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Introduction: The East Iran orogen has experienced multiple buckling phases
resulting in the formation of strike-slip fault splays. The geometric and kinematic
characteristics of these splays are influenced by folding mechanisms. This study
focuses on investigating the structural characteristics and tectonic evolution
model of the Khousf splay, located in the northern terminus of the Nehbandan
right-lateral strike-slip fault system.

Methods: Field visits and geometrical properties from map views were used to
analyze the structural features of the Khousf splay. The splay was found to consist
of a multi-plunging anticline and syncline, referred to as the Khousf anticline and
Khousf syncline, respectively. Flexural slip was identified as a significant
mechanism for the formation of these structures. Structural evidence,
including parasitic folds, active folds, and strike-slip duplexes, suggested that
flexural slip occurred on discrete movement horizons among the rock units.

Results: Analysis of the parasitic folds in the cores and limbs of the Khousf anticline
and syncline revealed M, W, Z, and S shapes, with complex slicken-line patterns
observed on faults parallel to the beds at the limbs. The analysis results indicated
strain partitioning and inclined left- and right-lateral transpressional zones.
Shortening estimates obtained from profiles in the Shekarab inclined
transpressional zone were approximately 33%, 65%, and 68% for NE-SW, N-S,
and NW-SE profiles, respectively. In the Arc area, which is the core of the anticline,
shortening estimates from NE-SW and N-S profiles ranged from 14% to 10%.
Structural analysis of the folds in this area revealed broad, close, semi-elliptical,
and parabolic shapes, suggesting that secondary folds with NW-SE axis directions
have been superimposed on the first-generation folds with E-W axis directions in
the Khousf refolded splay.

Discussion: The findings of this study highlight the structural characteristics and
tectonic evolution model of the Khousf splay in the northern terminus of the
Nehbandan right-lateral strike-slip fault system. The results suggest that flexural
slip played a crucial role in the formation of the multi-plunging anticline and
syncline in the Khousf splay. The presence of parasitic folds and complex slicken-
line patterns on faults indicate the complexity of deformation processes. The
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observed strain partitioning and inclined transpressional zones suggest a complex
tectonic history in the study area. The superimposition of secondary folds with
different axis directions on first-generation folds adds further complexity to the
structural evolution of the Khousf refolded splay. Overall, this study provides new
insights into the structural characteristics and tectonic evolution of the Khousf splay
in the East Iran orogen.

KEYWORDS

structural geology, parasitic folds, strain, shortening estimation, refolding, inclined
transpression

1 Introduction

Displacement models of the fold formations have been
extensively studied through laboratory experiments and the
simple card method (e.g., Shiells, 1963; Hibbard et al., 2004).
The mathematical analysis of fold geometry, specifically the strain
matrix, determines the overall strain field in the folded layers. The
strains in various types of buckle folds are examined using the
models of flexural-flow, flexural-slip, tangential longitudinal
strain, inverse tangential longitudinal strain, and the effects of
prefold strains arising from initial compaction, parallel layer
shortening, and oblique early tectonic strains (Twiss and
Moores, 2007; Fossen, 2016; Ghanbarian et al., 2021). The
development of small-scale structural features in different
parts of a fold depends on the large-scale fold geometry with a
specific mechanism (Davis, 2014; Ghanbarian and Derakhshani,
2022a). The significance of slipping of folding layers has been
investigated to provide valuable information about the large-scale
tectonic structure and tectonic evolution model of the geological
structures (Geoff Tanner, 1989; Ghanbarian and Derakhshani,
2022b).

In strike-slip faults terminations, the displacements are
distributed through several branching splay faults. Synthetic
and antithetic splay faults at the terminal tips of strike-slip
faults usually have a vertical component consistent with the
compressional or extensional character of the fault
termination. The compressional horsetail splays can present
thrust faults and folds at strike slip faults tips (Kim et al.,
2004). The multiple buckling phases of orogenic belts during
different geologic periods can form the refolding features in
various scales within the compressional fault splay (Ghosh
et al., 1993). One of the unique regions on the Earth’s surface,
which includes large-scale compressional splays, is known as the
East Iran orogen region (Rashidi et al., 2022c) within the
framework of the Alpine-Himalaya orogenic system (Figure 1).

Geodynamics of structural subzones of the Iranian plate, which
located in the Alpine-Himalaya orogenic belt, are dependent on the
convergence of the Arabian plate with the Eurasian plate (Jackson
and McKenzie, 1984) (Figure 1A). Its major structural subzones
include Central Iran (CI), the NW-SE Zagros orogenic belt (Kamali
et al., 2023) to the southwest, the E-WMakran (Ma) to the southeast,
the E-W Alborz (AM)-Kopeh Dagh (KD) to the north, and the N-S
Eastern Iran orogen (EOI) (Ezati et al., 2022a; 2022b) to the east of
Iran (Figure 1B). The dominating crustal deformation in the East
Iran orogen (EOI) and Central Iran (CI) (including the Lut (LB),
Tabas (Ta), and Yazd (Ya) crustal blocks) are accommodated by

crustal shortening and vertical axis fault-block rotations (Walker
and Khatib, 2006) and control the present kinematics of them.

The N-S Nehbandan right-lateral strike-slip fault system with
a length of ~600 km, which includes two west Neh (W.F.) and east
Neh (E.F.) branches, overprints Eastern Iran orogen (EOI) and
separates the Lut block (LB) from the Afghan block (AB)
(Figure 1B) (Şengör et al., 1988). The northern terminal of the
fault ends in the E-W and NW-SE faults (Walker and Khatib,
2006), where the most dominant splays, including Khousf,
Birjand, Sedeh, Abiz, Nowzad, Hashtoogan, and Qaryan
(Figure 1C). According to the rheology of the splays rock
units, their deformation type can be generally divided into two
categories: brittle and ductile deformation.

The Birjand splay, with its brittle characteristics, separates the
Tertiary ophiolite rock units from the Quaternary alluvial covers to
the north and south (Walker and Khatib, 2006). The kinematic of
the Birjand splay has been controlled by dominant N-S right-lateral
strike-slip, NW-SE oblique, and E-W left-lateral strike-slip faults.
The western part of the Splay follows the left-lateral transpressional
model, and its eastern part follows the push-up structures at the N-S
strike-slip stepovers (Rashidi et al., 2022c).

The Khousf splay in the north of Birjand, a part of the old
isolated splay or a part of the Qaen allochthonous belt (Bagheri and
Damani Gol, 2020), includes more ductile deformation. Its rock
units are mostly sedimentary and volcano-sedimentary. Folds with
different geometries and axial-trace directions, parasitic folds (or
passive flow folding), shear duplexes, and faults parallel to the beds
are the essential features of the splay. In the Khousf splay (as a large-
scale refolded platform), due to different buckling phases of the East
Iran orogen, a series of secondary folds had been superimposed on
the previous folds. In this research, to determine the tectonic
evolution model of the Khousf splay (as a ductile splay in the
East Iran orogen), we investigated the geometric-kinematic
relationship of the small-scale structural features with the large-
scale refolded platform. A combination of structural cross-sections
and their balance, amount of crustal shortening, current, and paleo-
stress were required to achieve this goal. We specifically selected two
areas “Arc” and “Shekarab,” within Khousf splay to calculate the
crustal shortening and determine the geometry of the fold using
different geometric methods. We investigated the folding
mechanisms in these areas and all over the Khousf splay as an
essential factor in the formation of geological structures and
presented a new tectonic evolution model of the small and large-
scales features.

This study presents new data on the identification of folds, faults,
and their mechanism, and the fusion of multiple buckling phases of
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East Iran orogen with the field and satellite data in order to
investigate the structural characteristic of the north part of the
East Iran orogen in the framework of the Eurasia-India and Arabia
convergence. Therefore, our aims in this research are to decipher: (i)
how folds superimposed on each other during the buckling phases of
the East Iran orogenic; (ii) how N-S right-lateral shearing between
the Lut block and Afghan block, and E-W left-lateral shearing within
the Eastern Iran orogen (EOI) have been accommodated through
large/small scale refolding in the compressional terminus of the
strike-slip faults, and (iii) role of fold mechanisms in the
tectonic configuration and geometric and kinematic analysis of
orogenic belts.

2 Tectonic setting

The Iranian plateau, one of the important sub-plateaus of the
Alpine-Himalaya orogenic belt, has formed due to the
progressive closure of the Tethys oceans and the continental
collisions (Stocklin, 1968; Derakhshani and Farhoudi, 2005; Qiu
et al., 2016; 2022). The northern mountain ranges of the Iranian
plateau (e.g., E-W Alborz and Kopeh-Dagh ranges) were the
results of different tectonic occurrences from the late Triassic
Cimmerian orogeny to the current-day stage of intra-continental
deformation resulting from the Arabian- Eurasian convergence
(Sengoer, 1979; Berberian and King, 1981; Şengör, 1984). The

FIGURE 1
Tectonic position of the study area. (A) The SRTM30 map of the Alpine-Himalaya orogenic system resulted from the convergence of the Eurasian
plate with the African, Arabian, and Indian plates. The velocities vectors of the GPS are relative to the Eurasian reference frame (Vernant et al., 2004). (B)
The regional structures of the Arabia- Eurasia convergence and the position of the Eastern Iran orogen. Abbreviations: EOI = Eastern Iran orogen; Ca =
Caucasus; KD = Kopet Dagh; AM = Alborz Mountains; Tal = Talesh; MIG = zone of metamorphic rocks and intruded granitoides; CIM= Central
Iranian Microcontinent; Ta = Tabas; Ya = Yazd; Cl = Central Iran; AB = Afghan block; LB = Lut block; ZOB = Zagros orogenic belt; Ma = Makran; JD =
Jazmurian depression; OR = ophiolitic rocks; E F. = East Neh fault; W. F. = West Neh fault; N. F. = Nosratabad fault K. F. = Kahourak fault; Z. F. = Zahedan
fault; D. F. = Dashte Bayaz fault; Do. F = Doruneh fault; S.F.= Sabzevaran fault; GF. = Gowk fault; Na.F. = Nayband fault; AF. = Ashkabad fault; A.S.F. =
Apsheron Sill fault. (C) The compressional splays of the right-lateral faults termination in the northern part of the East Iran orogen. D F. = Dasht-e Bayaz
fault; AF = Abiz fault; S F. = Sedeh fault; Fw F. = Ferdows fault; Ag F. = Abegarm fault; EN F. = East Neh fault; WN F. = West Neh fault; E F. = Esmaeilabad
fault; FF = Fanud fault. (D) Close-up view of the Khousf splay (or Khousf folded platform). See its geological details in Figure 2.
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Cimmerian orogeny, which has affected the Eurasian marine
from Turkey to Thailand, has been caused due to the early
Mesozoic collision of some micro-plates separated from the
Gondwana continent (Stocklin, 1974; Stampfli et al., 1991).
From the late Cretaceous to the Paleocene, tectonic
movements dependent on the Laramide orogeny, leading to a
compressional mechanism, has occurred along the ranges,
marked by the faulting and the folding of Cretaceous to
Paleocene rock units (Stocklin, 1974). In the northern part of
the ranges, marine deposition of Paleocene is visible, while no
sign of Eocene rock units was seen. However, relics of reworked
Eocene fauna in younger rock units show that Eocene rocks were

eroded after the onset of orogenic uplift in the Oligocene
(Ghassemi, 1990), such as Pyrenean orogenic.

The southern mountain ranges of the Iranian plateau (e.g.,
NW-SE Zagros and E-W Makran ranges) were formed due to the
subduction of the Neotethyan oceanic crust beneath Central Iran
after the late Jurassic, which is still active in the Makran area
(Derakhshani et al., 2023). In the N-S eastern mountain range of
the Iranian plateau, the Sistan suture zone (Freund, 1970) has
resulted from the closing of the Sistan ocean (Camp and Griffis,
1982) as a back-arc zone of the Neotethys oceanic domain in the
late Cretaceous (Berberian and Berberian, 1981). The
geochemical characteristics of the post-late Cretaceous rock

FIGURE 2
Geological and structural map of the Khousf folded platform. (A) Geological map of the area. The black polygon shows the position of the Khousf
folded platform, which includes the Khousf anticline and syncline. (B) Structural map of the folded platform.White and blue polygons show the position of
the folded platform and the following figures, respectively.
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units are generally consistent with this geodynamic scenario.
Currently, East Iran’s orogen follows a curved pattern to the
east and west in its southern and northern domains, respectively
(Figure 1B). This orogenic belt which is located between the
Afghan block in the east and sub-zones of Central Iran (e.g., the
Lut block) in the west includes the fastest-slipping faults in
eastern Iran (Figure 1B) (Walker and Khatib, 2006; Mehrabi
et al., 2021; Rashidi et al., 2021). The Nehbandan (West Neh and
East Neh branches), Nosrat-Abad and Kahourak faults within the
East Iran orogen constitute the eastern boundary of the Lut block,
and the Sabzevaran, Gowk, and Nayband faults determine the
western boundary of the Lut block (Figure 1B) (Hashemi et al.,
2018; Rashidi et al., 2020). These active faults are laterally slipping
at a rate of 5.6 ± 0.6 mm/yr and 4.4 ± 0.4 mm/yr, respectively
(Walpersdorf et al., 2014). The maximum stress direction (σ1) in
the East Iran orogen was determined by the weighted average of
the focal mechanism stress inversion, seismic strain rate, and

geodetic strain rate at about N36°E (Nemati and Derakhshani,
2021; Rashidi et al., 2022b). This stress direction is positively
correlated with the current mechanism of the faults in the area so
that the NS and EW faults, respectively, display dominant right-
lateral and left-lateral movements, and the NW-SE faults indicate
the reverse movement (Walker and Khatib, 2006; Rashidi et al.,
2022c). Some of these faults caused destructive earthquakes such
as the Mw 7.2, 1997, Zirkuh (Berberian et al., 1999), the Mw 7.1,
1968, west Dasht-e Bayaz (Ambraseys and Tchalenko, 1969), the
Mw 7.1, 1979, Khuli-Boniabad (Nowroozi and Mohajer-Ashjai,
1980), and the Mw 6.2, 1968, Ferdows (Walker et al., 2003).

The East Iran orogen displays some splays of shear and thrust
sheets with rocks of different origins (Camp and Griffis, 1982). The
Cenozoic volcanic to subvolcanic rocks that have been mildly
deformed are emplaced on the orogenic belt surrounding the
region. The sedimentary basins of eastern Iran were elongated
basins filled with a large volume of turbiditic and pelagic

FIGURE 3
Folds of the Shekarab area. (A) The Bing map aerial imagery of the Shekarab folds (T1 to T6). (B) Geological map of the Shekarab folds. The blue lines
(A–D) show the positions of the geological profiles in this research.
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sediments (Tirrul et al., 1983), called the flysch zone of east Iran
(Eftekharnezhad, 1980).

The northern domain of the Sistan orogenic belt had been
considered as accretionary prisms, including two late
Cretaceous-lower Eocene ophiolitic complexes of Neh and
Ratuk with the sediment deposits of the Sefidabeh forearc
basin (Tirrul et al., 1983). The Sefidabeh basin includes clastic
sediments with episodes of carbonate sediments and calc-alkaline
volcanism. The Sefidabeh basin and its basement were severely
deformed by post-late Cretaceous faulting and folding (Tirrul
et al., 1983). This research focused on the northern domain of the
East Iran orogen (Khousf splay) in the north-northwest of the
Birjand, with mostly folded sedimentary and volcanic deposits
(Figure 2).

3 Data and methodology

To investigate the post-Cretaceous tectonic evolution model of
the Khousf folded platform (Khousf splay) and its smaller-scale
structural features, we employed an integrated approach that
combined field evidence with satellite image analysis. During
field visits, the geometric and kinematic characteristics of the
faults, such as the orientation of the faults and their slickenlines,
and the attitude of the rock units, including strike, dip, and dip
direction, were carefully determined (Federico et al., 2014). The data

was collected using classical methodologies, such as the use of a
compass, goniometer, and tiltmeter.

The flexural slip, which is a mechanism for the formation of
some faults (e.g., strike-slip faults) and folds (e.g., chevron, parallel
folds), involves the interlayer sliding towards the anticlinal and
synclinal axes during the folding (van Hise and Hoskins, 1896; Leith,
1923). According to the sliding direction on the fold limbs, flexing of
the beds can create parasitic folds (or flexural flow folding) within
each bed of the flexural slip fold (Cloos and Martin, 1932). In the
field visits of the large-scale Khousf folded platform, we examined
the interlayer sliding surfaces amount of slip on each surface, and we
investigated the parasitic folds on the satellite images.

In order to conduct a structural analysis of the area, we prepared
some new detailed structural and geological maps. To evaluate the
tectonic shortening resulting from pressure and shear on the limbs
and cores of the Khousf folded platform, some NW-SE, N-S, and
NE-SW geological profiles and their restoration was prepared.
Profiles were restored between two pinning lines. The layers in
the profiles are continuous, and there are no gaps or overlaps
between the restored layers. We benefited from the various
studies which have been done on the method details of how to
restore geological profiles (Behrmann et al., 1991; Espurt et al.,
2019). The shortening along the profiles is calculated by the length of
the restored and deformed profiles (L0-Ld). Shortening ratios were
also measured in percent to compare the relative shortening of the
profiles which don’t have the same length and direction.

FIGURE 4
T6 and T7 fold in the Shekarab area with an example of displacement in the folded layers. (A) Field images of the T6 syncline. (B)Close-up view of the
syncline. (C) The Bingmap aerial imagery of the T7 syncline with the position of the ~NW-SE profile. See the figure location in Figure 2B. (D) Field image of
a displacement in the folded layers by the minor strike-slip fault.
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FIGURE 5
Geological profiles depicting the restored T1 to T5, T6, and T7 folds in the Shekarab area. (A) Profile A-B pertains to the T1 to T5 folds, and its location
can be found in Figure 3. (B) Profile C-D represents the T6 fold, and its position is indicated in Figure 3. (C) Profile E-F relates to the T7 fold, and its location
can be seen in Figure 4C.

TABLE 1 Geometric properties of the T1 to T7 folds in the Shekarab area. Abbreviations: A= amplitude (meter); M= wavelength (meter); P = aspect ratio; r =
interlimb angle (degree); b = fold bluntness; b1, b3 = Fourier coefficients.

Fold name A (m) M (m) P Fold style r (degree) Tightness b b1 b3 Fold shape Amplitude
number

T1 195 335 1.16 Equant 68 Close 0.24 −0.19 3.9 Sine waves-Chevron 3-4

T2 210 120 3.5 Short 54 Close 0.38 0.06 4.5 Sine waves- Parabolas 3-4

T3 221 190 2.33 Short 80 Open 0.29 0.03 4.1 Sine waves- Parabolas 3-4

T4 370 300 2.47 Short 116 Open 0.21 0.64 7.6 Semi-ellipses,
Parabolas

4-5

T5 320 550 1.16 Equant 136 Gentle 0.13 0.68 4.5 Semi-ellipses 3-4

T6 66 75 1.76 Short 30 Tight 0.20 −0.34 7.8 Chevron 4-5

T7 175 325 1.08 Equant 30 Tight 0.17 −0.30 9.1 Chevron 4-5
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The structural analysis of the main folds in the Shekarab and
Arc areas was done by the fold geometry classification, which
includes the aspect ratio (P), interlimb angle (r), fold bluntness
(b), Fourier coefficients (b1, b3), fold shapes, tightness, and
amplitude numbers definition. In this research, based on the
Fleuty classification, the interlimb angles of the main folds were
measured and divided into isoclinal (0 to <3°), tight (<3° to <30°),
close (30° to <70°), open (70° to <120°), and gentle (120°–180°).
The following equation (Eq. 1) was used to determine the fold
style in the Shekarab and Arc areas.

P � A/ M/2( ) (1)
where A is fold amplitude and M is folds wavelength. Therefore, the
aspect ratio (P) is defined as the ratio between the amplitude and
half-wavelength of the folds (Hansen, 1971).

The fold bluntness (b) is the measurement of the roundness or
angularity of the fold limbs. The fold bluntness (b; Eq. 2) is defined
as the ratio of the curvature radius at the fold closure (rc) to the
curvature radius of the reference circle (ro) (Twiss, 1988).

b �
rc

ro
for rc≤ ro

2 − ro

rc
for rc≥ ro

⎧⎪⎪⎨
⎪⎪⎩ (2)

The Fourier coefficients (b1 and b3), unique to each waveform
(Stabler, 1968), are considered important inputs in describing the
fold shapes. The principle amplitude of the folds is taken from the
b1; however, these are modified by the b3. The b1 and b3 values
(Eqs 3, 4) allow a mathematical classification of the folds profile.
The Fourier transform for folds has been suggested by Hudleston
and Stephansson (1973) to categorize the shapes of a profile

related to the folded surfaces through a graphical demonstration
of b1 vs. b3, where just two coefficients, b1 and b3, of a sine series,
are used:

b1 � y1 + �
3

√
y2 + y3
3

(3)

b3 � 2y1 − y3( )
3

(4)

where y is the y-axis value of a fold located on the horizontal axis, and
the y-axis is chosen to pass through the inflection point perpendicular to
the y-axis where the origin is the inflection point (Stabler, 1968;
Hudleston and Stephansson, 1973). The harmonic analysis or
Fourier transform classifies folds into six standard shapes, which
include A (box fold), B (between box folds and semi-ellipses), C
(semi–ellipses), D (parabolas), E (between sine waves and chevron
folds), and F (chevron folds) with five standard amplitude numbers
(from 1 to 5) (Hudleston and Stephansson, 1973).

For a comprehensive tectonic analysis of the study area, a
combination of structural and current/paleo-stress is required
(Rashidi and Derakhshani, 2022). Therefore, we used stress data
from recently published articles by some authors (Jentzer et al., 2017;
Ezati et al., 2022b). The Tensor software (Delvaux et al., 1997;
Delvaux et al., 2012; Delvaux and Sperner, 2003) was applied to
illustrate the structural data, especially for the faults with
slickenlines.

4 Results

Large-scale Khousf folded platform includes an anticline and a
syncline (we named them Khousf anticline and Khousf syncline;

TABLE 3 Geometric properties of the Fo1, Fo2, and Fo3 fold in the Arc area. Abbreviations: A = amplitude (meter); M = wavelength (meter); P = aspect ratio; r =
interlimb angle (degree); b = fold bluntness; b1, b3 = Fourier coefficients.

Fold name A (m) M (m) P Fold style r (degree) Tightness b b1 b3 Fold shape Amplitude number

Fo1 258 1,382 0.37 Broad 74 Open 0.98 9.82 0.88 Semi-ellipses,
Parabolas

4-5

Fo2 161 564 0.57 Broad 53 Close 0.94 8.14 0.73 Semi-ellipses,
Parabolas

4-5

Fo3 369 3218 0.23 Wide 122 Gentle 0.8 4.2 0.6 Semi-ellipses 3-4

TABLE 2 The position of some geometric-kinematic elements of the T1 to T7 folds in the Shekarab area. Abbreviations: A-P = Axial plane; H-P = Hinge point. σ1, σ2,
σ3 are, respectively, the maximum, medium, and minimum stress axis.

Fold name A-P Dip of A-P H-P Plunge of H-P σ1 σ2 σ3

T1 091,89 Upright 272,43 Moderately plunging 181,01 272,43 091,42

T2 291,80 Upright 288,21 Gently plunging 020,05 288,21 123,68

T3 302,76 Steeply inclined 295,34 Moderately plunging 033,12 295,34 139,53

T4 313,74 Steeply inclined 316,14 Gently plunging 222,17 316,14 085,67

T5 332,74 Steeply inclined 336,18 Gently plunging 243,12 336,18 120,67

T6 094,80 Upright 093,14 Gently plunging 184,03 093,14 286,75

T7 266,56 Moderately inclined 274,13 Gently plunging 175,35 274,13 021,52
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Figure 2), and its modern geometry had been the result of various
buckling phases of the East Iran orogen. Changes in stress directions
have caused the creation of several generations of folding in the
platform. In order to conduct a structural analysis of the folding
process in the area, in the following, we investigated the structural

style of the Shekarab folds at the common limb of the anticline and
syncline (F.5 and F.6c in Figure 2) and the Arc folds at the core of the
anticline (F.11 on Figure 2). Then, we obtained kinematic and
geometric characteristics of the small-scale geological structures
(e.g., parasitic folds) in the Khousf folded platform.

FIGURE 7
The geometric characteristic of the T1 to T7 folds on the Wulff net with their contour diagram and principal stress axes (σ1, σ2, σ3). A-P= Axial plane;
H-P= Hinge point.

FIGURE 6
Diagrams of the (Fleuty, 1964; Hudleston and Stephansson, 1973) to determine the geometry classification of the folds in area. (A) Positions of the
Shekarab and Arc folds on the (Hudleston and Stephansson, 1973) diagram based on the Fourier coefficients. (B) Positions of the Shekarab and Arc folds
on the Fleuty (1964) diagram based on the dip of the axial surface and plunge of the hinge line. The colored triangles are the folds of the Shekarab area
(T1 to T7), and the colored circles are the folds of the Arc region (Fo1, Fo2, and Fo3). See the characteristics of arc folds in Section 4.2. “Structural style
of the Arc area".
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4.1 Structural style of the Shekarab area

A transpressional zone has been introduced in a part of the
common limbs of the Khousf anticline and syncline, which is known
as the Shekarab area (Rashidi et al., 2022c). The lower and upper
boundaries of this zone are the North Birjand fault and the Shekarab
fault, respectively. These faults include several fault planes with
different mechanisms (e.g., strike-slip, dip-slip, and oblique-slip)
parallel to the rock units (Walker and Khatib, 2006). Within the
Shekarab transpressional zone, the various geological structures,
such as folds with different axial-trace directions, were formed
during the progressive deformation (T1 to T6 in Figure 3A;
T7 in Figures 4A,B).

We obtained three geological profiles with different directions
on the T1 to T5, T6, and T7 folds (Figures 3, 4C). The restored
profiles were used to determine the fold geometry and amounts of
shortening. Some faults had caused displacement in the Eocene
sedimentary layers of the T1-T5 plunging folds (e.g., Figure 4D). To
obtain the restored profile and calculate the amount of shortening,
we eliminated the displacements and the plunges of the folds. Our

measurements indicated ~33% shortening in the NE-SW direction
along the A-B profile (Figure 5A).

The C-D profile on the T6 fold (Figure 3B) follows the Eocene tuff
and tuffaceous marl. The C-D restored profile indicated ~65%
shortening in the N-S direction (Figure 5B). Along the E-F profile
(Figure 4C), the Eocene tuffaceous marl and tuff are exposed on the
ground surface. The restored profile on the T7 fold included ~68%
shortening in the ~NW-SE direction (Figure 5C).

We present the folds geometry classification (e.g., aspect ratio,
interlimb angle, fold bluntness, Fourier coefficients, fold shapes,
tightness, and amplitude numbers definition) for the structural
analysis in the area (Tables 1, 3).

The T1, T3, and T5 folds are asymmetric anticlines, and the T2,
T4, and T6 folds are asymmetric synclines. The T7 fold is an
overturned syncline, with attitude of the limbs as N65°E, 60°NW
and N65°E, 70°NW. The T1 to T7 folds which are developed in the
Shekarab transpressional zone have different axial-trace directions.
Based on the fold geometry classification, the T1 fold is between sine
waves and chevron folds; T2 and T3 are between sine waves and
parabolas; T4 is between semi-ellipses and Parabolas; T5 is semi-

FIGURE 8
Examples of interlayer slips within the T1 to T5 folds result from the flexural-slip mechanism. (A) Interlayers slip in the T5 anticline. (B) Interlayers slip
in the T3 anticline. (C) Interlayers slip in the T1 syncline.
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FIGURE 9
Folds of the Arc area. (A) Bingmap aerial imagery of the Arc folds (e.g., Fo1, Fo2, and Fo3). (B)Geological map of the Arc folds. The transparent frames
and blue lines on the map show the positions of the investigated folds (Fo1, Fo2, and Fo3) and the geological profiles (A-Aʹ and B-Bʹ), respectively.

FIGURE 10
Geological profiles of the Fo1, Fo2, and Fo3 folds in the Arc area with their restored profiles. (A) Profile A-Aʹ included the Fo1 and Fo2 synclines. Its
restored profile indicated a 14% shortening. (B) Profile B-Bʹ included the Fo3 syncline. The restored profile indicated a 10% shortening. See the position of
the profiles in Figure 9.
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ellipses, and T6 and T7 are chevron folds (Table 1; Figure 6). In
Ramsay’s dip isogons categories (Ramsay J. G., 1967; Ramsay J. G.,
1967), these folds are located in the class (1B). Based on the tightness
classification, only T6 and T7 are tight folds (Table 1).

Based on the dip of the axial plane, T1, T2, and T6 are upright
folds; T3, T4, and T5 are steeply inclined folds, and T7 is moderately
inclined fold. According to the hinge plunge of the fold, all of the
folds in the Shekarab area are gently plunging except T1 and T3 folds
(Figure 6).

The geometric characteristics of the folded layers in the
Shekarab area (limbs of T1 to T7) are plotted on the Wulff
net (Figure 7). Using these characteristics, the positions of the σ1,
σ2, and σ3 were calculated by the stereonet program (see

Figure 7; Table 2). The method applied in the program is
based on the axial planes and hinge lines of the folds. In
flexural slip folds, the line perpendicular to the axial plane is
a position of the compression (σ1) that created the folds.
Moreover, the σ2 in a fold is equal to the position of the fold
axis. Considering that the stress axes have a 90-degree distance
from each other, the position of the σ3 can be easily identified on
the Wulff net (Davis and Reynolds, 1996).

The Shekarab folds, particularly T1 to T5, included the
indicators of the slips between the folded layers. Tuff-
limestone and sandstone rock units are the most essential
lithological units that preserved the interlayer sliding. Many
strike-slip fault planes parallel to layering have been created

FIGURE 11
Field images of the folds (Fo1 and Fo2) within the post-Cretaceous flysch units. (A) The Fo1 syncline with ~55° and ~45° dips of the strata on the
northwestern limb and southeastern limb, respectively. (B) The Fo2 syncline with ~60° and ~40° dips of the strata on the northwestern limb and
southeastern limb, respectively.

TABLE 4 Geometric-kinematic positions of the Fo1, Fo2, and Fo3 folds in the Arc area. Abbreviations: A-P = Axial plane; H-P = Hinge point. σ1, σ2, σ3 are,
respectively, the maximum, medium, and minimum stress axis.

Fold name A-P Dip of A-P H-P Plunge of H-P σ1 σ2 σ3

Fo1 301,81 upright 299,15 Gently plunging 207,06 299,15 094,73

Fo2 145,85 upright 148,33 Moderately plunging 055,05 148,33 318,56

Fo3 088,86 upright 269,05 horizontal 179,04 269,05 060,83
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within T1 to T5 folds due to their flexural-slip mechanism
(Figure 8).

4.2 Structural style of the arc area

The Khousf anticlinal core, known as the Arc area, includes
various geological structures such as parasitic folds, small-scale
active folds with various axial-trace directions, and several fault
planes with different mechanisms. Some faults, particularly
strike-slip faults, cut the folded geological layers (Figure 9).
The rock units’ right-lateral and left-lateral offsets are clearly
seen along them.

We obtained two geological profiles with NNE-SSW
directions (A-Aʹ, B-Bʹ; Figure 9) on the Arc folds (Fo1-Fo2,
and Fo3; Figure 9) by Digital Elevation Model (DEM), detailed
geological map, and fieldwork data (Figure 10). We used the
profiles to determine the geometry of the folds and the amount of
shortening by their restored profiles where there is Khousf
anticlinal core.

Across the considered profiles, the geometric characteristics of
the folds and their wavelengths were carefully measured to prevent
overestimating the structural reliefs to estimate the amount of
shortening. Evaluating the structural reliefs in the area indicated
thickness variations in the folded rock units in different parts of the
profiles. These profiles included high-relief synclines and eroded
anticlines.

Along the A-Aʹ profile, the structural elevation decreases from
the NE toward the SW. The average structural height for this profile
is ~1700 m, and the highest relief is related to the Fo1 fold
(Figure 10A). Along the A-Aʹ profile, the post-Cretaceous and
Eocene rock units are exposed on the ground surface, and rarely
are there Quaternary sediments. Along the profile, the post-
Cretaceous flysch units are more folded (Figures 10, 11). The
B-Bʹ profile includes a big syncline with the highest relief
(2,150 m) in its middle part (Figure 10B). Most deformations are
related to the folded post-Cretaceous flysch units in the middle part
of the profile.

The A-A′ profile with a length of ~4.8 km and its restored profile
with a length of ~5.5 km indicated ~0.7 km (~14%) shortening
(Figure 10A). The B-B′ profile, with ~8.5 km length after
restoration, its length was ~9.3 km. Therefore, the shortening
along this profile was ~0.85 km (10%) (Figure 10B).

Like the structural analysis of the Shekarab folds, we
conducted Arc folds geometry classification (e.g., aspect ratio,
interlimb angle, fold bluntness, Fourier coefficients, fold shapes,
tightness, and amplitude numbers definition) using the satellite
images and geological profiles, which were obtained by DEM,
detailed geological map, and fieldwork, with the equations
related to the fold geometry (see the “Data and Methodology”
section).

The attitudes of the northeastern and southwestern limbs of the
Fo1 fold measured ~N40W°, 30°SW and ~N60W°, 60°NE,
respectively. In Ramsay’s (1967) dip isogon categories, this
syncline is located between classes 1B and 1C. The attitudes of
the northeastern and southwestern limbs of the Fo2 fold are
~N60W°, 50°SW, and ~N20W˚, 60°NE, respectively. Our
measurements on the limb layers showed that the Fo2 syncline,
like the Fo1 syncline (both related to the A-Aʹ profile), is located
between classes 1B and 1C in Ramsay’s dip isogon categories
(Ramsay J. G., 1967; Ramsay J. G., 1967). The Fo3 fold, which is
related to the B-Bʹ profile, includes class 1A. The attitudes of its
northern and southern limbs are ~N90W°, 40°S, and ~N80E°, 35°N,
respectively.

Based on the fold style and fold shape, the Fo1 and Fo2 folds
are both broad and between semi-ellipses and parabolas
(Table 3; Figure 6). According to the fold tightness
classifications, the Fo1 and Fo2 folds are open and closed,
respectively (Table 3).

In classifications of the fold style, fold tightness, and fold shape,
the Fo3 is a wide, gentle, and semi-ellipsis fold (Table 3; Figure 6).

In the Fleuty classification (Fleuty, 1964) based on the dip of the
axial surface and plunge of the hinge line, the Fo1, Fo2, and Fo3 folds
are located in the upright inclined gently plunging, upright inclined
moderately plunging, and upright inclined horizontal plunging
class, respectively (Table 4; Figure 6).

FIGURE 12
Stereogram, contour diagram, and principal stress axes (σ1, σ2, σ3) of the Fo1, Fo2, and Fo3 folds in the Arc area. A-P= Axial plane; H-P= Hinge point.
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We plotted the geometric characteristics of the folded layers in
the Arc area (limbs of Fo1, Fo2, and Fo3) on the Wulff net
(Figure 12). On the basis of their characteristics, the positions of
the σ1, σ2, and σ3 were measured using the stereonet program (see
Figure 12; Table 4).

4.3 Parasitic folds and layer-parallel slip
planes in the Khousf folded platform

In the Khousf folded platform, the movement planes at the
boundaries of the packets of the rock units are known as the essential

FIGURE 13
Field evidence of three fault zones (as case studies) shows interlayer slips in the different parts of the Khousf folded platform. See the locations in
Figure 2B. (A) Fault slip plans in the left limb of the Khousf anticline with attitudes of N30°W, 60°NE and N30°W, 55°NE. (B, C) Close-up view of the fault
planes with slickenlines of 335°/8° and 004°/38°. (D) Fault slip plans in the right limb of the Khousf syncline with attitudes of N15°W, 80°NE and N15°W,
70°NE. (E, F) Close-up view of the fault planes with slickenlines of 345°/00° and 036°/65°. (G) Fault slip planes in the common limbs of the Khousf
anticline and syncline with attitudes of N90°E, 75°N and N90E, 80N. (H, I) Close-up view of the fault planes with slickenlines of 070°/52° and 090°/00°.
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faults which have created the small-scale geological structures (e.g.,
folds, parasitic folds, duplexes) (Rashidi et al., 2022a). These faults
(e.g., see Figure 13) include planes with various movement senses,
such as right-lateral strike-slip, left-lateral strike-slip, reverse, and
their composite components.

We carefully determined the layers’ parallel slip planes on the
limbs and cores of the Khousf anticline and syncline (see Figures
2, 13). Fault slickenlines indicated that strike-slip planes (with
~N-S strikes) in the left limb of the anticline and right limb of the
syncline have right-lateral strike-slip mechanism, and the strike-
slip planes (with ~E-W strikes) on the common limbs of the
anticline and syncline have left-lateral strike-slip mechanism
(Figures 2, 13).

In Figure 13, we present the field evidence of three faults (as case
studies) that show interlayer slips. Each fault includes several planes
with a different mechanism, which emphasizes the slip partitioning
on the folded platform.

On the left limb of the Khousf anticline, the fault zones, which
include two principal planes with attitudes of N30°W, 60°NE, and
N30°W, 55°NE are located among the Cretaceous flysch layers
(Figure 13A). These fault planes with slickenlines of 335°/8° and

004°/38° indicated a left-lateral strike-slip mechanism with a reverse
component and a reverse mechanism with a left-lateral element,
respectively (Figures 13B, C). On the right limb of the Khousf
syncline, planes of the fault with attitudes of N15°W, 80°NE; N15°W,
70°NE showed a right-lateral strike-slip mechanism and reverse
mechanism with right-lateral strike-slip component (Figure 13D).
Their slickenlines are 345°/00° and 036°/65°, respectively (Figures
13E, F).

The Shekarab fault is a case study of the interlayer slip on the
common limb of the Khousf anticline and syncline. It includes two
principal parallel planes in most of its length that follow the contact
of the Cretaceous ophiolitic mélanges to the north and Eocene
basaltic andesite to the south (Figures 2, 13G) (Eftekharnejad et al.,
1978). One of the fault planes with attitudes of N90°E, 75°N, and
slickenlines of 070°/52° has a reverse mechanism with a left-lateral
strike-slip component (Figure 13H). Another plane with attitudes of
N90E, 80N, and slickenlines of 090°/00° indicated left-lateral strike-
slip mechanism (Figure 13I).

In the following, we present some geological structures (e.g.,
parasitic folds) among the fault planes, which show interlayer slips
(the layer-parallel slip planes) in the limbs and cores of the Khousf

FIGURE 14
Examples of the Z-folds within the Khousf folded platform. (A, B) Z-folds on the left limb of the Khousf anticline. (C–E) Z-folds on the right limb of the
Khousf syncline. See the locations in Figure 2.
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folded platform which confirms a sense of slips on the different parts
of the platform.

Large-scale folds (e.g., Khousf folded platform) usually include
smaller-scale folds in its cores and limbs. Some smaller-scale folds
are commonly called parasitic folds or passive flow folding (de Sitter,
1958; Geoff Tanner, 1989). These folds with Z, S, M, and W shapes
are created during the flexure of rock layers, where slips happen
between the layers (de Sitter, 1958). Determining the geometric
position of these folds, particularly Z- and S-folds, are extremely
useful for structural analysis of the large-scale folds affected by
buckling orogeny phases. Generally, Z- and S-folds are located in the
limbs of anticlines and synclines, and M- and W-folds are found in
the cores of synclines and anticlines (Ramsay and Huber, 1987).

We used the Bing map aerial imagery to determine parasitic
folds in different parts of the large-scale Khousf folded platform
(Figures 14, 15, 16). The parasitic folds in the Khousf folded
platform due to the various buckling phases of the East Iran
orogenic and progressive deformation have different wavelengths,
amplitudes, and sizes so that some of them can emphasize different
generations of folding in various stages of deformations (e.g., Figures
14B, D, 15C). Our structural findings of the platform present the
Z-folds on the left limb of the anticline (Figures 14A, B) and the right
limb of the syncline (Figures 14C–E).

The common limbs of the Khousf anticline and syncline
included various geological structures, particularly duplexes and
parasitic folds. All parasitic folds in the common limbs are S-folds

that were formed by interlayer slips. Figure 15 includes examples of
the S-folds in different parts of the common limbs. As a result of the
progressive deformation within layers’ parallel slip planes, the
S-folds axes have rotated and usually displace the rock units
along their axes. Therefore, the duplexes structure has been
formed in the common limbs [see Rashidi et al. (2021) for details].

The amplitude of M and W parasitic folds during progressive
deformation grows continuously. It is noteworthy, however, that if
the more prominent fold has experienced several generations of
folding and it is an asymmetric fold, then the amplitude of the
parasitic folds (M- andW-folds) in some parts of the folds cores may
not grow much. In Figure 16, we present two examples of the
M-folds and W-folds on the cores of the Khousf anticline and
syncline.

5 Discussion

Rheological properties of the layers are influential parameters in
determining the folding process and shape of folds (Hudleston and
Treagus, 2010; Schmalholz and Mancktelow, 2016). Various studies
have been conducted on this topic. Ramsay (Ramsay J. G., 1967;
Ramsay J. G., 1967) presented an early overview of analogue
materials with measurable viscosities (gelatin and plasticine).
Some researchers (Abbassi and Mancktelow, 1992; Mancktelow
and Abbassi, 1992; Casey and Butler, 2004; Reber et al., 2010)

FIGURE 15
Four examples of the S-folds (A–D) within the common limbs of the Khousf anticline and syncline. The locations of these folds are indicated in
Figure 2.

Frontiers in Earth Science frontiersin.org16

Rashidi et al. 10.3389/feart.2023.1169667

https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://doi.org/10.3389/feart.2023.1169667


applied numerical methods to understand the buckle folding
processes. A multilayer may have a large, moderate, or small
competence contrast among the different layers. The competence
contrast between layers influences the shape of folds. As for single
embedded layers, the thicker and stiffer multilayers tend to produce
larger wavelength rounded folds (McClay, 2012). Hence, buckle-
folded multilayers show a wider range of fold shapes than buckle-
folded single layers. For example, multilayer, both in nature and in
model experiments, may show round-hinged folds, chevron folds,
and conjugate folds (McClay, 2012). However, the buckle folds in
our study area have different shapes (see Tables 1, 2, 3, 4).

The Abiz, Sedeh, Khousf, Nowzad, Birjand, Hashtoogan, and
Qaryan are known as the most important northern splays of the N-S
strike-slip systems (e.g., West Neh and East Neh) within the East
Iran orogenic (Figure 1C). The rheology of the rock units that make
up the splays determines the deformation type, which can be brittle,
ductile, brittle-ductile, or ductile-brittle (Ramsay and Huber, 1987).
Instead of faulting, rock units may fold or bend in a ductile manner.
Sometimes rock units that we typically consider brittle can fold due
to the low rate of stress (Zang and Stephansson, 2010). However,
brittle rock units tend to fracture when under enough stress. One of
the splays of eastern Iran with ductile behavior is the Khousf splay
(Figure 1C). The most important structures of this splay are folds
(Tirrul et al., 1983; Bagheri and Damani Gol, 2020).

In orogenic belts with long deformation history (e.g., East Iran
orogen), the general patterns of the deformations (e.g., folds) are
related to buckling phases of orogenic belts during various geological
times. Here, we used the drastic temporal changes in the stress
regimes of East Iran orogenic during the post-late Cretaceous, which
have been published by some researchers (Jentzer et al., 2017; Ezati
et al., 2022b) (Figure 17). Directions of the maximum stress (σ1) in
the late-Cretaceous-late Paleocene, Eocene-Oligocene, Miocene, late
Miocene-late Pliocene, and Quaternary have been obtained as N290°

(Ezati et al., 2022b), N035° (Ezati et al., 2022b), N090° (Jentzer et al.,
2017), N060° (Jentzer et al., 2017), and N045° (Ezati et al., 2022b),
respectively (Figure 17). Therefore, by changing the stress regime,
the characteristics of folds and faults related to the splays (e.g.,
geometry, mechanism, and strain rates) could have changed several
times.

Lateral transport of the fold axes commonly occurs during
progressive deformation in buckling phases of orogenic belts
(Alsop, 1992; Carreras and Druguet, 2019). Figures 3, 9, 18,
presenting the folds with different axial-trace directions,
emphasize the effect of the progressive deformations and
changes of post-late Cretaceous buckling phases on the fold
geometries in eastern Iran. Therefore, in the East Iran
orogenic, the series of secondary folds had been superimposed
on previous folds.

FIGURE 16
Examples of theM- andW-folds within the Khousf folded platform. (A, B)M-folds on the Khousf anticline core. (C,D)W-folds on the Khousf syncline
core. See the locations in Figure 2.
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In the Khousf folded platform, continued compression caused
the buckled layer to buckle again. Refoldings, due to the changing
stress directions, have formed complex structures. Our structural
investigations of the post-late Cretaceous folded rock sequences in
the study area show at least two important generations of the folding
with the E-W and NE-SW axes (Figure 2). These folds can be seen in
different parts of the Khousf folded platform (Figure 2).

The folded Eocene rock units in the northern and southern
domains of the platform have dip directions of the south and north,
respectively (see Figure 2). Strongly folded Cretaceous flysch are
outcropped within the platform and between the folded Eocene rock
units (Figure 2A). Our geological and structural maps (Figure 2)
indicate consecutive anticlines and synclines in an NNW-SSE profile
(Figure 19A) where their upper parts have been eroded. The erosion
has caused the rock units older than Eocene (e.g., Cretaceous rock
units) to be exposed on the ground surface.

In a NE-SW profile, the Khousf folded platform includes the
plunging anticline and syncline (Khousf anticline and syncline),
which are visible on the ground surface (Figure 2). Therefore,
buckling folds with different mechanisms and geometry has been
created on the platform.

5.1 Folds flexural-slip mechanism

In the orogenic belts, in response to the lateral shortening, flexural
folds are created as a result of one layer slipping over another during

the increases of limb dip (known as flexural-slip mechanism) and also
using the simple dominant shear within the rock units (known as
flexural-flow mechanism), or even by combinations of these two
processes (Donath and Parker, 1964). A flexural slip mechanism can
be formed in the chevron folding (Ramsay, 1974). This mechanism
can be the primary process until the folds “lock up” within inter-limb
angles of ~60° (Kuenen and Sitter, 1938; de Sitter, 1958). Flexing the
beds in this mechanism can create flexural-flow folding within packets
of the rock units (Kölbel, 1940; Hoeppenek, 1953).

There are some studies related to the flexural mechanisms,
such as the role of flexural slip during the development of chevron
folds (Wu et al., 2019); lithospheric folding by a flexural slip in
subduction zones (Romeo and Álvarez-Gómez, 2018); the
mechanisms of flexural flow folding of competent single-layers
(Torremans et al., 2014), and non-cylindrical flexural-slip folds
(Dubey, 1997). In this study, we provided detailed evidence to
analyze the folding mechanisms of the large-scale Khousf folded
platform and its smaller-scale folds to figure out the tectonic
evolution models of an old ductile splay (Khousf folded platform)
in the East Iran orogenic. Our structural analysis of the field
evidence (e.g., interlayer slips; Figure 8), fold geometry
classifications (see Tables 1, 2, 3), and structural shortening
demonstrated that most of the folds within the Khousf folded
platform have a flexural-slip mechanism. In addition, our field
evidence of the large-scale Khousf anticline and syncline
(see Figure 13) indicated interlayer slips resulted from the
flexural-slip mechanism.

FIGURE 17
The post-late Cretaceous buckling phases with geodetic strain map of the northern domain of the East Iran orogenic. The current-day strain and
stress directions are as a result of the inversions of geodetic and fault slip data, respectively, adapted from (Rashidi et al., 2022b). The focal mechanism
stress inversions (FMSI) are based on Sheikholeslami et al. (2021) and Rashidi et al. (2022b). The presented paleo-stress data are from Jentzer et al. (2017)
and Ezati et al. (2022b).
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5.2 Slip partitioning and transpression
deformation

In the Khousf folded platform, fault planes parallel to the
beds have various mechanisms such as strike-slip, reverse, and a
combination of both (see Figure 13). These movement planes
have generated various geological structures (e.g., parasitic folds,
folds with and without plunging, and duplexes) in different parts
of the platform. Strike-slip planes on the left limb of the Khousf
anticline and the right limb of the Khousf syncline have right-
lateral movements, while strike-slip planes on the common limbs
of the anticline and syncline have left-lateral movements. One of
the consequences of these movements has been Z-folds and
S-folds within the packets of the rock units where there were
right-lateral and left-lateral movements, respectively (see Section
4.3 and Figure 19B). In Figure 19C, we presented the parasitic
folds on the horizontal surface within the limbs of the Khousf
folded platform. Another consequence of the strike-slip
movements was the generation of the shear duplex structure

within the packets of the Eocene rock units on the common limb
of the Khousf anticline and syncline, which has been investigated
in detail by Rashidi et al. (2022c).

Other movement planes parallel to the platform beds have a
reverse mechanism and reverse mechanism with a strike-slip
component. These fault planes have generated some active folds
and caused an uplift of the Khousf platform limbs. However, our
structural evidence indicates a combination of simple shear with
pure shear on the platform limbs. This study emphasizes the slip
partitioning and transpression deformation in forming the
structural features related to the Khousf folded platform with
flexural-slip mechanism.

Transpression zones resulting from oblique convergence of the
tectonic plates include a combination of shortening (or extension)
and shear movements along the shear zones (Harland, 1971; Dewey
et al., 1998). Several models have been applied to show transpression
in the different areas of the ground surface (Sanderson and
Marchini, 1984; Mukherjee and Koyi, 2010). A common feature
of transpressional is the inclined transpression model, which

FIGURE 18
Examples of the folds with different axial-trace directions and refoldings with complex structures resulted of the various buckling phases of the East
Iran orogenic. (A) The folds with different axial-trace directions in the northern domain of the Khousf folded platform. (B) Refoldings with different axial-
trace directions in the southeastern domain of the northern part of the East Iran orogenic. (C,D) Refoldings and folds with different axial-trace directions
in the northern domain of the East Iran orogenic. See the locations in Figure 1C.
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includes the simultaneous action of contraction and oblique-slip
shear (Jones et al., 2004). Oblique-slip shear can be separated into a
strike-slip and a dip-slip component (Mukherjee and Koyi, 2010). In
the inclined transpression zone, strain partitioning is in the form of
folds with the different plunging of hinge lines (0°–90°) and faults
with reverse, normal, and strike-slip mechanisms (Jones et al., 2004).
Generally, the geological structures of the study area follow the
strain triangle in the inclined transpression model so that its
contractional components usually are found in the folds that are
steeply plunging to moderately plunging, and folds that are upright
horizontal to moderately inclined. NW-SE dominated folds without
plunging, and NW-SE thrust faults emphasize the dip-slip

component. Left-lateral and right-lateral strike-slip faults with
their shear fractures indicates strike-slip component of the strain
partitioning in the inclined transpression zone.

Transpression deformation zones have been identified in the
southern Uplands of Scotland (Tavarnelli et al., 2004); the central
Myanmar basin (Khin et al., 2021); the central Iran microcontinent
of SE Iran (Ebrahimi et al., 2021); the Zagros of Iran (Rahnamarad
et al., 2008; Ghanbarian et al., 2021); and Alborz in northern Iran
(Nabavi et al., 2017). According to our structural evidence of the
Khousf folded platform, our proposed model is inclined
transpression for each limb of the platform. For the common
limb of the Khousf anticline and syncline, we suggest the

FIGURE 19
Proposed tectonic model for the Khousf refolded platform as the old-isolated splay in the East Iran orogenic. (A) Schematic block diagram of the
platform, which indicates the large-scale plunging Khousf anticline (Kh. an) and syncline (Kh. Sy.) on the ground surface and NE-SW profile. In the NW-SE
profile, the platform includes folds with NE-SW axial-trace directions. (B) Sample of the folded micro-layers related to the platform, which show parasitic
folds with Z, S, M, andW shapes on its limbs and cores. (C) Schematic diagram of the plunging Khousf anticline and syncline which show flexural-slip
mechanism with parasitic folds. (D) Inclined left-lateral transpression model for the common limb of the Khousf anticline and syncline. (E) Inclined right-
lateral transpression model for the left limb of the Khousf anticline and right limb of the Khousf syncline. Read the text for details.
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inclined left-lateral transpression model (Figure 19D), and for the
left limb of the Khousf anticline and the right limb of the Khousf
syncline, we suggest the inclined right-lateral transpression model
(Figure 19E). Therefore, the tectonic evolution of the geological
structures in this part of East Iran orogenic follows a large-scale
refolded flexural-slip fold (Khousf folded platform), where its limbs
indicate inclined transpression deformation zones.

6 Conclusion

The findings of this study provide a new and detailed tectonic
evolutionmodel for the ductile old splay in the East Iran orogen. The
Khousf refolded platform, which is a large-scale refolded flexural-
slip fold, has been identified as a key feature in the region. The
platform includes a large-scale plunging anticline and syncline that,
in their limbs and cores, contain smaller-scale geological structures
such as active folds, parasitic folds, and duplexes. These structures
have been analyzed using various methods such as geometric-
kinematic relationships, interlayer slipping, and fold geometry
classifications.

The novelty of this study lies in the detailed structural
analysis of the Khousf refolded platform and its smaller-scale
structural features. Our study has identified two main
generations of folding with the ~ENE-WSW and NW-SE
axes, caused by Arabia and Indian-Eurasia convergence. The
Khousf refolded platform has undergone a flexural-slip
mechanism, which has given rise to various structural
features, including parasitic folds with M, W, Z, and S
shapes. The study also identifies the inclined transpression
deformation zones in the limbs of the platform, and the
inclined right-lateral and left-lateral transpression models in
the limbs and cores of the Khousf anticline and syncline.

Our field data indicated that the Khousf refolded platform
includes large-scale plunging anticlines and synclines where, in
their limbs and cores, some smaller-scale geological structures
(e.g., active folds, parasitic folds (passive flow folds), duplexes)
had been formed. We obtained the structural style of the
Shekarab folds at the common limbs of the anticline and
syncline, and the Arc folds at the core of the anticline.

In the Shekarab area, the folds (T1 to T7) have different axial-trace
directions. The amount of shortening of the T1 to T5 folds in the NE-
SW direction was calculated at ~33%. Shortening values of the T6 and
T7 folds on theN-S andNW-SE directions were calculated at ~65% and
~68%, respectively. Based on the tightness classification, the T1 and
T2 are close, T3 and T4 are open, T5 is gentle, and T6 and T7 are tight
folds. The T7 fold, which shows the maximum value of the shortening,
is an overturned chevron syncline.

In the Arc area, the Fo1 and Fo2 folds have undergone ~14%
shortening in the NE-SW direction, while the Fo3 fold has
experienced ~10% shortening in the N-S direction. The Fo1, Fo2,
and Fo3 folds are classified as open, closed, and gentle, respectively.
The Fourier analysis of fold shapes indicates that most of these folds
are semi-ellipses and have high wavelengths.

The Khousf refolded platform is characterized by a series of
secondary folds (Khousf plunging anticline and syncline) with
NW-SE axes directions superimposed on previous folds with the
~ENE-WSW axes direction. In the N-S profile, we determined

consecutive anticlines and synclines (as the first-generation folds)
on the platform. Our structural analysis of the field data has
revealed that the Khousf refolded platform and the active folds
within its limbs and cores have a flexural-slip mechanism. To
determine the tectonic evolution model of the Khousf refolded
platform, we obtained the geometric-kinematic relationship of
the platform with its smaller-scale structural features. Flexing of
the beds has given rise to flexural flow within some beds, leading
to the formation of parasitic folds with M, W, Z, and S shapes in
the cores and limbs of the Khousf anticline and syncline. These
structures are the result of the right-lateral shear sense on the
left limb of the anticline and right limb of the syncline, and the
left-lateral shear sense on the common limb of the anticline
and syncline.

Based on our analysis of the basic folding mechanisms, we
present a new tectonic evolution model for the ductile old splay in
the East Iran orogen, which follows a large-scale refolded flexural-
slip fold (Khousf refolded platform) with inclined transpression
deformation zones in its limbs. Therefore, the left limb of the Khousf
anticline and the right limb of the Khousf syncline follow the
inclined right-lateral transpression model, while the common
limb of the Khousf anticline and syncline follows the inclined
left-lateral transpression model. This new tectonic evolution
model is of great importance in the understanding of
the geological structures in the East Iran orogenic. The
detailed structural analysis of the Khousf refolded platform
and its smaller-scale structural features can provide a new
framework for future studies on similar structures in other
regions and can contribute to the development of a broader
understanding of large-scale geological structures and their
formation mechanisms.
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