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Modelling role of basement block rotation and strike-slip faulting
on structural pattern in cover units of fold-and-thrust belts
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Abstract – A series of scaled analogue models are used to study (de)coupling between basement
and cover deformation. Rigid basal blocks were rotated about a vertical axis in a ‘bookshelf’ fashion,
which caused strike-slip faulting along the blocks and in the overlying cover units of loose sand. Three
different combinations of cover–basement deformations are modelled: (i) cover shortening before
basement fault movement; (ii) basement fault movement before cover shortening; and (iii) simultaneous
cover shortening with basement fault movement. Results show that the effect of the basement faults
depends on the timing of their reactivation. Pre- and syn-orogenic basement fault movements have a
significant impact on the structural pattern of the cover units, whereas post-orogenic basement fault
movement has less influence on the thickened hinterland of the overlying belt. The interaction of
basement faulting and cover shortening results in the formation of rhombic structures. In models with
pre- and syn-orogenic basement strike-slip faults, rhombic blocks develop as a result of shortening
of the overlying cover during basement faulting. These rhombic blocks are similar in appearance to
flower structures, but are different in kinematics, genesis and structural extent. We compare these
model results to both the Zagros fold-and-thrust belt in southwestern Iran and the Alborz Mountains
in northern Iran. Based on the model results, we conclude that the traces of basement faults in cover
units rotate and migrate towards the foreland during regional shortening. As such, these traces do not
necessarily indicate the actual location or orientation of the basement faults which created them.

Keywords: Zagros, Alborz, basement, strike-slip fault, fold-and-thrust belt.

1. Introduction

Many fold-and-thrust belts are the product of thick-
skinned deformation, where passive margin cover
units, coupled or decoupled from their basement, are
shortened as a result of inversion of basement faults.
In some fold-and-thrust belts, in addition to passive
margin normal faults, which are inverted during con-
vergence, the basement is also dissected by orogen-
perpendicular or orogen-oblique basement faults, e.g.
Taiwan (Mouthereau & Lacombe, 2006), Himalaya
(Dasgupta, Mukhopadhyay & Nandy, 1987; Godin &
Harris, 2014), the Alps (Mosar, 1999) and the Zagros
(Berberian, 1995; Molinaro et al. 2005). During con-
vergence, these strike-slip faults are reactivated and
play a significant role in the continued structural evol-
ution of the orogen. Godin & Harris (2014) interpreted
gravity data that reveals several continuous Himalayan
cross-strike discontinuities to represent crustal faults
which project northwards beneath the Himalayan sys-
tem and South Tibet. Some structural features (e.g.
South Tibetan grabens) are spatially related to deep-
seated crustal-scale faults rooted in the underplated
Indian crust. These transverse structures in the Him-
alayan basement have been reactivated during contin-
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ental collision and formation of the Himalayan orogen
(Valdiya, 1976). These faults are interpreted to be ex-
tended under the Himalayan foredeep and some of them
may be seismically active (Dasgupta, Mukhopadhyay
& Nandy, 1987). Even though these faults in the Him-
alayan basement are not classified as strike-slip faults,
based on gravity data Godin & Harris (2014) estimated
the dip direction of some of these faults and argued
that some of them represent near-vertical discontinuit-
ies, which have a significant impact on the structural
evolution of the belt.

Strike-slip fault systems commonly show an ana-
stomosing array of contemporaneous faults including
rhomb-shaped pull-apart basins and push-up structures.
This pattern is interpreted to have developed in transfer
zones, where displacement is conveyed from one fault
segment to another in systems of stepped strike-slip
faults, and in bends, where the orientation of the main
fault is deflected (Ramsay & Huber, 1987). Recently,
Dooley & Schreurs (2012) published a comprehensive
review on a wide range of experimental studies on intra-
plate strike-slip tectonics, ranging from the traditional
Riedel shear experiments to studies focused on struc-
tures formed between segmented or curved, strike-slip
fault zones. However, few studies have yet focused on
the interference of basement strike-slip faults with com-
pressional structures in the cover. For example, Koyi
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et al. (2008) used field observations and the results of
analogue models to argue that some of the salt diapirs
in the Zagros fold-and-thrust belt are localized along
the intersection of cover thrusts and basement strike-
slip faults. Using analogue sandbox models, Duarte
et al. (2011) studied tectonic interference between the
Gulf of Cadiz accretionary wedge and a wrench system
in three different scenarios (inactive basement strike-
slip fault; active basement fault underlying an inact-
ive accretionary wedge; and simultaneous activity of
both the accretionary wedge and the strike-slip fault).
They concluded a two-phase evolution of the Gulf of
Cadiz, where formation of an accretionary wedge on
top of inactive basement faults is followed by a phase
of basement fault reactivation simultaneous with con-
tinued tectonic accretion. Rosas et al. (2014) used ana-
logue models to study the effect of the angle between
thrusts and wrench faults during their simultaneous
reactivation. Their results show that the structural con-
figuration of a tie-knot structure formed owing to the
interference between the thrust and wrench fault varies
significantly as a function of the prescribed interfer-
ence angle. Waffel, Godin & Harris (2014) modelled
basement strike-slip in the Himalaya, where a rigid
basement was separated from a layered package (simu-
lating upper crust) by a ductile layer simulating middle
crust. Their model results showed localization of thrust
and strike-slip faults in the upper brittle layer above
the reactivated basement faults during the early stage
of evolution, where deformation in the cover was par-
titioned as offset folds, tear faults and wrench faults.

Farzipour-Saein, Nilfouroushan & Koyi (2013) ran
a series of analogue models to show how basement
step/topography affects sedimentation and its impact
on the kinematics and geometric evolution of a fold-
and-thrust belt. They concluded that the basement
step/topography shifts the location of the deformation
front. The greater the difference in thickness between
the adjacent cover units across the basement step, the
sharper and clearer will be the offset of the deformation
front.

In this study, we focus on a different basement con-
figuration where no steps or overlap between parallel
basement faults blocks are introduced. We use the res-
ults of analogue models to study the effect of move-
ment along parallel basement faults, achieved by rota-
tion of rigid blocks, on deformation of the overlying
cover units. Model results are compared with observa-
tions from two fold-and-thrust belts in Iran (Alborz and
Zagros) where strike-slip basement faults have had an
impact on their evolution.

2. Geological framework

The Iranian plateau lies between the two lithospheric
plates of Arabia and Eurasia, which converge at a rate
of about 22 (± 2) mm yr−1 at the longitude of Central
Iran (Nilforoushan et al. 2003; Vernant et al. 2004b). In
western Iran (west of 58°E), this convergence is mainly
accommodated by shortening on both sides of Central

Iran: across the Zagros, in the south, and the Alborz
Mountains, in the north (Fig. 1).

The Zagros fold-and-thrust belt extends for about
1800 km from the Taurus Mountains in NE Turkey,
to the Strait of Hormuz in southern Iran. Geological
evidence indicates that deformation within the Zagros
fold-and-thrust belt is due to the northward motion
of Arabia with respect to Central Iran since Middle–
Late Cretaceous time (Falcon, 1974; Koyi, 1988; Karim
et al. 2011; Farahpour & Hessami, 2012; Mouthereau,
Lacombe & Vergez, 2012). The suturing of Arabia
with Central Iran in Oligocene time (Stoneley, 1981;
Agard et al. 2011) occurred along the SSW-verging
Main Zagros Reverse Fault marking the NE limit of
the Zagros fold-and-thrust belt.

The average thickness of cover sediments deposited
along the northern margin of Arabia is about 5–12 km.
These sediments are decoupled from their underlying
basement in some parts of the belt along the Lower
Cambrian Hormuz Salt Formation (O’Brien, 1957; Fal-
con, 1974; National Iranian Oil Company, 1975, 1976;
Kent, 1979). It has long been suggested that extrusion
of some of the Hormuz salt diapirs in the Zagros is con-
trolled by N–S-trending transverse strike-slip faults in
the Zagros basement (Fürst, 1990; McQuillan, 1991;
Hessami, Koyi & Talbot, 2001; Koyi et al. 2008). The
strike-slip faults in the Zagros are interpreted to be the
surface manifestations of old Pan-African structures
which have controlled the facies and thickness of sedi-
ments deposited since at least Middle Cretaceous time
(Koop & Stoneley, 1982), and which have influenced
the styles of their subsequent deformation (McQuillan,
1991; Hessami, Koyi & Talbot, 2001). Thus, recent
studies suggest that the shortening of the basement
across the Zagros is mainly accommodated by strike-
slip faults as well as thrusts. However, the sedimentary
cover is shortened above the basement by folding and
thrusting (Hessami, Koyi & Talbot, 2001; Talebian &
Jackson, 2004).

The Alborz Mountains is a region of intense deform-
ation forming an arcuate E–W range across northern
Iran (Fig. 1). The main structural trend varies along the
length of the range, changing from WNW in the west
to ENE in the east. Deformation within the range is due
to northward motion of Central Iran relative to Eurasia
(i.e. the south Caspian basin) since Ordovician–Silurian
time, which ended with a collision in Late Triassic time
(Sengör et al. 1988; Stampfli, Marcoux & Baud, 1991).
Jackson et al. (2002) and Allen et al. (2003) considered
the deformation in Alborz to be partitioned into range-
parallel left-lateral strike-slip faults and range-normal
thrusts that dip inwards towards the interior of the range
from both sides. Moreover, GPS measurements (Ver-
nant et al. 2004a; Djamur et al. 2010) indicate that left-
lateral motion occurs at a rate of about 2 mm yr−1 along
WNW faults in the west-central Alborz, while range-
normal shortening occurs at a rate of about 5 mm yr−1

along thrusts. However, the total left-lateral movement
and dip-slip along thrusts estimates are �30–35 km
and �36 km, respectively, based on offset geological
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Figure 1. Regional map depicting topography and tectonic features of Iran. The Alborz and Zagros mountains are shown. Rectangles
enclose Figures 7 and 8a.

markers along the Mosha and Taleghan faults and a re-
stored structural cross-section across the range (Guest
et al. 2006).

3. Model setup

We ran a series of analogue models to simulate multi-
phase and simultaneous cover and basement shortening
in fold-and-thrust belts. The model setup is based on
basement block rotations and their associated strike-
slip faulting on the cover deformation (Fig. 2). We ana-
lysed and interpreted our model results according to
our new thoughts and observations from the Zagros
(SW Iran) and Alborz (North Iran). However, our gen-
eral approach has implications for any fold-thrust belt
(FTB) with similar configurations and kinematics.

We setup and ran three models as summarized in
Table 1. In the first model, cover sand shortened up
to 5 cm and after that both cover and basement were
simultaneously shortened. In the second model, base-
ment was shortened up to 4 cm and blocks were rotated
clockwise, which caused sinistral strike-slip faulting

along the blocks, and then cover and basement were
shortened simultaneously. In the third model, both
cover and basement were shortened simultaneously
from the beginning (Table 1).

Our models consist of two parts: an upper part which
consists of a 60 cm by 50 cm and 1.5 cm thick sand
layer that represents the cover sequence, and a lower
part of rigid parallel blocks, placed on a rigid table, sim-
ulating basement blocks. These rectangular Plexiglas
blocks were placed parallel to each other and their ro-
tation caused strike-slip faulting in the basement. To
be able to rotate the blocks and introduce strike-slip
kinematics, we set them on the table obliquely to the
shortening direction with an angle of 30° and pushed
them parallel to the cover shortening direction (Fig. 2).
The basement blocks were not shortened, as they were
rigid, but instead rotated as they were pushed oblique
to their long axis.

The material used in our models was quartz sand,
which is widely used in analogue experiments to
simulate brittle deformation of cover sediments in
nature (Davy & Cobbold, 1991; Weijermars, Jackson &
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Table 1. Model parameters

Model

Sand
thickness

(cm)
Width
(cm)

Length
(cm)

Basement
short. (%)

with second
piston

Cover short. (%)
with first piston

Initial and final
angles of

basement blocks
(degrees) Remarks

1 1.5 60 50 18 32 60–34 First, 10 % cover
shortening, then
simultaneous shortening
of cover and basement

2 1.5 60 50 29 26 60–32 First, 8 % basement
shortening (to introduce
strike-slip motion) then
simultaneous shortening
of cover and basement

3 1.5 60 50 18 34 60–31 Simultaneous shortening
of cover and the
basement

Figure 2. Sketch of model setup. Two mutual motor-driven pistons shorten the upper part (cover sand with first piston) and lower
part (basement with second piston). Basement shortening rotates parallel blocks and introduces strike-slip kinematics along the block
boundaries.

Vendeville, 1993; Koyi & Petersen, 1993; Nilforoushan
et al. 2008). The sand used has an internal coefficient of
friction of 0.73 (angle of internal friction 36°) measured
in the same way as in Maillot & Koyi (2006), a bulk
density of 1550 kg m−3, a cohesive strength of 140 Pa
and an average grain size of about 35 mm (Cotton &
Koyi, 2000).

To shorten both the cover and the basement, two
motor-driven pistons on opposite sides were used, and
the rate of shortening was averaged to 6 cm hr−1 for
both cover and basement. To record and monitor the
top surface deformation of the models, we installed a
laser scanner on top of the models and collected 3D
data at various stages as shown in Figures 3–5.
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Figure 3. (Colour online) Laser scanned image of the top surface topography of Model 1 at different stages of deformation. Interpret-
ations of the surface structures are outlined in some of the images to allow the reader to compare uninterpreted model surfaces with
our interpretations. Stage A – cover 5 cm (10 %) and basement 0 cm shortened. Stage B – cover 7 cm (14 %) and basement 2 cm (4 %)
shortened. Stage C – cover 10 cm (20 %) and basement 5 cm (10 %) shortened. Stage D – the final stage in which cover of 16 cm
(32 %) and basement of 9 cm (18 %) were shortened. Dashed lines are projections of the actual location of boundaries (faults) between
basement blocks which show rotation with progressive deformation (compare stages B and D). Note also the shift between the actual
location of basement faults and their traces in the cover structures. Circles outline bends in the trend of the cover structures giving
them a wavy trend. Colour scale and axis are in millimetres.
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Figure 4. (Colour online) Laser scanned image of the top surface topography of Model 2 at different stages of deformation. Interpret-
ations of the surface structures are outlined in some of the images to allow the reader compare uninterpreted model surfaces with our
interpretations. Stage A – cover 0 cm and basement 3 cm (5 %) shortened. Note the surface trace of the basement faults in the early
imbricates in the hinterland. Stage B – cover 7 cm (14 %) and basement 9 cm (18 %) shortened. Stage C – cover 10 cm (20 %) and
basement 12 cm (24 %) shortened. Stage D – the final stage in which cover of 13 cm (26 %) and basement of 14.5 cm (29 %) were
shortened. Note the absence of the surface trend of the basement faults in the hinterland. Dashed lines are projections of the actual
location of boundaries (faults) between basement blocks which show rotation with progressive deformation (compare stages B and
D). Note also the shift between the actual location of basement faults and their traces in the cover structures. Cover structures show a
strong wavy trend. Small arrows outline segments of basement fault traces, which show a change in trend towards the foreland. Colour
scale and axis are in millimetres.
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Figure 5. (Colour online) Laser scanned image of the top surface topography of Model 3 in which cover and basement shortened
simultaneously. Stages A, B, C and D are cover shortening at 2 cm, 8 cm 11.5 cm and 17 cm (4 %, 16 %, 23 % and 34 %), respectively.
The small arrows in D outline segments of the trace of basement faults in the cover. Interpretations of the surface structures are
outlined in some of the images to allow the reader to compare uninterpreted model surfaces with our interpretations. Dashed lines are
projections of the actual location of boundaries (faults) between basement blocks, which show rotation with progressive deformation
(compare stages A, B and D). Note also the shift between the actual location of basement faults and their traces in the cover structures.
Circles outline bends in the trend of the cover structures giving them a wavy trend. Colour scale and axis are in millimetres.
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Table 2. Scaling parameters

Parameter Nature Model Ratio

Acceleration due to gravity (m s−2) 9.81 9.81 gm/gn =1
Length (cm) 300 000 1 lm/ln = 3.3 × 10−6

Density (kg m−3) 2550 1550 ρm/ρn = 0.61
Friction coefficient 0.85 0.73 0.85
Cohesion (MPa) 10–20 1.4 × 10−4 1.4–2.8 × 10−5

Non-dimensional shear strength ratio, ρlg/τ0 0.38–0.76 0.1 0.1–0.3

4. Scaling

The models presented in this study are scaled to nat-
ural prototypes geometrically, kinematically and also
partially dynamically (Table 2). Geometric similarity
(length ratio) was fulfilled by using a thickness ratio
of approximately (3 × 10−6) where 1 cm of loose sand
in the models simulates 3 km of sediments in nature.
Kinematic similarity was approached by testing three
different scenarios in basement fault movement versus
cover shortening. No syn-kinematic sedimentation or
erosion was simulated in the models.

Partial dynamic similarity was fulfilled by simulat-
ing physical properties of the sedimentary rocks with
appropriate modelling materials. In this respect, the
intrinsic material properties, such as the coefficient of
cohesion (τ0) and the coefficient of internal friction (μ),
in the model and nature need to be approximated (Koyi
& Peterson, 1993; Weijermars, Jackson & Vendeville,
1993). The angle of internal friction of rocks in the
upper crust (< 10 km) is averaged to 40° (Brace &
Kohlstedt, 1980), which gives a coefficient of internal
friction (μ) of 0.85. The angle of internal friction of
the uncompacted loose sand used in the models is 36°
giving a coefficient of internal friction of 0.73 (Koyi,
2001; Koyi & Vendeville, 2003; Maillot & Koyi, 2006),
which is very close to rocks in the upper crust. Cohe-
sion on the other hand is scaled by equality between
the non-dimensional shear strength both in the model
and nature:

(ρlg/τ0)m = (ρlg/τ0)n (1)

where, ρ is density, l is length, g is the acceleration due
to gravity, and subscripts m and n denote the model
and nature, respectively. This non-dimensionalized ra-
tio was calculated for the model and nature using a
shear strength of sedimentary rocks ranging between 1
and 10 MPa (Hoshino et al. 1972). However, Schellart
(2000) reported that values of the cohesion of rocks
in nature range between 20 and 110 MPa. For clastic
sediments, we have taken the shear strength to be ran-
ging between 10 and 20 MPa and the density to be
2550 kg m−3. Our loose sand acquired cohesion during
scraping. Its cohesion is c. 140 Pa and its density is
1550 kg m−3. These figures give the non-dimensional
shear strength in equation 1 a value of 0.1 and 0.38–
0.76 for the model and nature, respectively. These two
ratios, which are within the same order of magnitude,
suggest that our models approximate dynamic similar-
ity with a natural prototype.

5. Results

Several models were prepared in this study. The results
of only three of these models (models 1, 2 and 3 in
Table 1) are presented here.

In Model 1, where cover shortening (thin-skinned
shortening) preceded strike-slip movement along base-
ment faults, a series of imbricate thrusts and folds
formed parallel to the pushing wall during thin-skinned
shortening (Fig. 3). After formation of these struc-
tures, in addition to shortening of the cover units, base-
ment faults were activated by rotation of the basement
blocks. During this stage of deformation, most imbric-
ates possessed a wavy pattern in the immature foreland.
Further, basement shortening amplified the effect of
strike-slip faults, which displaced the fore- and back-
thrusts bounding the newly formed frontal imbricate.
This frontal imbricate was thus dissected into rhombic
structures (Fig. 3d). However, the effect of the base-
ment strike-slip faults was not directly visible in the
hinterland structures of the model.

In Model 2, rotation of basement blocks before any
thin-skinned shortening of the cover units resulted in re-
activation of basement faults, which were transmitted to
the cover units (Fig. 4). Subsequent deformation, which
included continued reactivation of basement faults and
simultaneous cover shortening, resulted in formation
of imbricates with wavy strike, dissected into rhombic
structures along the basement faults. The surface trace
of the basement faults can be followed from the fore-
land all the way to the hinterland of the model.

In Model 3, rotation of basement blocks simultan-
eously with thin-skinned shortening of the cover units
resulted in transmission of movement of the basement
strike-slip faults to the developing imbricates within
the cover units (Fig. 5). These imbricates showed a
wavy pattern displaced by basement faults. With sub-
sequent deformation, the deformation front propagated
towards the foreland where new imbricates formed with
a wavy strike. The foreland imbricates were dissected
into rhombic structures along the basement faults. In
the final stages of deformation, the surface impression
of the basement faults was more visible in the fore-
land imbricates than in the hinterland. In contrast to
Model 2, the traces of the basement faults are not as
well defined in the cover units in this model, nor the
rhombic structures as clearly outlined in the cover.

In all models, the surface trends of the basement
faults do not maintain a constant value. In general, the
trends form a larger angle with the shortening direction
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Figure 6. Plots of angle of actual location of basement faults and their traces in the cover units for (a) Model 2 and (b) Model 3
with percentage of cover shortening. The plots show that both the actual location of the basement faults and their traces in the cover
rotate during shortening. However, the trace of the basement faults in the cover rotate more than the basement faults indicating a
foreland-ward shift of the trace of the basement faults with progressive shortening.

in the hinterland than in the foreland where the angle is
smaller (Figs 4–6). Measurements of the traces of the
basement faults in the cover units after some shortening
and basement block rotation show that they start at c.
40° and rotate to c. 70° to the shortening direction in
the final stages of deformation (Figs 4–6).

6. Discussion

6.a. Field observations

The Alborz Mountains and the Zagros fold-and-thrust
belt, forming the northern and southern mountain
ranges across the Iranian plateau, are excellent ex-
amples of coeval strike-slip and compressional deform-
ation (Hessami, Koyi & Talbot, 2001; Allen et al. 2003;
Guest et al. 2006). Below, we describe some structural
patterns and their distribution in the west-central Al-
borz Mountains and the southeastern-most parts of the
Zagros fold-and-thrust belt, to show the influence of
basement strike-slip faults and their associated block
rotation in shaping cover deformation within orogenic
belts.

The influence of block rotation and their associ-
ated strike-slip faults in accommodating shortening of

the basement blocks and in lateral offset of the cover
features have been demonstrated in several mountain
belts (e.g. England & Molnar, 1990; Kuhn & Reuther,
1999; Hollingsworth et al. 2006). Lateral offset of
fold axes and geomorphic features along the strike-
slip faults in both the Alborz Mountains (e.g. Bach-
manov et al. 2004; Ritz et al. 2006; Solaymani Azad,
Ritz & Abbassi, 2011) and Zagros fold-and-thrust belt
(e.g. Barzegar, 1994; Hessami, Koyi & Talbot, 2001;
Joudaki, Farzipour-Saein & Nilfouroushan, 2016) have
also been frequently demonstrated. Nevertheless, in the
following discussion we have made an attempt to use
model results and the rhomb-shaped features observed
in nature to recognize the coeval shortening of the cover
sediments and rotation of the basement blocks in both
the Zagros fold-and-thrust belt and the Alborz Moun-
tains where the regional strain field involves both left-
lateral faults and thrusts.

6.a.1. Alborz Mountains

Rhombic blocks in the west-central Alborz can easily
be seen on geological maps (Fig. 7). These structures
are bound on four sides by oblique faults with both dip
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Figure 7. (Colour online) Geological map of the western Alborz Mountains showing rhomboic structures. These structures indicate
clockwise rotation of basement blocks about vertical axes (see Fig. 1 for location).

and strike displacements. In general, the faults are ob-
lique thrusts with left-lateral slip and different degrees
of obliquity. Some of these faults have experienced a
dextral sense of movement before possessing their cur-
rent sinistral kinematics (Guest et al. 2006). Applying
the model results to the Alborz, we suggest that these
rhombic blocks must have formed owing to interac-
tion between basement faults and cover shortening. The
trend of the basement faults which could provide clock-
wise rotation of basement blocks and sinistral motion
along them during a N–S (or NNE–SSW) shortening
needs to be ENE. A NNE-trending fault (Araks fault)
outlined by Allen, Jackson & Walker (2004) in the
western Alborz shows a sinistral sense of movement
and is a basement structure. However, even though the
presence of ENE-trending basement faults may explain
some of the fault kinematics in the western Alborz
and formation of the rhombic structures, we keep this
explanation as an unsupported alternative since base-
ment faults with such a trend have not been widely
documented in previous studies. However, clockwise
rotation of blocks about vertical axes is supported by
recent global navigation satellite system (GPS) meas-
urements in and around the Alborz Mountains which
show the western side of the Alborz is obliquely short-
ening (NNE) and rotating clockwise (Djmaour et al.
2010; Mousavi et al. 2013). Moreover, the new stress
map of Iran, which was deduced from both seismic and
geodetic data, also illustrates the oblique shortening in
the western side of the Alborz (Zarifi, Nilfouroushan
& Raeesi, 2014). The simultaneous clockwise rotation
and shortening of the simulated cover sediments in

our models loosely mimics the current tectonic situ-
ation in the western side of the Alborz where interac-
tion between the rotating basement blocks and cover
shortening results in the formation of rhombic struc-
tures (Figs 3–7). The clockwise rotation of the base-
ment blocks can explain the inconsistencies observed
in the recently proposed kinematic models (Allen et al.
2003; Guest et al. 2006) for the west-central Alborz
Mountains. A second alternative for the basement kin-
ematics is having left-lateral movement along range-
parallel (i.e. NW–SE) basement faults. However, such
an alternative fails on two accounts relative to the obser-
vations; first, NW–SE-trending basement faults rotate
anticlockwise, not clockwise, during N–S (or NNE–
SSW) shortening, and secondly, during their anticlock-
wise rotation, they acquire a dextral, not sinistral sense
of movement. The fact remains though that the rhombic
structures are bounded by faults with oblique kinemat-
ics. Field evidence indicates that the left-lateral faults
are not pure strike-slip faults but that a reverse com-
ponent accompanies the left-lateral faults in the west-
central Alborz range (Guest et al. 2006; Yassaghi &
Naeimi, 2011). Such observations indicate that oblique
NNE–SSW shortening across the range is not parti-
tioned into parallel pure left-lateral strike-slip faults
and thrusts across the Alborz Mountains (since strike-
slip faults and thrusts are not parallel). Thus, we sug-
gest partitioning of strain along oblique slip thrusts and
strike-slip faults which form and evolve owing to in-
teraction between basement fault activation, rotation
of basement blocks and cover shortening during thick-
skinned shortening in the western Alborz range.
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6.a.2. Zagros fold-and-thrust belt

A number of strike-slip faults which are consistent with
the alignments of salt plugs and distort the fold axes
in the sedimentary cover have long been identified by
early workers (McQuillan, 1973, 1991; Fürst, 1990;
Barzegar, 1994; Edgell, 1996) (Fig. 8 Figure 8b shows
two domains of strike-slip faults crossing the Zagros
belt; the western domain is trending NNW while the
eastern domain is NE. The left-lateral sense of mo-
tion along the faults in the eastern domain (NE faults)
has been interpreted to result from clockwise rotation
of fault-bounded basement blocks about vertical axes
(Hessami, Koyi & Talbot, 2001). However, Aubourg
et al. (2004) disregarded the proposed block rotation
and attributed the left-lateral ‘shear band’ across the
southeastern-most Zagros to the Oman peninsula act-
ing as an indenter. Here we use observations of the de-
formation pattern in the southeastern-most part of the
Zagros to support our previous suggestion of clock-
wise rotation of basement blocks there. Cover struc-
tures in the SE Zagros are mainly displayed as E–W
whale-back anticlines (Fig. 9). Some of these anticlines
are bounded or bent by NE-trending strike-slip faults
(Fig. 8a).

The rhombic structures are not well visible in the
Zagros fold-and-thrust belt. This could partly be due to
a different combination of regional shortening/strike-
slip regimes. Here, we show that post-shortening strike-
slip movements along the basement faults have little
influence on the structural evolution of the cover units.
Across the Zagros fold-and-thrust belt, several along-
strike zones of discrete deformation episodes have been
recognized which have propagated from the NE to the
SW since Cretaceous time to the present (Falcon, 1974;
Hessami et al. 2001; Agard et al. 2011). As can be seen
from Figure 8b, most of the transverse strike-slip faults
in the cover (such as the Karebas, Sabzpoushan and
Sarvestan right-lateral faults and many other left-lateral
faults in the southeastern-most part of the Zagros) ap-
pear to terminate at the SW limit of the High Zagros.
The fact that no continuations of these faults are recog-
nized in the High Zagros suggests either that some of
the strike-slip faults in the basement were reactivated
after the deformation across the High Zagros and the
Sanandaj–Sirjan Zone, and/or their impact is obscured
by the thickened hinterland. Results of Model 1, which
show a resemblance to the Zagros fold-and-thrust belt,
could be used to interpret the structural relationship
between the cover and basement in this belt. However,
caution is needed in applying the model results to the
Zagros fold-and-thrust belt. The tectonically thickened
hinterland may obscure the impact of the basement
strike-slip faults on cover sediments, which can be up to
12 km thick in this part of the belt. In addition, a greater
amount of rotation of the fault traces in the cover units
in the hinterland, which has undergone larger amounts
of shortening, may display the traces as oblique thrusts
rather than strike-slip faults. Along these rotated strike-
slip traces, a greater amount of dip-slip is expected to

be accommodated during the collision converting them
to oblique thrusts rather than strike-slip faults. Further-
more, a greater amount of erosion in the uplifted hin-
terland may obscure the surface traces of the basement
strike-slip faults (i.e. their surface expressions).

On the other hand, the model results indicate that
pre- and syn-orogenic activity along basement strike-
slip faults show a great impact on the structural pat-
tern of the cover units in fold-and-thrust belts. Some
of the most prominent basement strike-slip faults such
as the Kazerun fault seem to have been active before
and/or coeval with the formation of the High Zagros
belt, which has been offset along the northern seg-
ment of the Kazerun fault (known also as Dena fault)
(Fig. 8b). However, as can be seen from Figure 8 the
surface expression of the other right-lateral faults (i.e.
the Karebas, Sabzpoushan and Sarvestan faults) is de-
viated significantly from a straight and continuous line
into several left-stepping fault segments while the left-
lateral faults (restricted mainly to the southeastern-
most Zagros) stepped right (Fig. 8a). This can be in-
terpreted as apparent displacement (i.e. separation) of
oblique strike-slip faults along folds and thrusts in the
foreland as the cover shortens with time.

The less well-developed rhombic structures in the
Zagros could also be due to the spacing of the strike-
slip faults. Large spacing between basement strike-slip
faults does not promote the formation of such rhomboid
structures. In the case of widely spaced basement faults,
shortening structures in the cover (anticlines, thrusts
and thrust-related anticlines) develop in areas between
the widely spaced strike-slip faults not directly confined
by the basement faults. Instead, they are displaced, or
bent across the traces of basement faults.

Another reason for the less developed rhombic struc-
tures in the Zagros can be due to the degree of
(de)coupling between cover units and the basement.
Large parts of the southwestern-most segment of the
Zagros fold-and-thrust belt are floored by a thick
layer of Hormuz salt, which deforms in a ductile way.
Moreover, in addition to thick carbonate formations, the
Zagros stratigraphy includes several horizons of thick
and less-competent units of salt, shale and marl. Basal
Hormuz salt and the less-competent units within the
Zagros stratigraphy may decouple the basement from
the cover units preventing basement faults from dir-
ectly propagating upwards into the surface. Displace-
ment along basement faults may be ‘refracted’ across
the less-competent units and initiate a relatively wider
deformation zone within the cover units. It is import-
ant to underline here that some of the basement faults
may have been active throughout the evolution his-
tory of the Zagros where both simultaneous sediment-
ation and basement fault movement have taken place.
In addition to Hormuz salt, the Zagros stratigraphy
includes several mechanically weak formations with
substantial thickness of Late Jurassic (Hith Formation)
and Early Miocene (Gachsaran Formation) ages (Blanc
et al. 2003; Sherkati & Letouzey, 2004; Sepehr & Cos-
grove, 2005; Farzipour-Saein et al. 2009), which may
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Figure 8 (Colour online) (a) Geological map of the SE Zagros fold-and-thrust belt (see Fig. 1 for location), showing distribution of
salt diapirs (red spots), strike-slip faults and whale-back anticlines deformed as rhomboid blocks (denoted by ‘R’) along the strike-slip
faults. (b) Simplified map of the Zagros fold-and-thrust belt showing major discrete orogenic zones and major strike-slip faults.
Right-lateral faults trend NNW while left-lateral faults, dominant in the southeastern-most part of the belt, are trending NE.

have acted as a decoupling agent between the deeper
and shallower units in the Zagros fold-and-thrust belt
and decreased the impact of basement faulting on the
cover and its upwards propagation. And finally, an-
other probable reason for the missing well-developed
rhombic structures in the Zagros is the type of deform-
ation and the nature of structures which formed during
shortening in the cover, especially in the Simply-Folded
Zone and foreland of the belt. Even though many of the
anticlines in the Zagros fold-and-thrust belt are thrust
related, some of the folds in the Zagros are detachment
folds and thereby with less well-defined thrusts. Such
structures show deflection rather than rhombic struc-
tures. Bends in the trends of folds in the Zagros are
well documented and attributed to strike-slip movement
along basement faults (Fig. 9a, b) (Hessami, Koyi &
Talbot, 2001; Sepehr & Cosgrove, 2004; Authemayou
et al. 2005).

6.b. Rhombic versus flower structures

The rhombic structures are similar in appearance to
positive flower structures. Similar to flower structures,
the rhombic structures are bounded on two opposite
sides by thrusts (or oblique thrusts) and on the other
two sides by strike-slip faults (oblique faults), which are
partly overstepped. They develop positive topograph-

ies. However, there are some fundamental differences
between these two types of structures.

(a) The most obvious difference is that the rhombic
structures differ in the sense of movement along the
bounding strike-slip faults. A positive flower structure
forms as a result of a left-step overlap between two dex-
tral strike-slip fault segments, or a right-step overlap
between two sinistral strike-slip fault segments. How-
ever, in the rhombic structures described in this study,
the two sinistral strike-slip fault segments overlap in a
left-step configuration, which should form a structural
low (negative flower structure) instead of a structural
high. Applying this concept to the Alborz, where such
structural highs are documented, reveals some funda-
mental elements for their formation. In order to form
a positive flower structure, the strike-slip faults in the
Alborz, which are in a left-step configuration, need to
be dextral, not sinistral. As such, they are not a classic
positive flower structure.

(b) A second difference between the two kinds of
structures is the dip direction of the thrusts. Unlike
in positive flower structures, where the thrusts dip to-
wards each other, dip direction of thrusts in the rhombic
structures can vary depending on which types of thrusts
(fore- or back-thrusts) the strike-slip faults cross; when
strike-slip faults cross two adjacent fore-thrusts, the
opposite thrusts within the rhombic structure dip in the
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Figure 8 Countinued.

same direction towards the hinterland; when strike-slip
faults cross a fore- and back-thrust pair, the oppos-
ite thrusts within the rhombic structure dip in towards
each other similar to ‘regular’ flower structures or dip
away from each other if the fore-thrust is located in
the hinterland side of the back-thrust; and strike-slip
faults cross-cutting two adjacent back-thrusts produce
a rhombic structure where thrusts dip in the same direc-
tion towards the foreland. Some of these different com-
binations are seen in the Alborz Mountains (Fig. 7).
One of the rhombic structures in the Alborz, located
directly north of Tehran (Fig. 7), shows thrusts dipping
in the same direction (i.e. northwards, this is an excep-
tional case). This structure must be the product of a
combination of two strike-slip faults cutting across two
adjacent fore-thrusts. This is because the thrusts are the
result of regional shortening, not a local shortening due
to strike-slip faulting.

(c) A third difference between the two structures
is the relationship between the thrusts and strike-slip
fault segments. In ‘regular’ flower structures, thrusts
are bounded by the strike-slip faults, i.e. the thrusts
form and are active only within the area bounded by
the strike-slip faults. This does not seem to be the case
in the Alborz where the thrusts associated with the
rhombic structures seem to cut/displace the strike-slip
faults that bound the same rhombic feature. In other
words, the thrusts are not confined to the area defined
by the strike-slip fault segments.

(d) Thrusts in flower structures form as a result of
movement along the strike-slip faults, and as stated
above, are confined within the area of the influence
of the latter. Thrusts in the rhombic structures seen in
the Alborz are not a product of movement along the
strike-slip faults, but have formed owing to regional
shortening. Actually, both formation of the thrusts and
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Figure 9. (Colour online) DEM view of (a) left-lateral displacements and (b) right-lateral displacement of fold axes and development
of rhomboid structures (whale-back anticlines) in the SE Zagros.

movement along the strike-slip faults are the product
of the regional shortening caused by collision.

Our models show that the thrust segments bounding
the rhombic structures rotate with progressive deform-
ation to trends oblique to the bulk shortening direction
(Figs 3–6). Their rotation leads to initiation of oblique
rather than pure dip-slip along them. The degree of
oblique slip along these thrusts depends on the degree
of their rotation. As such, these thrusts which formed
as dip-slip faults would acquire a component of strike-
slip along them albeit dip-slip being the main slip com-
ponent. The same is true for the strike-slip segments
bounding the rhombic structures. The strike-slip faults
acquire some component of dip-slip as they rotate and
thus become oblique slip faults (Figs 3, 4). Such ob-
lique slip faults (both thrust and strike-slip segments
bounding the rhombic structures) are observed in the
Alborz Mountains (Fig. 7).

6.c. Basement faults and their surface traces

The model results show that basement faults leave a
stronger impact on the cover when they are active prior

to cover shortening. In this case, basement faults form
clear traces in the cover and are incorporated within
the structures formed during cover shortening (Model
2; Fig. 4). When cover shortening precedes basement
fault movement, the impact of basement faulting is
most visible through the local bends in the cover struc-
tures in the foreland. Their impact in the hinterland
is not clear (Model 1; Fig. 3). However, during sim-
ultaneous basement faulting and cover shortening, the
impact of basement faults is visible as bends in the
cover structures and less basement traces develop in
the cover units (Model 3; Fig. 5). In contrast to Model
2, the traces of the basement faults are less well defined
in Model 3, and the rhombic structures are less clearly
outlined. These differences are probably due to the fact
that rigid block rotation started from an earlier stage
prior to any cover shortening in Model 2 compared to
Model 3, where basement fault rotation was simultan-
eous with cover shortening. Cover shortening seems to
have diminished and/or overprinted the effect of base-
ment block rotation.

Model results show that the trends of the surface ex-
pression of the basement wrench faults in the cover
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change with progressive shortening (Fig. 6). When
basement faulting is prior to or is simultaneous with
cover shortening, the trends of the surface expression
of the basement faults change from the hinterland to
the foreland. The surface trends form a larger angle
with the shortening direction in the hinterland than
in the foreland where the angle is smaller (Figs 4, 5).
Measurements of traces of the basement fault in the
cover units after some shortening and basement block
rotation show that they start at c. 40° and rotate to c.
70° to the shortening direction at the final stages of
deformation (Figs 4–6). Rotation of the wrench trace
is less likely to solely be due to the rotation of the
basement blocks and could also be caused by deforma-
tion within the cover structures (imbricates/folds) that
thicken and shorten with progressive deformation. As
the fault traces rotate, they increase their angle to the
shortening direction. As a result, they acquire a larger
component of dip-slip and accommodate part of the
cover shortening. As such, the traces of the basement
faults in the cover are not pure strike-slip, but oblique
slip (Figs 3–5). Such oblique slip is shown along some
of the ‘strike-slip’ faults in the Alborz, which are trend-
ing at a high angle to the shortening direction of the
belt (Fig. 7).

The traces of the basement wrench faults do not only
rotate, but are also shifted forwards towards the fore-
land. This ‘shift’ of traces in the cover units rooted in
basement wrench faults towards the foreland, if not ac-
companied by the same amount of deformation in the
basement, may lead to mismatch between the actual
position of a basement fault at depth and its trace in
the cover units (Fig. 6). Basement traces picked out
in the models do not coincide with the actual pro-
jected location of the basement faults (Figs 3–6) in-
dicating a faster foreland ‘migration’ of the traces
than the rate at which the basement blocks (hence the
faults bounding them) rotate. Both the rotation of sur-
face traces of basement faults, and their deformation
and forward migration with the cover structures have
significant implications for correct identification of
position and orientation of the basement faults that
create them. Traces of basement faults depicted in the
cover units in the Zagros may not represent the surface
projection of the actual basement faults. It is easier
to link surface traces with basement faults which are
seismic through their fault plane solutions. However,
aseismic basement faults and uncertainty in position-
ing the focal mechanism of seismic faults renders the
match between basement faults and their surface traces
difficult.

Basement faults which form a high angle to the strike
of cover structures (i.e. small angle to the direction of
bulk shortening) form traces which rotate less and mi-
grate relatively close to the basement fault. This situ-
ation was demonstrated clearly in the models conducted
by Rosas et al. (2014) where the basement fault was
parallel to the shortening direction (i.e. almost ortho-
gonal to the trend of the cover thrusts).

7. Conclusions

Model results helped to define the tectonic link between
basement strike-slip faults and deformation in cover
units in natural fold-and-thrust belts such as the Alborz
and Zagros mountains.

(1) Basement block rotation about their vertical
axes, their timing and their associated strike-slip faults
have a great impact on the pattern of cover deformation
in fold-and-thrust belts. Aside from displacing surface
structures in a strike-slip mode, rotation of basement
blocks prior to or simultaneously with cover shorten-
ing results in the formation of cover blocks that exhibit
rhombic shapes. These rhombic blocks are totally dif-
ferent in genesis from positive flower structures which
develop in transfer zones, where displacement is con-
veyed from one fault segment to another in systems
of stepped strike-slip faults. In other words, the co-
eval activity of oblique basement strike-slip faults and
shortening of the overlying cover leads to the formation
of a typical structural pattern which could not be solely
formed along straight strike-slip faults.

(2) The typical rhombic pattern produced in the
models can be used to derive the kinematic models of
the active crustal deformation in fold-and-thrust belts.
This pattern we recognized in the southeastern-most
part of the Zagros coincides completely with the pre-
vious claims of clockwise rotation of basement blocks
about vertical axes. The rhombic pattern we detected
within the central-west Alborz may suggest clockwise
rotation of basement blocks about vertical axes res-
ulting in left-lateral motion along faults bounding the
blocks contemporaneous with N–S shortening of the
cover.

(3) Interaction between traces of the basement faults
and thrusts in the cover result in bending of the surface
expression of structures, including folding, and may
give a wavy pattern to the deformation front of a fold-
and-thrust belt.

(4) Model results show that the accurate location
of basement strike-slip faults is often disturbed by the
cover structures overriding and/or deforming their sur-
face traces as the deformation front migrates forwards.
Thus, our models can be invoked to map the locations of
the basement faults where obscured beneath the cover.

Acknowledgements. Constructive and detailed comments
of Filipe M. Rosas improved both the content and presenta-
tion of this article. We also thank the Editor Jonas Ruh for
help during handling of the manuscript. HAK and FN are
funded by the Swedish Research Council (VR).

References

AGARD, P., OMRANI, J., JOLIVET, L., WHITECHURCH, H.,
VRIELYNCK, B., SPAKMAN, W., MONIÉ, P., MEYER, B.
& WORTEL, R. 2011. Zagros orogeny: a subduction-
dominated process. In Geodynamic Evolution of the
Zagros (eds O. Lacombe, B. Grasemann & G. Simpson).
Geological Magazine 148, 692–725.

https://doi.org/10.1017/S0016756816000595 Published online by Cambridge University Press

https://doi.org/10.1017/S0016756816000595


842 H . KOY I , F. N I L F O U RO U S H A N & K . H E S S A M I

ALLEN, M. B., GHASSEMI, M. R., SHAHRABI, M. & QORASHI,
M. 2003. Accommodation of late Cenozoic oblique
shortening in the Alborz range, northern Iran. Journal
of Structural Geology 25, 659–72.

ALLEN, M., JACKSON, J. & WALKER, R. 2004. Late
Cenozoic reorganization of the Arabia-Eurasia col-
lision and the comparison of short-term and long-
term deformation rates. Tectonics 23, TC2008. doi:
10.1029/2003TC001530.

AUBOURG, C., SMITH, B., BAKHTARI, H., GUYA, N., ESHRAGI,
A., LALLEMANT, S., MOLINARO, M., BRAUD, X. &
DELAUNAY, S. 2004. Post-Miocene shortening pictured
by magnetic fabric across the Zagros–Makran syn-
taxis. In Orogenic Curvature: Integrating Palaeomag-
netic and Structural Analyses (ed. A. B. Sussman), pp.
17–40. Geological Society of America, Special Papers
no. 383.

AUTHEMAYOU, C., BELLIER, O., CHARDON, D., MALEKZADE,
Z. & ABBASSI, M. 2005. Role of Kazerun fault system
in active deformation of the Zagros fold-and-thrust belt
(Iran). Comptes Rendus de l’ Academie des Sciences
337, 539–45.

BACHMANOV, D. M., TRIFONOV, V. G., HESSAMI, K.,
KOZHURIN, A. I., IVANOVA, T. P., ROGOZHI, E. A.,
HADEMI, M. C. & JAMALI, F. H. 2004. Active faults in
the Zagros and central Iran. Tectonophysics 380, 221–
41.

BARZEGAR, F. 1994. Basement fault mapping of E Zagros fol-
ded belt (SW Iran) based on space-born remotely sensed
data. In Proceedings of the 10th Thematic Conference
on Geologic Remote Sensing: Exploration, Environment
and Engineering, pp. 455–66. San Antonio, Texas.

BERBERIAN, M. 1995. Master “blind” thrust faults hid-
den under the Zagros folds: active basement tecton-
ics and surface morphotectonics. Tectonophysics 241,
193–224.

BLANC, E. J. P., ALLEN, M. B., INGER, S. & HASSANI, H. 2003.
Structural styles in the Zagros simple folded zone, Iran.
Journal of the Geological Society, London 160, 401–12.

BRACE, W. F. & KOHLSTEDT, D. 1980. Limits on lithospheric
stress imposed by laboratory measurements. Journal of
Geophysical Research 85, 6248–52.

COTTON, J. & KOYI, H. A. 2000. Modelling of thrust fronts
above ductile and frictional décollements; examples
from the salt range and Potwar Plateau, Pakistan. Geo-
logical Society of America Bulletin 112, 351–63.

DASGUPTA, S., MUKHOPADHYAY, M. & NANDY, D. R. 1987.
Active transverse features in the central portion of the
Himalaya. Tectonophysics 136, 255–64.

DAVY, P. & COBBOLD, P. R. 1991. Experimental and numer-
ical modeling of continental deformation. In Experi-
ments on Shortening of 4-Layer Model of Continental
Lithosphere (ed. P. R. Cobbold). Tectonophysics 188,
1–25.

DJAMOUR, Y., VERNANT, P., BAYER, R., NANKALI, H. R.,
RITZ, J. F., HINDERER, J., HATAM, Y., LUCK, B.,
LEMOIGNE, N., SEDIGHI, M. & KHORRAMI, F. 2010.
GPS and gravity constraints on continental deformation
in the Alborz mountain range, Iran. Geophysical Journal
International 183, 1287–301.

DOOLEY, T. P. & SCHREURS, G. 2012. Analogue modelling
of intraplate strike-slip tectonics: a review and new ex-
perimental results. Tectonophysics 574–575, 1–71.

DUARTE, J. C., ROSAS, F. M., TERRINHA, P., GUTSCHER, M.-
A., MALAVIEILLE, J., SILVA, S. & MATIAS, L. 2011.
Thrust–wrench interference tectonics in the Gulf of
Cadiz (Africa–Iberia plate boundary in the North-East

Atlantic): insights from analog models. Marine Geology
289, 135–49.

EDGELL, H. S. 1996. Salt tectonics in the Persian Gulf
basin. In Salt Tectonics (eds G. L. Alsop, D. L. Blundell,
I. Davison), pp. 129–51. Geological Society of London,
Special Publication no. 100.

ENGLAND, P. & MOLNAR, P. 1990. Right-lateral shear and ro-
tation as the explanation for strike-slip faulting in eastern
Tibet. Nature 344, 140–2.

FALCON, N. L. 1974. Southern Iran: Zagros mountains. In
Mesozoic–Cenozoic Orogenic Belts (ed. A. Spencer),
pp. 199–211. Geological Society of London, Special
Publication no. 4.

FARAHPOUR, M. M. & HESSAMI, K. 2012. Cretaceous se-
quence of deformation in the SE Zagros fold thrust belt.
Journal of the Geological Society, London 169, 733–43.

FARZIPOUR-SAEIN, A., NILFOUROUSHAN, F. & KOYI, H. A.
2013. The effect of basement step/topography on the
geometry of the Zagros fold and thrust belt (SW Iran):
an analogue approach. International Journal of Earth
Sciences 102, 2117–35.

FARZIPOUR-SAEIN, A., YASSAGHI, A., SHERKATI, S. & KOYI,
H. 2009. Basin evolution of the Lurestan region in
Zagros fold-and-thrust belt, Iran. Journal of Petroleum
Geology 32, 5–20.

FÜRST, M. 1990. Strike-slip faults and diapirism of the south-
eastern Zagros ranges. In Proceeding of the Symposium
on Diapirism, Bandar Abbas, Hormozgan, Iran 2, 149–
81.

GODIN, L. & HARRIS, L. B. 2014. Tracking basement cross-
strike discontinuities in the Indian crust beneath the
Himalayan orogen using gravity data – relationship to
upper crustal faults. Geophysical Journal International
198, 198–215.

GUEST, B., AXEN, G. J., LAM, P. S. & HASSANZADEH, J. 2006.
Late Cenozoic shortening in the west-central Alborz
Mountains, northern Iran, by combined conjugate strike-
slip and thin-skinned deformation. Geosphere 2, 35–52.

HESSAMI, K., KOYI, H. A. & TALBOT, C. J. 2001. The signific-
ance of strike-slip faulting in the basement of the Zagros
fold and thrust belt. Journal of Petroleum Geology 24,
5–28.

HESSAMI, K., KOYI, H. A., TALBOT, C. J., TABASI, H.
& SHABANIAN, E. 2001. Progressive unconformities
within an evolving foreland fold–thrust belt, Zagros
Mountains. Journal of the Geological Society, London
158, 969–81.

HOLLINGSWORTH, J., JACKSON, J., WALKER, R., GHEITANCHI,
M. R. & BOLOURCHI, M. J. 2006. Strike-slip faulting,
rotation and along-strike elongation in the Kopeh Dagh
Mountains, NE Iran. Geophysical Journal International
166, 1161–77.

HOSHINO, K., KOIDE, H., INAMI, K., IWAMURA, S. & MITSUI,
S. 1972. Mechanical properties of Japanese Tertiary sed-
imentary rocks under high confined pressure. Geolo-
gical Survey of Japan Report 244, 1–200.

JACKSON, J., PRIESTLEY, K., ALLEN, M. & BERBERIAN, M.
2002. Active tectonics of the South Caspian Basin. Geo-
physical Journal International 148, 214–45.

JOUDAKI, M., FARZIPOUR-SAEIN, A. & NILFOUROUSHAN, F.
2016. Kinematics and surface fracture pattern of the
Anaran basement fault zone in NW of the Zagros fold-
thrust belt. International Journal of Earth Sciences 105,
869–83.

KARIM, K. H., KOYI, H., BAZIANY, M. M. & HESSAMI, K.
2011. Significance of angular unconformities between
Cretaceous and Tertiary strata in the northwestern

https://doi.org/10.1017/S0016756816000595 Published online by Cambridge University Press

http://dx.doi.org/10.1029/2003TC001530
https://doi.org/10.1017/S0016756816000595


Modelling basement faulting–cover interaction 843

segment of the Zagros fold–thrust belt, Kurdistan Re-
gion, Iraq. Geological Magazine 148, 925–39.

KENT, P. E. 1979. The emergent Hormuz salt plugs of south-
ern Iran. Journal of Petroleum Geology 2, 117–44.

KOOP, W. J. & STONELEY, R. 1982. Subsidence history of the
Middle East Zagros basin, Permian to Recent. Philo-
sophical Transactions of the Royal Society of London
305, 149–68.

KOYI, H. A. 1988. Experimental modeling of the role of grav-
ity and lateral shortening in the Zagros mountain belt.
American Association of Petroleum Geologists Bulletin
72, 1381–94.

KOYI, H. A. 2001. Modelling the influence of sinking anhyd-
rite blocks on salt diapirs targeted for hazardous waste
disposal. Geology 29, 387–90.

KOYI, H. A., GHASEMI, A., HESSAMI, K. & DIETL, C. 2008.
The mechanical relationship between strike-slip faults
and salt diapirs in the Zagros fold–thrust belt. Journal
of the Geological Society, London 165, 1031–44.

KOYI, H. A. & PETERSEN, K. 1993. The influence of basement
faults on the development of salt structures in the Danish
Basin. Marine and Petroleum Geology 10, 82–94.

KOYI, H. A. & VENDEVILLE, B. C. 2003. The effect of dé-
collement dip on geometry and kinematics of model
accretionary wedges. Journal of Structural Geology 25,
1445–50.

KUHN, D. & REUTHER, C. D. 1999. Strike-slip faulting and
nested block rotations: structural evidence from the
Cordillera de Domeyko, northern Chile. Tectonophys-
ics 313, 383–98.

MAILLET, B. & KOYI, H. A. 2006. Thrust dips and refrac-
tion in fault-bend faults: analogue experiments and the-
oretical predictions. Journal of Structural Geology 28,
36–49.

MCQUILLAN, H. 1973. A geological note on the Qir earth-
quake, SW Iran, April 1972. Geological Magazine 110,
243–48.

MCQUILLAN, H. 1991. The role of basement tectonics in the
control of sedimentary facies, structural patterns and salt
plug emplacements in the Zagros fold belt of Southwest
Iran. Journal of Southeast Asian Earth Sciences 5, 453–
63.

MOLINARO, M., LETURMY, P., GUEZOU, J.-C. FRIZON DE

LAMOTTE, D. & ESHRAGHI, S. A. 2005. The structure
and kinematics of the south-eastern Zagros fold-thrust
belt; Iran: from thin-skinned to thick-skinned tectonics.
Tectonics 24, TC3007. doi: 10.1029/2004TC001633.

MOSAR, J. 1999. Present-day and future tectonic under-
plating in the western Swiss Alps: reconciliation of
basement/wrench-faulting and décollement folding of
the Jura and Molasse basin in the Alpine foreland. Earth
and Planetary Science Letters 173, 143–55.

MOUSAVI, Z., WALPERSDORF, A., WALKER, R. T., TAVAKOLI,
F., PATHIER, E., NANKALI, H., NILFOUROUSHAN, F. &
DJAMOUR, Y. 2013. Global Positioning System con-
straints on the active tectonics of NE Iran and the South
Caspian region. Earth and Planetary Science Letters
377–378, 287–98.

MOUTHEREAU, F. & LACOMBE, O. 2006. Inversion of the Pa-
leogene Chinese continental margin and thick-skinned
deformation in the Western Foreland of Taiwan. Journal
of Structural Geology 28, 1977–93.

MOUTHEREAU, F., LACOMBE, O. & VERGEZ, J. 2012. Building
the Zagros collisional orogen: timing, strain distribution
and the dynamics of Arabia/Eurasia plate convergence.
Tectonophysics 532–535, 27–60.

National Iranian Oil Company. 1975. Geological Cross Sec-
tions South-Central Iran. Scale 1: 500,000. Tehran, Iran:

National Iranian Oil Company, Exploration and Produc-
tion.

National Iranian Oil Company. 1976. Geological Cross Sec-
tions South-west Iran and Northern Persian Gulf. Scale
1: 500,000. Tehran, Iran: National Iranian Oil Company,
Exploration and Production.

NILFOROUSHAN, F., KOYI, H., SWANTESSON, J. & TALBOT,
C. J. 2008. Effect of basal friction on surface and volu-
metric strain in models of convergent settings meas-
ured by laser scanner. Journal of Structural Geology 30,
366–79.

NILFOROUSHAN, F., MASSON, F., VERNANT, P., VIGNY,
C., MARTINOD, J., ABBASSI, M., NANKALI, H.,
HATZFELD, D., BAYER, R., TAVAKOLI, F., ASHTIANI,
A., DOERFLINGER, E., DAIGNIÈRES, M., COLLARD,
P. & CHÉRY, J. 2003. GPS network monitors the
Arabia–Eurasia collision deformation in Iran. Journal
of Geodesy 77, 411–22.

O’BRIEN, C. A. E. 1957. Salt diapirism in south Persia. Geo-
logie en Mijnbouw 19, 357–76.

RAMSAY, J. G. & HUBER, M. I. 1987. The Techniques of Mod-
ern Structural Geology. Volume 2: Folds and Fractures,
pp. 309–700. London: Academic Press.

RITZ, J. F., NAZARI, H., GHASSEMI, A., SALAMATI, R.,
SHAFEI, A., SOLAYMANI, S. & VERNANT, P. 2006. Act-
ive transtension inside central Alborz: a new insight into
northern Iran–southern Caspian geodynamics. Geology
34, 477–80.

ROSAS, F. M., DUARTE, J. C., SCHELLART, W. P., TOM, R.,
GRIGOROVA, V. & TERRINHA, P. 2014. Analogue model-
ling of different angle thrust-wrench fault interference
in a brittle medium. Journal of Structural Geology 74,
81–104.

SCHELLART, W. 2000. Shear test results for cohesion and fric-
tion coefficients for different granular materials: scaling
implications for their usage in analogue modelling. Tec-
tonophysics 324, 1–16.

SENGÖR, A. M. C., ALTINER, D., CIN, A., USTAOMER, T. &
HSU, K. J. 1988. Origin and assembly of the Tethyside
orogenic collage at the expense of Gondwana Land. In
Gondwana and Tethys (eds M. G. Audley-Charles &
A. Hallman), pp. 119–81. Geological Society of Lon-
don, Special Publication no. 37.

SEPEHR, M. & COSGROVE, J. W. 2004. Structural framework
of the Zagros Fold-Thrust Belt, Iran. Marine and Petro-
leum Geology 21, 829–43.

SEPEHR, M. & COSGROVE, J. W. 2005. Role of the Kazerun
Fault zone in the formation and deformation of the
Zagros Fold-Thrust Belt, Iran. Tectonics 24, TC5005.
doi: 10.29/2004TC001725.

SHERKATI, S. & LETOUZEY, J. 2004. Variation of structural
style and basin evolution in the central Zagros (Izeh zone
and Dezful Embayment), Iran. Marine and Petroleum
Geology 21, 535–54.

SOLAYMANI AZAD, S., RITZ, J.-F. & ABBASSI, M. R. 2011.
Left-lateral active deformation along the Mosha–North
Tehran fault system (Iran): morphotectonics and pa-
leoseismological investigations. Tectonophysics 497, 1–
14.

STAMPFLI, G., MARCOUX, J. & BAUD, A. 1991. Tethyan
margins in space and time. Palaeogeography. Palaeo-
climatology, Palaeoecology 87, 373–409.

STONELEY, R. 1981. The geology of the Kuh-e Dalneshin
area of southern Iran, and its bearing on the evolution
of southern Tethys. Journal of the Geological Society,
London 138, 509–26.

TALEBIAN, M. & JACKSON, J. 2004. A reappraisal of earth-
quake focal mechanisms and active shortening in the

https://doi.org/10.1017/S0016756816000595 Published online by Cambridge University Press

http://dx.doi.org/10.1029/2004TC001633
http://dx.doi.org/10.29/2004TC001725
https://doi.org/10.1017/S0016756816000595


844 Modelling basement faulting–cover interaction

Zagros mountains of Iran. Geophysical Journal Inter-
national 156, 506–26.

VALDIYA, K. S. 1976. Himalayan transverse faults and folds
and their parallelism with subsurface structures of North
Indian plains. Tectonophysics 32, 353–86.

VERNANT, P., NILFOROUSHAN, F., CHERY, J., BAYER, R.,
DJAMOUR, Y., MASSON, F., NANKALI, H., RITZ, J. F.,
SEDIGHI, M. & TAVAKOLI, F. 2004a. Deciphering oblique
shortening of central Alborz in Iran using geodetic data.
Earth and Planetary Science Letters 223, 177–85.

VERNANT, P., NILFOROUSHAN, F., HATZFELD, D., ABBASSI, M.
R., VIGNY, C., MASSON, F., NANKALI, H., MARTINOD,
J., ASHTIANI, A., BAYER, R., TAVAKOLI, F. & CHÉRY, J.
2004b. Present-day crustal deformation and plate kin-
ematics in the Middle East constrained by GPS measure-
ments in Iran and northern Oman. Geophysical Journal
International 157, 381–98.

WAFFEL, L., GODIN, L. & HARRIS, L. B. 2014. Role of react-
ivated basement faults in localizing deformation in the
upper crust: insights from centrifuge analogue model-
ling. Paper No. 91-6, GSA Annual Meeting. Vancouver,
British Columbia.

WEIJERMARS, R., JACKSON, M. P. A. & VENDEVILLE, B.
C. 1993. Rheological and tectonic modeling of salt
provinces. Tectonophysics 217, 143–74.

YASSAGHI, A. & NAEIMI, A. 2011. Structural analysis of
the Gachsar sub-zone in central Alborz range; constrain
for inversion tectonics followed by the range transverse
faulting. International Journal of Earth Sciences 100,
1237–49.

ZARIFI, Z., NILFOUROUSHAN, F. & RAEESI, M. 2014. Crustal
stress map of Iran: insight from seismic and geo-
detic computations. Pure and Applied Geophysics 171,
1219–36.

https://doi.org/10.1017/S0016756816000595 Published online by Cambridge University Press

https://doi.org/10.1017/S0016756816000595

	1. Introduction
	2. Geological framework
	3. Model setup
	4. Scaling
	5. Results
	6. Discussion
	6.a. Field observations
	6.a.1. Alborz Mountains
	6.a.2. Zagros fold-and-thrust belt

	6.b. Rhombic versus flower structures
	6.c. Basement faults and their surface traces

	7. Conclusions
	Acknowledgements
	References

