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Abstract

Most natural examples of transpression zones developed at oblique convergence regime are
inherently 3D and have inclined boundaries. A 3D finite element model with an elasto-plastic
rheology is used to investigate the structural and mechanical evolution of inclined transpression
zones in a rock sequence above a frictional basal detachment. Inelastic constitutive
relationships allows permanent strains to develop in response to the applied loads. FE-
modelling results show that oblique convergence is accommodated by discrete deformation at
the main pre-existing inclined faults (£70°) and by distributed brittle and ductile deformation
at active blocks. Oblique contraction at the active blocks resulted mainly in layer-parallel
shortening, orthogonal to the model outer boundaries, whereas thickening in the horizontal and
vertical directions was accommodated via layer-parallel, fault strike-parallel extension and up-
dip extrusion (i.e., inclined extrusion). Lateral extrusion should have compensated the rest
and/or volume loss took place. Folding and thickening of the mobile backstop produced a non-
cylindrical, asymmetric, bi=vergent anticline where permanent strains developed principally in
the steep forelimb. Secondary, conjugate fault zones also accommodate oblique slip and
contribute to uplift. Displacement vectors within the transpression zone are rotated counter-
clockwise (ca. 20°-30°) with respect to vectors in the fixed backstop. Areas with higher rotation
values seem to correlate with those showing higher ellipticity values. The presence of pre-
existing faults favored strain partitioning from the onset of deformation. FE-modelling results
compared with analytical, natural example, and analogue modelling results show that our
mechanical modelling can overall match inclined transpression zones geometry that present

different modes of strain partitioning and localisation.

Keywords: Oblique convergence, Inclined transpression, Inclined extrusion, Strain

partitioning, 3D Finite-element modelling
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1. Introduction

Transpression (and transtension) kinematics derives from obliquity between velocity
vectors and boundaries between deforming crustal blocks, an inevitable consequence of the
rotational character of plate tectonics (Harland, 1971; Dewey et al., 1998; Diaz-Azpiroz et al.,
2016; Philippon and Corti, 2016). Oblique convergence produces transpressional deformation
in many different tectonic settings, including fold-and-thrust belts (e.g., Sarkarinejad et al.,
2013; Barcos et al., 2015; Li et al., 2018), mountain ranges (e.g., Nabavi et al., 2017b;
Malavielle et al., 2019), accretionary wedges (e.g., Schulmann and Gayer, 2000) or intraplate
deformation zones (e.g., Bradley et al., 2017; van Gelder et al, 2017). Kinematically,
transpression zones form from the simultaneous operation of two components, simple shearing
and coaxial flow (Fossen and Tikoff, 1993; Fernandez and Diaz-Azpiroz; 2009; Frehner, 2016;
Fossen and Cavalcante, 2017) resulting in non-plane strain. In this regard, the study of
transpression (and transtension) zones helps us to better understand crustal 3D kinematics, as
deduced from many field-based studies (e.g., Diaz-Azpiroz and Fernandez; 2005; Zanchi et al.,
2016; Nabavi et al., 2017b, 2017c; Simonetti et al., 2018; Bergh et al., 2019; Alonso-Henar et
al., 2020), as well as analytical (e.g., Fossen et al., 1994; Fossen and Tikoff, 1998; Jones et al.,
2004; Jiang, 2007; Fernandez and Diaz-Azpiroz; 2009), analogue (e.g., Tikoff and Peterson,
1998; Casas et al., 2001; Leever et al., 2011; Ghosh et al., 2014; Barcos et al., 2016; Sadeghi
et al., 2016), and numerical (e.g., Davis et al., 2013; Nevitt et al., 2014, 2017; Dasgupta et al.,
2015; Frehner, 2016; Nabavi et al., 2017a, 2018a, 2018b, 2019) models. In essentially ductile
transpressional zones both simple shearing and coaxial flow are commonly present within the
entire shear zone producing complex finite deformation geometries (e.g., Alsop et al., 1998;
Vitale and Mazzoli, 2008, 2015; Davis and Titus, 2011; Fernandez et al., 2013; Fossen and
Cavalcante, 2017; Carreras and Druguet, 2019). In contrast, brittle-ductile shear zones usually

show significant strain partitioning producing separate, large-scale deformational domains
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characterized by different kinematics (Tikoff and Teyssier, 1994; Curtis, 1998; Schulmann et

al., 2003; Jones et al., 2005).

Some natural shear zones have monoclinic symmetries, with strike- and/or dip-parallel
lineations. However, many other cases have variably oriented oblique lineations (e.g.,
Hudleston et al., 1988; Sullivan and Law, 2007), which cannot be explained by monoclinic
models. Such shear zones are more realistically modelled by transpression with triclinic
symmetry (e.g., Robin and Cruden, 1994; Lin et al., 1998; Czeck and Hudleston, 2003, 2004;
lacopini et al., 2007; Horsman et al., 2008; Fernandez and Diaz-Azpiroz, 2009; Viola and
Henderson, 2010; Toy et al., 2013; Xypolias et al., 2018). Triclinic transpression can be
reproduced by horizontal velocity vectors acting on inclined shear zone boundaries, which was
termed ‘inclined transpression’ (Dutton, 1997), and can be depicted in a ‘strain triangle’ (Jones

et al., 2004; Diaz-Azpiroz et al., 2014).

Moreover, most oblique convergence settings are horizontally and vertically heterogeneous
in their constitutive properties, which affect the structural style and deformation mechanics.
Therefore, the structural style and fault systems patterns in natural transpressive (or
transtensional) zones are controlled, in addition to the convergence angle, by the orientation of
the mechanical layering with respect to the strain field, the relative orientation of pre-existing
faults, and the coefficient of sliding friction on the fault plane (Bott, 1959; Hughes et al., 2014;
Hughes and Shaw, 2015; Ferrill et al., 2017; Nabavi et al., 2017a, 2018a). Mechanical
stratigraphy causes non-uniform deformation of multilayer systems when subjected to tectonic
stress (e.g., Treagus, 1993; Gémez-Rivas and Griera, 2012). Mechanical stratigraphy contains
different ranges of material heterogeneity and anisotropy such as layered units (competent and
incompetent layers), the presence of bedding-plane discontinuities (Cooke and Underwood,
2001; Bourne, 2003; Bose et al., 2018), the thicknesses of the mechanical layers, tensile
strengths (range from 2 to 40 MPa, Bieniawski, 1984), the compressive strengths (from 30 to

4
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350 MPa, Bieniawski, 1984), the Young’s modulus (from about 1 to 100 GPa, Eschbac, 1961;
Bayerlee, 1970), the character and frictional properties of the transitions or, the confining stress
at the brittle and ductile deformation (range between 30 and 300 MPa, Jaeger et al., 2007).
These factors cause the wide range of geological structures and influence on their evolution
(e.g., fold formation, failure mode, fault geometry and growth, spacing of fractures/faults,
displacement distribution and gradient, dip of slip surfaces, fault zones width, etc.; see McClay
et al., 2004; Ferrill and Morris, 2008; Ferrill et al., 2017; Michie et al., 2014; McGinnis et al.,

2016; Boersma et al., 2020).

In this study, we present, for the first time, a non-linear 3D FE-model that simulates the
deformation mechanics in an inclined (thus triclinic) transpression zone affecting an alternating
brittle-ductile-brittle sedimentary cover frictionally detached from a competent rock basement.
In addition, it is important to note that we use non-rigid deformation zone boundaries and
backstops. The terminology used to convey the lithostratigraphic influence on structural style
includes lithotectonic units (Jacobeen and Kanes, 1975) and structural-lithic units (Woodward
and Rutherford, 1989). The presented model is purposely simplistic. Geological processes,
such as diagenesis, erosion, fluid flow, temperature, etc. are not considered. The primary reason
for this approach is that we seek to isolate the effects of a few selected parameters, such as
material properties, oblique convergence and fault geometry in order to keep the analysis
tractable. While the effect of additional processes could be investigated, they would produce a
wide range of even more complex structural geometries, and thus would increase the

difficulties in providing unambiguous interpretations of the results.

Our results are focused on (1) geometry, kinematics, and mechanics of structural
deformation, (2) variation of slip along fault segments, and (3) spatial variation of the
displacement vectors, so that we attempt to address: (i) the importance of oblique convergence

in the deformation patterns of inclined transpression developed in upper crustal conditions
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(with frictional detachment and plastic interlayers), (ii) the influence of mechanical
stratigraphy in the construction of the transpression zone, (iii) the possible trends for strain
refraction across different layers in the transpression zone, (iv) the implications of strain results
in the prediction and development of probable brittle and ductile structures within the
transpression zone, and (v) the effects of inherited structures in the strain partitioning and the
geometry of the resulting wedge. In the discussion section, insights from FE-model results in
strain partitioning are investigated and linked to the analytical, kinematic, analogue, and
numerical models established before. Our approach is general; hence, its conclusions are
independent from the specific structural geometry and can be then applied to other examples

and tectonic settings.
2. Model setup

The numerical model is based on the concept of continuum mechanics and the governing
system of partial differential equations is solved numerically with the finite element method.
The general purpose FE-ABAQUS™ commercial code (ABAQUS/CAE; FE-commercial

program ABAQUS™ tutorial version 6.14-2, 2014; www.simulia.com/) was selected for this

study because it is well suited to analyse geomechanical problems over a wide range of scales
in I, 2, and 3D. ABAQUS™ employs a Lagrangian formulation that accurately handles large
strains and rotations as well as complex contact interfaces with frictional behaviour where
significant sliding can oecur. It also has efficient algorithms for solving highly non-linear
problems that result from both geometric complexity and material behaviour. In addition,
ABAQUS™ has a large flexibility of model constitutive relationships that are appropriate for
simulating the behaviour of rocks, ranging from simple elastic material models to advanced
elastic-plastic (e.g., Mohr-Coulomb, Drucker-Prager, Damage mechanics) and visco-elastic

material models.


http://www.simulia.com/

150

151

152

153

154

155

156

157

158

159

160

161

162

163

164

165

166

167

168

169

170

171

172

173

174

The proposed model (Fig. 2) comprises an upper, three-layered block that slides frictionally
on top of a rigid basement. The upper block is segmented by two dipping, parallel fault planes
into three blocks, which are called here ‘active’ blocks. The coordinate system is defined by a
horizontal XY plane, with the X-axis parallel to the strike of the fault planes, and a vertical Z-
axis (Fig. 2a). The rigid block is 5.5 km thick whereas the upper, middle, and lower layers of
the ‘active’ blocks are 3, 1.5 and 5 km thick, respectively (Fig. 2a, b). The lateral dimensions
of the ‘active’ block are 75.5%50%9.5 km and the two faults, planar and mutually parallel, are
50 km long, dip 70° and end at tip lines (Fig. 2a, b). Additionally, the sidewalls and the upper
surface were unhindered, so that displacement along the fault planes is allowed both
horizontally (along the X-axis) and up-dip (Y- and Z-axis), thus resulting in oblique-slip faults
in the analysis. These faults were simulated with frictional sliding interfaces that employ a
classic Mohr-Coulomb friction model, with a 0.6 friction coefficient assigned to the fault
interfaces. The deforming material between faults is allowed to shorten (or lengthen), and shear

vertically and horizontally.

_ an elasto-plastic constitutive law was implemented with the elastic component
assumed to be linear isotropic by assigning Mohr-Coulomb plasticity. This constitutive
definition introduced six model parameters into the analysis: Young’s modulus (E), Poisson’s
ratio (v), gravitational acceleration (g), rock cohesion (C), rock internal friction (¢ ), and basal
friction (n). The material properties of the three active block layers are, from up to bottom,
elasto-plastic limestones with an elastic modulus of 48 GPa, a Poisson ratio of 0.25, and a

density of 2700 kg/m?, plastic marls with an elastic modulus of 0.2 GPa, a Poisson ratio of 0.2,

and a density of 2100 kg/m®, and another elasto-plastic limestone layer _
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1982: Pollard and Fietcher, 2005; Jacger et al.2007). The contacts between layers in the

deforming block have been modelled as glued contacts. Other material properties used in this

study are shown in [fable 1! These inelastic material model permits permanent strains to

develop in response to the applied oblique load. This model setup, with a frictional detachment

Oblique convergence is modelled by imposing a given displacement - to the active

upper block. Block 1 is fixed in all _ block 3 is

the mobile backstop and block 2, bounded by the two dipping faults, represents an inclined

transpressional zone _ regional oblique shortening of 16% (3 km shortening) is

imposed along the outer boundary of the mobile backstop under a convergence angle (angle a

_ resulting in a pure shear-dominated transpression. Imposing

displacements, instead of traction, allows formulating a model that is consistent with field

observations and obviates the need to infer stresses (Fig.2)i The model width (along the X=
axis) is constant during oblique convergence. Numerically, free'surface boundary conditions

-Acceleration due to gravity (9.81 m/s?) is imposed throughout the deformation as a
body force. Due to the presence of the mechanical layering and inclined boundaries within the

model blocks, we chose the recommended automatic time increment option in ABAQUS™., A
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choice of maximum and minimum allowable time increments of 0.01 for a total model time of
1.00 unit ensures that ABAQUS™ will choose a computationally efficient step size. This also
ensures that the model output is written close to selected increments of interest (for example,
every 0.1 units of time). The finite element mesh for the entire upper deforming block
comprises 15,032 modified hexahedron glements having eight corner nodes. These elements
are recommended for complex three-dimensional contact analysis in ABAQUS™. Mesh
resolution was 1 km, which was determined by comparing results among multiple meshes
created with different element size ranging from 600 m to 1.5 km and model geometries. The
choice of element size was a compromise between output resolution and computational
efficiency. According to the 3D nature of the study model, each interior node has three degrees
of freedom. We utilized reduced-integration hexahedral plane strain elements that conform to

the predefined surface-to-surface contacts and reduced stress artefacts arise from frictional slip.

We use the 3D FE-modelling to simulate stress and strain features recorded in the
transpression zone. Due to the continuum nature of the FE-analysis, the model presented here
cannot simulate the brittle failure of rocks, characteristic of shallow crustal levels. However,
by using the orientation of the principal stresses and strains that develop in the modelled
transpression zone, it is possible to show and predict the most probable orientation of brittle

structures that could develop during deformation.
3. Results

In this Lagrangian model, the meshes are deformed reproducing crustal blocks and material
deformation.Oblique convergence, pre-existing inclined faults, mechanical stratigraphy and
the nature of the frictional detachment horizons (lower frictional detachment at the base and
intermediate viscous detachment at the marl layer) play significant roles in the structural

evolution, strain localisation, importance of brittle and ductile structures, and spatial
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distribution of deformation along and across the inclined transpression zone. Under oblique
convergence, ductile deformation localises preferentially within the transpression zone
bounded by the two dipping faults and in block 3. Upon imposing the total oblique convergence
in an incremental manner, the model block evolves under a combination of slip (discrete
deformation) on the faults and distributed deformation within the ‘active’ blocks. The ‘active’
blocks overall undergo oblique contraction, which results in shortening, and thickening in the
horizontal and vertical directions, respectively. It is important to note that uplift and subsidence
develop in our models only as a result of the amount of oblique convergence, and other
processes such as sedimentation, and isostatic response have not been considered. This is a
simplification, as these processes are known to affect uplift and subsidence. We expect,

however, that the general pattern of surface deformation is accurate.

3.1. Geometry, kinematics and mechanics of the modelled inclined transpression zone

The FE-model results presented in this study are orientation and magnitude of plastic strain,
shear strain, displacement, and stress (Figs. 3 to 8). We use this information to predict the most
probable location, orientation and behavior of real structures (folds and faults) that would

develop during deformation.

Deformation throughout the experiment affects the three active blocks albeit differently
(Fig. 3). A wedge-shaped deformed volume (positive flower-shaped structure) formed at the
central part of the model, completely affecting block 2, and whose limits are located at blocks
1 and 3. The mobile backstop (block 3) was deformed more intensively than the fixed one
(block 1), and plasticity developed over a total distance of about 12 km within active blocks
(Fig. 6). This wedge-shaped zone entirely accommodated the transpressional deformation
imposed by the oblique convergence boundary conditions, via slip on arrays of faults and the

development of systematic minor fold sets as penetrative strain (cf., Burberry, 2015). Layers

10
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in the mobile backstop were tilted and flexed upward above fault 2. An inclined, tabular-shaped
transpressional zone formed in block 2 bounded by the two parallel pre-existing faults (faults

1 and 2) (Figs. 3 and 6d).

Oblique convergence at the model was accommodated by discrete deformation (simple
shearing/slip) at the two main pre-existing faults and by distributed brittle and ductile
deformation at active blocks, localised preferentially at the tabular-shaped transpression zone.
Maximum incremental strains were concentrated at this transpressional zone and particularly
at its boundaries, although fault 2 presents higher strain values (£1.3-2.6) than fault 1 (=0.8-

1.3).

Stress and strain orientations and magnitudes during the experiment suggest that oblique
contraction at the active blocks resulted mainly in layer-parallel shortening (parallel to the Y-
axis), compensated by lengthening in the horizontal (X-axis parallel) and vertical directions,
respectively accommodated via layer-parallel extension and up-dip extrusion mainly produced
at the frontal part of the two main oblique faults (Figs. 3 and 6). This heterogeneous thickening
results from increased normal stress across the inclined fault boundaries at depth (Fig. 4), which
causes distributed deformation. At the end of the experiment, after 3 km of backstop oblique
convergence, 16% of orthogonal shortening was compensated by 40% of vertical extrusion (the
total thickness increased from 9.5 to 13.2 km). Shortening at the tabular transpression zone and
lateral extrusion (~28%) should have compensated the rest of oblique convergence, and/or
volume loss with penetrative strain took place. Overall, the wedge-shaped zone was deformed
by/plunging oblique folds, oblique-slip faults, thrust stacks and distributed distortion within the
inclined transpression zone (Figs. 3 to 6). The main structures are described in detail in the

following paragraphs.

11
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According to the strain distribution, we can identify three fault types in the wedge-shaped

zone (Figs. 3 and 6d): (i) the main dipping thrusts (i.e., forethrusts or pro-shears in Leever et

al., 2011), localised here at the pre-existing inclined faults and also at the fixed block; (ii)
oblique shear bands at the tabular zone that cross-cut bedding planes; and (iii) backthrust planes
(pro-wedge thrust faults or retro-shears in Leever et al., 2011) that develop within the mobile
backstop due to a local contractional bend (the type-I backthrust model in Xu et al., 2015), and
also the transpression zone. Pro-shears in the fixed block have smaller dip angles (~20-35°)
than backthrusts (~40-50°) and the main oblique shears (~65°) (Fig. 3). In general, fore- and
backthrusts were more penetrative in competent layers (limestone layers) fhan in the

incompetent layer (marl). Slip on the fault planes is oblique and faults exhibit dip refraction as

a function of the lithology! In the limestone (more brittle) and marl (less brittle) layers, faults

dip 652808 and 0558, respectively (Fig. 4). Wforethrustior footwall shorteut thrust (Fig:3) is
a characteristic feature of basins under tectonic shortening. This leads to the footwall shortcut

thrust faults to break off from the original high angle to a lower angle towards the surface

(Powell, 1987; McClay and Buchanan, 1992).

Regarding the - inclined transpressional zone of block 2, horizontal and vertical

displacement of material caused the _ shearing along the

bounding faults (faults 1 and 2), as seen by the asymmetric distribution of shear stress/strain

12



295

296

297

298

299

300

301

302

303

304

305

306

307

308

309

310

311

312

313

314

315

316

317

318

319

Dextral-reverse slip on faults 1 and 2 creates offset between the model blocks. It also causes
the displacement vectors (or particle paths in the XY horizontal plane) within this
transpressional zone to rotate counter-clockwise with respect to vectors in the undeformed
sector, forming a ca. 20-30° angle with the backstops (Fig. 8b). The final top view architecture
of the model reveals that this oblique fault system deviates from the linear trend reproduced in
orthogonal experiments (e.g., Marques and Nogueira, 2008; Graveleau et al., 2012 and
references therein) and attains a somewhat curved trend. Overall, a variety of damage zones,
particularly interaction, wall, and distributed damage zones (see Peacock et al., 2017 for details
of damage zones) are developed as a result of oblique convergence throughout the transpression

zone.

Fold hinges plunge and are not straight, so that folding and thickening of the mobile
backstop (block 3) produced a non-cylindrical, asymmetric, bi=vergent anticline (hangingwall
anticline or pop-up structure), which is flanked by oblique thrusts with permanent strains
developed principally in the steep forelimb (or retro-wedge) (Figs. 3 and 4). This pop-up
structure was bounded by an oblique backthrust at block 3 and one of the pre-existing oblique
faults (fault 2) (Fig. 6). The shear strain is high in the front of this asymmetric anticline (close
to fault 2) and progressively decreases toward the trailing parts of the mobile backstop. This
strain asymmetry is the result of the basal boundary condition and the tip line of the pre-existing

inclined fault, and likely produced an 850 m-high scarp at the front of this anticline.

Deformation also causes tilting at the inclined fault 2 edge and steepening of the anticline
backlimb due to limb rotation with hinge migration, a common feature in transpressional
folding (Tikoff and Peterson, 1998; Titus et al., 2007). Frehner (2016) showed that the fold
hinges are not passive material lines, but active markers that migrate during transpression. This
anticline would have been favored by the frictional surface between the active blocks and the
basic rigid block, and the presence of an inclined fault plane (fault 2). The fold would contribute

13
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to the tectonic thickening of the hangingwall (cf. Koyi and Maillot, 2007). The anticline is

could be considered as a ‘concave fault bend fold’ (Brandes and Tanner, 2014; Ziesch et al.,
2014). However, unlike the fault-parallel flow model due to pure contraction (Ziesch et al.,

2014), here, the flow path is oblique to the inclined fault. In this regard, different structural

styles oceur at the active blocks, such as pressure solution cleavages, backthrusts and

extensional fractures depending on stress boundary conditions and mechanical stratigraphy.

As oblique convergence increases, inclined transpression is accommodated by progressively
greater slip at the pre-existing faults while the anticline in the mobile backstop grows by
increasing its amplitude rather than its width. Furthermore, the tabular-shaped transpression

zone progressively rotates - the anticline to rotate progressively from _

_ This rotation is accompanied by _ of the forelimb, which can
causing local strain partitioning (e.g., Carreras and Druguet, 2019_

Compressive stress developed in the tabular-shaped transpressional zone and the non-
cylindrical, asymmetric anticline, where the three principal stress axes are oblique with respect
to the pre-existing faults (transpression zone boundaries) - The principal axes of the
stress tensor rotate in these zones - such that the value of the horizontal stress decreases

enough for tension to occur close to the outer arc of the _

14
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_ that new faults form during progressive oblique convergence, the main
oblique-reverse faults (i.e., transpression zone boundaries) with higher slip tendencies .

_ by multiple and asymmetric displacement values from high to low. Morris et al.

dilation tendency, suggesting that faults/fractures could be developed as a mixed-mode failure

type (e.g., Stephens et al., 2017).
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3.3. Spatial variation of the displacement vectors across the model

Model results show that the resultant displacement leads to the final surface topography
after shortening by 16%. As the model block - is converged above the inclined boundary,
it bulges and forms the inclined transpression (or orogenic belt in crustal-scale) of elevated
topography. Indeed, we present here a displacement map for the study model. During model
oblique convergence, displacement vectors (Fig. 8b, ¢) show: (i) The X component gradually
vanishes away from the applied far-field stress, with a clear step at the oblique-reverse fault .
(i) The Z component increases from the bottom to the top, and gradually vanishes away from
hagingwall-anticlinl (iii) In the hangingwall blocks, displacement vectors rotated from
horizontal near applied stress’s boundary toward higher _
_sub-parallel to the transpression zone boundaries - In the footwall block,
the X component decreases and displacement vectors show an almost pure Y componenl (iv)
Shortening was accommodated by layer thickening and displacement along both oblique-
reverse faultl (v) The map integrating displacement show the curvilinear (non-linear) pattern
in the hangingwall block _, with trajectories dipping around 20-
30° in hangingwall block, and 35-50° in the transpression zone, thus oblique to the
transpression zone _ at the base of the
hangingwall block and the transpression zone dips _
(e.g., analogue model with the 70° dipping indenter in Cruz et al., 2008); (vi) Displacement in
the footwall blocks immediately below the transpression zone boundary _
axis and sub-horizontal (Fig. 8b, ¢); (vii) On the left side of the inclined transpression zone
(map view) - the displacement vectors have an increasing component of lateral
displacement in the direction of the weak lateral component, i.e., vectors deviate from the

convergence direction and rotate towards the weak lateral component as lateral _ (viii)
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The displacement partitions into various amounts of up-dip extrusion (as non-cylindrical fold)

and heterogeneous strain throughout the transpressional system.

4. Discussion

4.1. Deformation of the model

The purpose of the mechanical models in this study is not to simulate the exact geometry of
the deformation structures documented in specific natural examples but to contribute to a
general understanding of the basic mechanical processes and the kinematic regime that might
have influenced their development. The numerical results present a strain partitioning pattern
characterised by two main domains, each of which accommodated different components of
transpressive deformation. Narrow domains at the two pre-existing faults accommodated
simple shear-dominated dextral transpression whereas a wide domain deformed by pure shear-

dominated triclinic transpression.

In the wide, pure shear-dominated domain, the displacement was partitioned between
mainly dextral and dextral-reverse faults sub-parallel with the main boundaries, and reverse
faults and associated folds obliquely oriented (0=30°) to them (i.e., axial length of fold is
oblique to the boundaries and the fixed backstop). This agrees with results from other kinematic
and analogue models (e.g., Casas et al., 2001; Leever et al., 2011; Diaz-Azpiroz et al., 2014;
Barcos et al., 2015; Calignano et al., 2017). The trend of the transpression zone is parallel with
the backstops and shortening and related oblique lateral extrusion (25-40° with respect to the
main inclined transpression zone boundaries) is produced by oblique-reverse faults and folds.
Folds show no evidence of rotation in either model. This seems to differ from other cases of
folding in monoclinic transpression zones simulated by analytical (e.g., Tikoff and Teyssier,
1994; Titus et al., 2007), analogue (Tikoff and Peterson, 1998; Ghosh et al., 2014), and

numerical modelling (Frehner, 2016; Nabavi et al., 2018a) in which folds rotate or
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accommodate to finite strain axes re-orientation during progressive deformationkFold axes in

the FE-model follow a curved path and takes place mainly by hinge-parallel extension and
clongated markers. Stretching parallel with the X-axis is accommodated by the principal strike-
slip faults. Transpression zone-parallel stretch and oblique shortening, both resulting from the
and Mazzoli, 2008), unless they are accommodated by lateral and/or up-dip extrusion (e.g..
Fernandez and Diaz-Azpiroz, 2009; Sarkarinejad et al., 2009; Mukherjee and Koyi, 2010;

Viola and Henderson, 2010; Mukherjee et al., 2012), which is the case of the study model.

Lateral extrusion entails the combined effects of material (or tectonic) escape and
gravitational collapse of a weak wedge in response to oblique convergence under _ of
inclined and lateral boundaries so that extrusion I oriented at a high angle to the convergence
direction (Fig. 8b) (e.g., Ratschbacher et al., 1991; van Gelder et al., 2017). The highest degree
of lateral extrusion occurs near the fixed backstop boundary (fault 2, Fig. 8b). Following such
lateral extrusion, some local oblique-reverse faults and shear zones develop in that area,
spatially related to vertical to overturned fold limbs, so that their orientation and vergence are
similar (Fig. 8b, d). In this regard, important parameters influencing the extrusion (amount and
orientation) and the resulting deformation patterns are the dip of boundaries, the angle of
oblique convergence, the mechanical stratigraphy, the amount of convergence and the width of

the contracted zones.

Additionally, deformation in the brittle layers is mainly accommodated by thrust faults,
which are spatially related to thickening in the underlying ductile layer, suggesting high
mechanical coupling. Furthermore, the results show that low shear strain and shear stress are
necessary for backthrusts and shear bands to form (e.g., Ruh et al., 2012, 2014). Using critical
taper theory it has been shown that backthrusts preferentially form at low taper angles. For
medium obliquities (o < 45-55°), thrust faults dips are steeper and their number is lower in
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oblique convergence than in purely frontal convergence deformation styles (e.g., Richard and

Cobbold, 1990; McClay et al., 2004; Graveleau et al., 2012;
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_ deformation styles _ suggested - non-linear paths in

analogue models (fixed backstop). These boundary conditions are interpreted as pre-existing

planar steep structures that play a main role in both the localisation of the transpression zone
and its strong strain partitioning (Tavarnelli et al., 2004; Barcos et al., 2016). In general, the
bulk mechanical strength of a layered model plays a prominent role in influencing the overall
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strain localisation. In this study, the model made up of an incompetent layer between two
competent layers, hence, the refraction of the strains across the layer interface increases with
increasing competence contrast and suggests that different sets of linking faults could develop
at different structural depths (Fig. 6) (e.g., Druguet et al., 2009). The activity of slip along these
major rheological steep planar boundaries favours the early nucleation of boundary-parallel
deformation zones where simple shear concentrates. For high values of obliquity (convergence
angles of #2308 based on Leever et al., 2011), the long-term kinematic evolution of
transpression zones can be divided into three distinct stages: indeed, an initial ‘distributed

strain’ stage, then an ‘oblique wedge’ Stage, and finally a ‘strain partitioning’ stage. An

although there is no such a rigid backstop in the model

is significantly lower than in the other two, so a semi-

rigid behaviour could be considered!

_ angle between the extrusion direction and the dip of the transpression

zone (angle v in Fernandez and Diaz-Azpiroz, 2009) locally deviates from 0° (v£0°) along the

dextral-reverse fault boundary. In this sense, variations in the amount of vertical extrusion from
- to point along the transpression zone _ I18°. In addition, the

angle between oblique simple shearing direction and the strike of the transpression zone -

Ein'et/al . 1998) is FI0PN(Fig:9b)l Hence, fhetangle between the Simple'shearing and the
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extrusion directions (angle { of Fernandez and Diaz-Azpiroz, 2009) is below 90° (~82°). The
shape of the strain ellipsoid ifl{ranspressional deformation strongly depends on J# and angle
fiield of the Flinn diagram. In addition, non-parallelism between displacementvectors and the
Xeaxis. respectively. also" suggesis that flaffening took place in the deforming blocks.
dominated domain) of the strain friangle (Fig:9b)!

The relative obliquity of the simple shear component creates amplification (_
to the fold growth - vertical or Z-direction; Frehner, 2014, 2016) and elongation
(correspond to the fold growth in X-direction or parallel to fold axis; Frehner, 2014, 2016) of
non-cylindrical antiforms _ of obliquely plunging lineations. _
extrusion is also observed along the transpression zone - Barcos et al. (2016) analogue
model, and in the form of parabolic and bell-shaped velocity profile, respectively, in Newtonian
_ (e.g., Mukherjee and Koyi, 2010; Mukherjee et al., 2012;

Mukherjee, 2013). These findings show that the transpression zone - important role on

extrusion Kinematies and velocity (e.g., Marques et al., 2018a, 2018b).

depth. In general, FE-modelling results show that the contraction deformation is widely
distributed developing brittle and ductile structures and due to the flow of the underlying plastic
layer, therefore, the model can be considered as a case of “distributed transpression’ (Schreurs

and Colletta, 1998, 2002; Sancar et al., 2015). Distributed deformation in oblique tectonic
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settings has been described in many studies over wide and complex zones ranging in scale from
several hundred kilometres to several meters, with complex displacements, strain patterns, and
rotational deformation (Molnar and Tapponier, 1975; McKenzie and Jackson, 1986; England,
1989; Schreurs and Colletta, 1998, 2002; Schreurs, 2003; Sangar et al., 2015). The results of
our FE-model suggest that high-angle oblique-reverse faults can suffer a significant slip
component, in addition to the amount of oblique convergence, if they are weak enough, which
is related to the angle and coefficient of sliding friction, and fluid pressure. In experimental
models, it can be done by the presence of a thin film of silicone putty along the pre-existing

faults (e.g., Marques and Nogueira, 2008).

6. Conclusions

Combination of mechanical, geometrical, analytical and analogue models can provide a
more accurate representation of inclined transpression zones and clarify some topics of this
important issue. Natural examples of oblique convergence setting in transpression zones are
inherently 3D and show inclined boundaries; hence, the evolution of inclined transpression
zones is studied using 3D inelastic numerical finite-element modelling by applying a general
triclinic inclined transpression model. In addition, use of inelastic constitutive relationships

allows permanent strains to develop in response to the applied loads.

1) FE-modelling results demonstrate oblique convergence at the model was accommodated
by discrete deformation at the main pre-existing inclined faults and by distributed brittle-ductile

deformation at active blocks.

2) Oblique contraction at the active blocks resulted mainly in layer-parallel shortening,
orthogonal to model outer boundaries, and lengthening in the horizontal and vertical directions,
respectively accommodated via layer-parallel extension and up-dip extrusion. Lateral extrusion

should have compensated the rest and/or volume loss took place.
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3) Folding and thickening of the mobile backstop produced a non-cylindrical, asymmetric,
bi-vergent anticline with permanent strains developed principally in the steep forelimb.

Secondary, conjugate fault zones also accommodate oblique slip and contribute to uplift.

4) Displacement vectors (or particle paths in the XY horizontal plane) within transpressional
zone are rotated counter-clockwise (ca. 20°-30°) with respect to vectors in the fixed sector.
Areas with higher rotation values seem to correlate with those showing higher ellipticity values

of the finite strain ellipsoids.

5) Inherited structures localise strike-slip motion, thus triggering strain partitioning from
early deformation stages. A tabular transpression zone forms between pre-existing faults, while
deformation propagates mainly towards the mobile block. The resulting transpression wedge
can be compared to some strongly asymmetric wedges nucleated at major faults under oblique

convergence conditions.

6) In general, factor like the width of the transpressional zone, the dip of boundaries, the
angle of oblique convergence, mechanical stratigraphy, amount of oblique convergence, and
the presence of tectonic inheritance play important roles in strain localisation, the amount of
localisation along the transpression zone (decreasing with increasing obliquity), and control
along- and across-strike variation in the oblique convergence settings. Even if deformation is
localised along a mobile backstop and the transpression zone, parts of the study model remain

undeformed at the external areas, particularly at the fixed backstop.
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Figure captions

Fig. 1. Models of transpression zones mentioned in the text. Reference frame: X is horizontal
and parallel to the strike of the transpression zone boundary; Y is horizontal and normal to the
transpression zone boundary; and Z is vertical. Fa is the convergence vector between the zone-
bounding blocks. a) Classical model of monoclinic transpression zone (Sanderson and
Marchini, 1984; Fossen and Tikoff, 1993). b) Transpression zone model with no-slip
boundaries (Robin and Cruden, 1994; Dutton, 1997). ¢) Inclined transpression kinematic model
(Jones et al., 2004). The reference coordinate system, X, Yt, and Z: is fixed to the shear zone
and differs from the far-field coordinate system X, Y, Z. ¢ is the dip of the zone boundaries. d)
Model of triclinic transpression with oblique simple shear and inclined extrusion direction

(Fernandez and Diaz-Azpiroz, 2009). Transpression obliquity - the angle between the
simple shearing direction and the strike of the transpression zone. y is simple shear strain rate.
&, & and &; are strain rates. Extrusion obliquity v is the angle between the extrusion direction

(&,) and the dip of the transpression zone.

44



1026

1027

1028

1029

b

Free surface

3 km  Frictional sliding surface
1.5km coef. of sliding friction: 0.1

5.5 km

Laver 1 BLOCK 3 BLOCK 1 [ skm b
e el
CONVErgence —p
LAYER 3. '/ 5km
RN L ofen 5 %
Frictional sliding surface RIGID BLOCK 5.5 km
VA P :
L A e
¥
c = = i
Free-slip
g g
E] E]
~ -
™ i
BLOCK 3 4 BLOocK2 4 BLOCK 1 o<
Imposed 6
oblique
convergence > <
X § Free-slip ¢
& N
Frictional sliding surface RIGID BLOCK




1030

1031

1032

1033

1034

1035

1036

1037

1038

1039

1040

1041

X Antiform Developing extensional
Synform structures Asymmetric and
X (Oblique)-reverse fautt non-cylindrical anticline
15 !
/ — Fault 2 (dextral-reverse)
)))/ ensional fau

Fault 1 (dextral-reverse)

Max. Prin. Plastic Strain

| SEEEEEEEE]
0 1.6 3.2

Fig. 3. Observed structural geometry, internal deformation and distribution of maximum
principal plastic strain resulting from oblique convergence for a heterogeneous and anisotropic
mechanical model of the inclined, brittle-ductile transpression zone. The strain values for all
elements are obtained by integrating the strain rate numerically in a material frame and the

maximum plastic strain is the largest positive contractional strains.
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map view. The model actually underwent a contraction and the minus sign in the stress bar
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1050  Fig. 5. Top view of FE-model results representing the spatial distribution of principal stress

1051  axes (also compare with fig. 9b in Authemayou et al., 2006).
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Fig. 6. Surface topography and interpretation of the magnitude and distribution of progressive
deformation in the FE-model at different time steps a) 0.5, b) 0.7, ¢) 0.9, and d) 1.0 intervals
of ca. 8%, 11%, 12%, and 16%, respectively (same strain bar scale for all models). Since
nonlinear geometric effects are active, an efficient measure of strain is the logarithmic strain.
The imposed plastic behaviour implies that in order to suffer permanent deformation the
material must attain its passed yielding point (which is evaluated by comparing maximum Von

Mises stress and yield stress at each element).
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Fig. 7. Modelling results of distribution of a) shear stress; and b) normal stress along fault 2.
c¢) Variations in shear strain along the versus time (with increasing oblique convergence). d, e)
Variations in slip magnitude versus time (increasing oblique convergence). In 3D FE-models,
there are two orthogonal slip directions along- and across-strike of fault 2 (CSLIP1 and CSLIP2
in ABAQUS™) for each point at a given contact surface, which together with the surface
normal form an orthogonal coordinate system at every point on the surface, and therefore
higher slip values resulted in higher nodal displacement. Negative magnitudes of CSLIP

indicate that the node has moved in the negative slip direction.
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