeling strike-slip systems
over geological timescales (>1 Ma) and at high finite strain (>1) poses
several fundamental challenges. Numerical experiments have only
recently reached the level of maturity required to complement the
substantial body of knowledge derived from scaled laboratory models
[e.g.,*’], which are comprehensively reviewed in ref. 24.

In scaled laboratory experiments of restraining bends [e.g.,
refs. 20,26,27], deformation typically localizes into sigmoidal push-up
structures bounded by thrusts, while P-shears are rarely observed
(Fig. 8b). The predominance of thrust faults and the scarcity of
P-shears in these experiments likely result from the boundary condi-
tions used, which do not balance lateral inflow and outflow of material.
This imbalance promotes vertical thickening and favors the wide-
spread formation of thrusts to accommodate shortening. These stu-
dies consistently highlight restraining bend angle as the primary
control on structural evolution, with step-over distance playing a
secondary role, an observation that aligns with our own results for
push-up systems, which exhibit limited sensitivity to A (Fig. 3).

The principal distinction between our numerical models and
previous Riedel-type experiments lies in the sequence and nature of
shear zone development. Traditional Riedel-type setups impose one or
several basal velocity discontinuities, which naturally favor the
sequential development of R-shears above the discontinuities until
they coalesce into Y-shears (Fig. 8a). This result is consistently repro-
duced by laboratory experiments [e.g., refs. 1,17,33-39] even in

presence of a ductile layer [e.g., ref. 36] and numerical models”. In
contrast, our approach does not require pre-imposed discontinuities,
leading to the direct development of Y-shears without previous
R-shears. Depending on the geometric configuration, these Y-shears
may evolve into P-shears (in push-up systems, Fig. 8e), develop into
networks of anastomosing transpressional zones (in duplex systems,
Fig. 8f), or remain subparallel (in non-interacting, parallel shear con-
figurations, Fig. 8d). R-shears are uncommon in our models and tend to
form only at the lateral edges of the domain (Figs. 5, 7 & 8). From this
perspective, Riedel-type analog experiments are best suited to inves-
tigate shallow upper crust fault linkage in the presence of pre-existing
discontinuities such as early en-échelon faulting, whereas our models
are designed to explore how large-scale shear zones initiate and evolve
in the crust and lithospheric mantle without such constraints.
Moreover, the early formation of Y-shears in our models is con-
sistent with recent numerical simulations employing periodic bound-
ary conditions in the shear direction, which allow for the progressive
localization of deformation along the domain edges”. In contrast,
numerical and analog models using pure-shear boundary conditions in
map view [e.g., refs. 80,81] often find that strike-slip faults first develop
in transtension, forming at the Coulomb angle to o, i.e., with the
orientation of an R-shear, before rotating toward Y-shear orientations
as deformation localizes and becomes increasingly transpressive.
Importantly, this distinction is not contradictory but com-
plementary: the early formation of R-shears in analog experiments may
reflect near-surface mechanics or reactivation within inherited zones
[e.g., refs. 22,23,51], while the predominance of Y-shears in our simu-
lations highlights processes that dominate at the lithospheric scale
where deformation localizes progressively. Considering both per-
spectives thus provides a more complete framework for interpreting
strike-slip systems across scales, from meter-scale outcrop
observations®**% to kilometer-scale lithospheric dynamics.

Comparison with natural systems

Natural strike-slip systems may not necessarily form above an already
localized lithospheric-scale shear zone. Yet in natural systems, strain
often localizes along pre-existing heterogeneities, such as thermal
anomalies, lithological contacts, or inherited faults, which we repre-
sent in our models as initial weak zones. These inherited structures
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Fig. 8 | Comparison between previous experiments and models of this study.
Red arrows and dashed curves indicate the boundary velocity function. a Riedel-
type experiment [e.g., ref. 1,17,33-39] showing early formation of R-shears coales-
cing into a Y-shear above the imposed velocity discontinuity. b Riedel-type
restraining bend experiment [e.g., refs. 20,26,27] showing the formation of a sig-
moidal push-up structure above an imposed velocity discontinuity. ¢ Distributed
shear experiment [e.g., refs. 31,32] showing the formation of parallel R-shear zones
and antithetic R'-shear zones. d Models of this study for & > 15 and A > 60 km
showing the formation of parallel Y-shear zones with limited interaction. e Models
of this study for a < 15" showing the formation of a sigmoidal push-up structure
where the main Y-shear zone splits into two P-shear zones around which thrusts
accommodate shortening. f Models of this study for a > 15" and A < 60 km showing
the formation of duplex structures with parallel Y-shear zones interacting by hard-
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may be reactivated or partially overprinted by newly formed faults. To
discuss our models results in the context of natural systems, we focus
on two natural examples of restraining bends: (1) the Jamaican strike-
slip fault network which illustrates strikingly the duplex architecture
that we produce in our simulations and (2) the Levant Fault in Lebanon
which we interpret as a large push-up structure composed of two
topographic highs separated by a central depression.

Jamaica. Jamaica (Fig. 9) exhibits a complex fault network and
deformation history shaped by evolving local stress fields and super-
imposed tectonic events. It is a typical example of a restraining bend,
where the Enriquillo-Plantain Garden and Walton faults (EPGF) define a

set of nearly parallel strike-slip faults that merge within the uplifted
Blue Mountain Massif***¢, GNSS-based models show that the offshore
sections of the EPFG accommodate approximately 1 cm yr! of left-
lateral motion eastward and westward of Jamaica® while on-shore, the
Jamaican fault network distributes the slip rate across faults accom-
modating between 3 and 5 mm yr ™%, Our model (Fig. 6 at 16 Myrs)
shows a similar behavior, with the southernmost fault accommodating
around 1.2 cm yr?' of left-lateral motion, the westernmost fault
accommodating around 1.5 cm yr™, and the central fault network
accommodates a distributed slip-rate between 2 and 5 mm yr™.

The northern part of Jamaica lies at the edge of the North Car-
ibbean plate boundary™***°° along the Cayman Basin, an ocean-floored
pull-apart basin that rifted during the Paleocene-Early Eocene and has
been continuously opening since’.

The Jamaican fault system marks the boundary between the
thinned continental/island arc crust of the Gonave Microplate and the
Nicaragua Rise, and a thicker oceanic plateau to the southeast. The
Walton Fault, and its continuation into the EPGF comprise the “inac-
tive” branch of the Cayman pull-apart basin. With the onset of collision
between the Gonave Microplate and Hispaniola in the Early Miocene,
the Walton Fault and EPGF began accommodating left-lateral motion.
The lateral offset between the two faults is approximately 55 km,
forming a well-defined restraining bend.

NW-SE trending folds in Jamaica are early structures (Late Cre-
taceous) and are sealed by Eocene-Miocene platform sediments (Yel-
low and White Limestone formations®?). These folds are cross-cut by a
long fault in a P-shear position and a penetrative network of joints and
normal faults. Notably, the strike-slip fault fades and ultimately ceases
within the Blue Mountain Massif, suggesting limited cumulative dis-
placement. Its geometry and timing are consistent with P-shear for-
mation during the early development of a duplex system, as shown in
our models (Figs. 6 & 7, 6 Myrs). Normal faults reactivate the fold of the
flanks of the N-S folds and induce broad, though moderate, tilting of
the platform. The prominent topography (2256 m) and lower crust
exhumation in the Blue Mountains, east of the duplex system, align
with the late-stage, crustal-scale uplift predicted in our simulations
(Fig. 7, 16 Myrs), implying that this uplift is a recent crustal-scale
feature.

Our models reproduce several key features of the Jamaican
restraining bend, including the formation of elongated E-W folds along
the northern coast and the localization of deformation into a duplex
system. The prominent topography and crustal exhumation in the Blue
Mountains, east of the duplex, is consistent with late-stage, crustal-
scale uplift predicted in our models (Fig. 7, 16 Myr). This suggests that
uplift of the Blue Mountains is a relatively recent event. Notably, this
region is also the most seismically active area in Jamaica today.

Marine geophysical surveys reveal that active offshore strike-slip
faults likely extend the onshore Bull Bay Fault system, implying that
transpressional strain in southeast Jamaica is accommodated across a
broader network of onshore and offshore structures than previously
recognized”. This offshore connectivity supports the view that
restraining bends in Jamaica may localize complex fault interactions
not only laterally, but also vertically and across structural domains
previously considered inactive.

Levant Fault. The central segment of the Levant Fault in Lebanon
(Fig. 10) splits into two branches forming a restraining bend that does
not propagate farther north or south. Strike-slip slip-rate models along
the Lebanon segment of the Levant Fault predict left-lateral slip-rates
between 2.5 mm yr™* and 5 mm yr**%, corresponding to accom-
modation of 17% to 33% of the far field plate motion of ~ 1.5 cm yr?%>%,
In our model, the strike-slip fault branches accommodate slip-rates
of - 0.6 cm yr™ at 16 Myrs (Fig. 4) for a far-field plate velocity of 2 cm
yrl, which represents 30% of the total plate velocity. Instead, the
deformation fades into a network of NE-SW trending faults and tight
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folds and thrusts”’, similar to the thrusts forming in our push-up model
at 12 and 16 Myrs (Figs. 4 & 5). These thrusts form both east of the
restraining bend in the Palmyrides and westward in the offshore Levant
Basin’®.

The orientation of these thrusts matches the predictions from our
model (Figs. 4 & 5). However, in nature, their direction is also influ-
enced by the reactivation of inherited Early Mesozoic rift basins that
were inverted during Late Cretaceous and Early Cenozoic compres-
sion. This case illustrates the development of a wide crustal-scale push-
up underlain by a lithospheric left-lateral shear zone marking the
boundary between the Arabian and African plates.

The topography along the Levant Fault is characterized by two
prominent mountain ranges, Mount Lebanon and Anti-Lebanon,

separated by the Bekaa Valley depression, a normal fault-bounded
synclinorium [e.g., refs. 15,99,100]. This topography and the asso-
ciated faults correspond to the transtensional region predicted at the
core of the lithospheric-scale push-up in our simulations (Fig. 4, 12 and
16 Myrs). Further investigation using seismic imaging could help test
whether lower crust and mantle exhumation occur beneath the Bekaa
Valley, as suggested by our model predictions.

Discussion

Our 3D lithospheric-scale experiments allow the spontaneous devel-
opment of strike-slip fault systems without imposing predefined
velocity discontinuities or fault geometries. This setup enables the
systematic investigation of how inherited weak zones control strain
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localization and the formation of restraining bends in transpressional
plate boundary settings.

We find that the geometry of weak zones exerts a primary control
on the structural style and evolution of strike-slip systems. When the
angle between inherited weak zones is smaller than half the internal
friction angle (<15°), deformation localizes into a single lithospheric-
scale push-up structure, largely independent of the spacing between
weak zones. In contrast, for larger angles (2159, duplex systems
develop only when the spacing is smaller than about 60 km (for the
adopted rheology), whereas greater spacing leads to parallel, non-
interacting strike-slip faults that accommodate limited deformation
between them.

Push-up systems and duplex systems also display fundamentally
different tectonic evolution and shortening accommodation. Push-up
systems form as single, lithospheric-scale shear zones that distribute
deformation into the surrounding crust and evolve by sequential
initiation of thrusts propagating outward from the restraining bend.
Duplex systems, in contrast, evolve as networks of parallel strike-slip
shear zones that generate new restraining bends and secondary Y-
shears, which accommodate additional strain. This hierarchical pattern
of strain localization explains why, in Jamaica, seismicity tends to
cluster along the youngest and most external structures, while more
diffuse activity persists across older fault segments®85104102,

When applied to natural examples, our results help interpret the
structural and seismic complexity of restraining bends such as the
Levant and Jamaican fault systems. In the Levant, the modeled push-up
configuration reproduces the observed organization of the Levant
Fault, where the Yammouneh and Serghaya branches enclose the
Bekaa Valley, with thrusts propagating offshore into the Levant Basin
and onshore into the Palmyrides (Fig. 10). In Jamaica, the duplex

configuration captures the interaction of parallel strike-slip faults
responsible for the uplift of the Blue Mountain massif and the spatial
distribution of seismicity across the island. Moreover, the capacity for
deep strain localization and partial mantle exhumation in our models
may explain the absence of crustal roots and the presence of high-
velocity bodies in the middle crust beneath certain push-up systems,
such as those observed in the western Transverse Ranges of
California'®,

Overall, these experiments provide a self-consistent framework
for linking surface faulting with deep lithospheric processes. By com-
bining realistic, non-linear, thermally dependent rheology with
unconstrained fault development, our models bridge the gap between
laboratory-scale analog experiments and natural lithospheric systems,
offering a powerful tool for interpreting the long-term evolution and
seismic potential of restraining bends in lithospheric-scale strike-slip
systems.

Methods

Governing equations

The long-term deformation of the lithosphere is simulated by solving
the conservation of momentum and mass for an incompressible fluid
with non-linear viscosities:

V-o(u,p,T)+p(p,)g=0, @
V.u=0, @)

where u represents velocity, p is pressure, T the temperature, p(p, T) is
density, and g is the gravitational acceleration vector. The stress
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tensor, g, can be decomposed into deviatoric and isotropic compo-
nents such that g(u,p,T): =z(u,p, T) — pl, where I is the identity
matrix. The deviatoric stress tensor, T, is given by:

T(u,p, T) :=2n(u, p, HEW), €)

with n as the non-linear viscosity and
. 1 T
gu) := E(Vu +Vu’) 4)

as the strain-rate tensor.
For the volume forces, we adopt the Boussinesq approximation,
where density is expressed as:

p(p,T):=po(l—a(T = To)+B(p — po)) S

with po representing the reference density at 7= To and p = po, a the
coefficient of thermal expansion and pB the coefficient of
compressibility.

Finally, given the temperature dependence of both viscosity and
density, we also solve for thermal energy conservation:

PoC, (?T: +u- vr) — V. (kVT)=Hy+H, (6)

where G, is the specific heat capacity, k is the thermal conductivity, Ho
is material-dependent heat source, such as radiogenic heat produc-
tion, wand H =1 : £ is the heat generated by mechanical work.

Boundary conditions
To describe the boundary conditions we first define the domain
boundaries 0Q such that 0Q =T, U I'y U I's U I'g, with

Ip={xe€0Q|z=0,,z=L,},
Iy={xe€0Q|x=0,,x=L,},
Fs={x € 0Q|y=L,},
Ip={xcdQ|y=0,),

where I'p are the boundaries on which we apply Dirichlet conditions, I'y
are the boundaries on which we apply the Navier-slip conditions, I's is
the boundary on which we apply a free surface condition and Iz is the
bottom boundary.

Strike-slip deformation is imposed via an heterogeneous simple
shear velocity field varying non-linearly, using a recently developed
Navier-slip boundary condition®. This method generalizes the classical
free-slip formulation by allowing specification of an arbitrary velocity
direction along the boundaries, while leaving the magnitude uncon-
strained. This method allows simulating strike-slip motion across the
model boundaries while avoiding explicit constraints on the velocity
variation across evolving shear zones. Consequently, the model exhi-
bits more realistic behavior, allowing strain localization in the litho-
sphere without imposing predefined orientations or structures such as
faults or discontinuities.

For detailed methodology, see refs. 55. A crucial aspect of this
approach is that the constrained velocity direction cannot be perpen-
dicular to the boundary, as null dot products would invalidate the
boundary condition formulation. To satisfy this requirement, the shear
direction, represented by the red dashed line in Fig. 2a, is rotated by 15°
relative to the x-axis of the modeling domain. Navier-slip conditions are
applied on the x-normal faces (boundaries I'y), such that the velocity is
aligned with the shear direction, while the code solves for its magnitude

resulting into either distributed (left in Fig. 2a) or localized shear (right

in Fig. 2a) on the boundary. This rotation offers two major advantages:

* Rotating the shear direction is mathematically equivalent to

rotating the reference frame. Since the reference frame is Gali-

lean, the physics remain unchanged, preserving the simple shear
velocity field.

* Aregular and undeformed computational grid is easier to handle.

To impose the boundary conditions, we first define an analytical
linear velocity function for horizontal simple shear in the x direction
(Fig. 2a):

o@Dy,
u— (x,),2):= 0 7
0

where HLZ and ﬂoz are the velocitiesat z=L,1cmyr?) andz=0,(-1cm
yrY), respectively, yielding a total velocity difference of 2 cm yr'. To
apply the rotated simple shear, we transform the velocity field (Fig. 2a)
defined by Eq. (7) using:

ug(x)=RO)uR’ (6)x), ®)

where x=[x,,z]" is the coordinates vector, 8 is the rotation angle
(15°), and R(0) is the rotation matrix:

cosf O sinf
RO:=| o0 1 o0 |
—sinf 0O cos6

which describes rotation around the vertical axis.

On the z-normal faces (the front and back of the domain,
boundaries I'p), we prescribe constant uniform simple shear velocity
field using Dirichlet conditions (green arrows in Fig. 2¢) described by:

Uy
u,

to ensure that the velocity field remains approximately divergence-
free in map view when integrated over the entire domain.

Additionally, at the boundaries I'y, we maintain velocity alignment
with the shear direction, enforcing u - n=0, where n is the unit vector
normal to the shear direction.

The Navier-slip conditions also require stress constraints. To
compute these, we evaluate the strain-rate tensor of the rotated
velocity field é(ﬁR) and, at each non-linear iteration, compute the
deviatoric stress 2n(uk, p, T)é(ﬁR) where n is the viscosity defined at
Eq. (12) and evaluated using u* and p*, the velocity and pressure
obtained at the K non-linear iteration respectively.

On the top boundary I's, we impose a free surface condition,
on=0, allowing for topography development, including uplift and
basin formation. At the bottom boundary (z), material is allowed to
flow in or out with a vertical velocity uyb‘” that is dynamically adjusted
to compensate for mass gain or loss through the lateral boundaries.
Due to the overall divergence free model boundary setup, uy”‘" remains
close to zero throughout the simulation.

To solve the thermal energy conservation (Eq. (6)) we impose the
following boundary conditions:

=up (X)
=ug (x)’

T=0°C vx el
T=1450°C Vvxely
kKVT-n=0  vxelpUTly.
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Rheological model

To simulate the long-term deformation of both the lithosphere and
asthenosphere, we adopt a visco-plastic formulation. The brittle
regions of the lithosphere are described by the Drucker-Prager yield
criterion:

0,(p) :=Ccosg+psing

where C is the material cohesion and ¢ the friction angle.
The viscosity associated with plastic deformation is computed as:

9,(p)

n,(w,p) :=
£ (u)

)

where

represents the second invariant of the strain-rate tensor. To
capture fault weakening processes, we incorporate plastic strain-
dependent softening. We first compute the plastic strain at a given
time ¢ as:

(5] o
Ey(t)=¢p(to) + /t &, dt,
b o
where

oll .
: 2le@ ifn,<n,
SP

0 otherwise

subject to the initial condition &,(t = 0) described by Eq. (13). Then,
we define the function describing the softening of plastic parameters
as:

Xo IifgpSSO
E,—& .
Xo—gf,gg(Xo—Xl) ifeg<e,<e,

Xi otherwise

10)

X(Ep:XosX1) 1=

where xo and yx; are respectively the initial and fully softened values of
X, the parameter to be softened, and ¢, is the accumulated plastic
strain. The parameters £, and ¢; define the onset and completion
of softening. Therefore, the friction angle and the cohesion evolve
with accumulated plastic strain such that ¢ = ¢(s, o, ¢1) and
C:= C(Ep, Co, Cl)

For the viscous regions of the lithosphere and asthenosphere, we
use a dislocation creep law governed by the Arrhenius equation:

Ro(.p, T):= A (Wi exp <Q+PV> an

nRT

where A is the pre-exponent factor, n the stress exponent, Q the
activation energy, V the activation volume for a given material and R is
the gas constant.

Finally, the effective viscosity of the material is computed as the
minimum of the plastic and viscous viscosities:

n,p,T) :=min(n,, n,). 12)

Initial geometry
We define the modeled domain as a rectangular cuboid in R?, given by
0Q=[0y, L] x[0y, L] x[0,, L,], where O, =0, O,=-250 km, O, =0 and

L,=600km, L, =0, L,=300 km. Here, the x and z directions form the
horizontal plane, while y corresponds to the vertical direction.

We discretize the domain using 256 x 64 x128Q, — Pi’ elements
for velocity and pressure. The mesh is uniform in the horizontal (x and
z) directions, while vertical (y) direction mesh refinement is applied to
enhance resolution in the crust and lithospheric mantle relative to the
asthenosphere. Specifically, the vertical mesh is refined as follows:

* 22 elements between O and -16 km,
* 24 elements between -16 km and -50 km,
* 18 elements between —50 km and -250 km.

This stratified refinement ensures greater detail in the lithosphere,
where deformation is most significant.

We define the initial model geometry with four stratified and
initially flat layers, each corresponding to a specific lithospheric or
asthenospheric material. The vertical extents and rheological repre-
sentations of these layers are as follows:

* the upper crust, extending from y=0 to y=—20 km, is modeled
using a quartz rheology'*,

* the lower crust, extending from y=-20 km to y=—-35 km, is mod-
eled using an anorthite rheology'®,

* the lithospheric mantle, extending from y=—35 km to y=—115 km, is
modeled using an olivine rheology'*,

* the asthenosphere, extending from y=-115 km to y=—250 km, is

also modeled using an olivine rheology'*.

All rheological parameters for each lithology are provided in the
Supplementary Table 1.

Initial temperature
The initial temperature field is computed by solving the steady-state
heat equation:

—V . kVT =H,.

To ensure the 1300°C isotherm lies at y=—105 km, the thermal con-
ductivity in the asthenosphere is set to k = 70 W.m™K™.

Initial weak zones

In this study, we aim to explore how and when strike-slip faults interact
and link to form restraining bends. To do so, we must control and vary
both the distance between the faults and the initial obliquity of their
interactions without prescribing the fault orientation. To achieve this,
we use the sum of two Gaussian functions to prescribe the initial plastic
strain scalar field’:

e
£,(x,t=0) := rand (g, &) Z (H exp(—a(x,; — Cdi)2)>

i=1 \d=1

2
2 2 2
= rand (g, &) Z(e(*a(xofcoi) ) . e-an—Cy)?) | pl-alx,—C) ))
i=1

2
= rand (EO' gl) Z (e(*a((xo*Coﬂz +(r,—Cyp)? +(X2*C2;)z))> ,
i=1

13

where a = 1.8 x 10~ controls the width of the Gaussians, and

Co Co
C:=le,6l=|Cy Cp | € R,
Gy Gy

is the matrix containing the coordinates of the centers of the two
Gaussians. Using the same parameter a for all three dimensions
ensures that the weak zones are spherical.
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This results in two initial weak zones, as the plastic strain dis-
tribution reduces both friction angle and cohesion according to
Eq. (10). These zones impose geometrical constraints, namely: the
initial location of the faults, and the distance A between them, in the
direction normal to the simple shear imposed by the boundary con-
ditions. The weak zones also allow us controlling the obliquity of the
eventual fault linkage via the angle a, formed between the direction of
the imposed Gaussians and the direction of simple shear applied at the
model boundaries. Note that in the classical statistical definition of a
Gaussian distribution,

a= 1
202’
where o is the standard deviation.

All material-dependent parameters are provided in the supple-
mentary material. Figure 2 shows a vertical cross-section together with
the initial geotherm described in 4.5 and the initial yield strength
envelope that results from the choice of parameters that will remain
the same across all the simulations presented here.

Surface processes
To simulate erosion-sedimentation processes at first order on the free

surface we use a diffusion equation'®’”:

oh
5=~V (&),

(14)
where h is the elevation of the surface and x = 10 m? s™ is the diffu-
sivity. Note that only the coordinates of the free surface are updated
and that we do not differentiate eroded and deposited material.

Slip-rate estimation

Figures 4 and 6 show slip-rates along the modeled active faults. To
estimate these slip-rates, we first reconstruct the fault surfaces from
the 3D strain-rate field using the method described in ref. 108. Then,
we compute the slip-rate using the velocity field variation across the
fault plane. To do so we interpolate the velocity field such that
u* == u(Xo = drn), where n is the normal unit vector to the fault surface,
dr=2km is a distance from the fault plane, X, is the initial position of
the fault surface and u" and u™ are the velocities on each side of the
fault plane. Finally, we compute the slip-rate as u:= (u* — u").

Data availability

The data (numerical models) generated in this study have been
deposited in the Zenodo repository under accession code https://doi.
org/10.5281/zen0odo.17724420'°. The supplementary information
includes additional details on models evolution including all the
duplex and push-up models presented in Fig. 3. We also provide the
models results and the input file to reproduce them'?.

Code availability

The code used in this study to produce the numerical models is freely
and publicly available at https://github.com/laetitialp/ptatin-gene and
provided in the repository containing the models results https://doi.
0rg/10.5281/zenodo.17724420'°, The procedure and code to recon-
struct the faults from the numerical models is available at https://
github.com/anthony-jourdon/GeoTEQpy (live version) and"® (version
used in this article).
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