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[1] We present the first complete balanced cross
section across the southeastern Zagros fold-thrust
belt (ZFTB). The following main structural features
emerge from this section: (1) In the south of the
ZFTB, the Proterozoic-to-Recent sedimentary
sequence has been decoupled from its Panafrican
basement along the ductile basal evaporites and
folded into a series of large detachment anticlines.
Ongoing shortening of these structures has resulted
in migration of the basal salt layers into the cores
of the anticlines and propagation of forelimb
thrusts. (2) In the north of the ZFTB, deep-seated
ramps have folded the hanging wall rocks and
produced imbrications and duplex structures within
the higher levels of the sedimentary sequence.
(3) Out-of-sequence thrusts, linked to major
seismogenic basement faults, have cut through the
structures in the cover of the ZFTB. A three-step
incremental restoration of the section shows that
two main phases of deformation can be separated
in the tectonic evolution of the ZFTB: a Mio-
Pliocene thin-skinned phase, in the course of which
most of the structures in the cover were generated,
followed by a Pliocene to Recent thick-skinned
phase, expressed as out-of-sequence faulting in
the cover, which is currently underlined by the
seismicity within the basement. In plan view,
the initial structures of the southeastern ZFTB
developed with a curved shape essentially
controlled by the shape and thickness of the
underlying Proterozoic salt basin (i.e., the ‘‘Jura
style’’). In the following basement-involved phase,
out-of-sequence thrusts cut at oblique angles through
the preexisting structures of the cover. The total
shortening absorbed in the cover amounts to at
least 45 km, corresponding to a ratio of �22%.
Citation: Molinaro, M., P. Leturmy, J.-C. Guezou, D. Frizon

de Lamotte, and S. A. Eshraghi (2005), The structure and

kinematics of the southeastern Zagros fold-thrust belt, Iran:

From thin-skinned to thick-skinned tectonics, Tectonics, 24,

TC3007, doi:10.1029/2004TC001633.

1. Introduction

[2] In the general context of the Alpine-Himalayan
orogenic system, the Zagros fold-thrust belt (ZFTB) is
the most recent result of the convergence and closure of
the Neo-Tethys oceanic domain between Arabia and
Eurasia [Takin, 1972; Haynes and McQuillan, 1974;
Ricou et al., 1977; Alavi, 1994; Stampfli et al., 2001]
(Figure 1). In the ZFTB, the Arabian passive margin
sequence has been decoupled from its basement and
deformed by large-scale folding and thrusting. A strong
seismicity record indicates that within the underlying
Panafrican basement shortening is presently accommodated
by reverse faulting [Jackson and Fitch, 1981; Berberian,
1995]. Despite its evident interest as a major petroleum
province, and compared to other mountain chains around
the world, relatively little is known of the architecture and
kinematics of deformation in Zagros. Although some
general sections of the ZFTB have been proposed in
recent papers [Blanc et al., 2003; McQuarrie, 2004;
Sherkati and Letouzey, 2004], aspects such as the kine-
matics of individual folds, the sequence of fold-and-thrust
development and the relationship between deformation
within the cover and basement structures remain yet to
be defined.
[3] In this paper, we discuss new data and interpreta-

tions based upon field and map observations from the
southeastern extremity of the Zagros ranges, close to the
transition with the Makran accretionary prism. We present
the first complete balanced cross section through this part
of the ZFTB. The cross section constitutes the center-
piece of our paper and will allow us (1) to precisely
define the main architectural elements of the ZFTB in
this area, (2) to propose a kinematic model for the
development of the ZFTB since Miocene times as well
as discuss the kinematics of individual structures and
(3) to propose a tentative reconstruction of the map view
evolution of structures in the southeastern segment of the
ZFTB. In particular we will show that two major and
discrete phases can be separated in the tectonic evolution
of the ZFTB: an initial thin-skinned phase of deformation

TECTONICS, VOL. 24, TC3007, doi:10.1029/2004TC001633, 2005

Copyright 2005 by the American Geophysical Union.
0278-7407/05/2004TC001633

TC3007 1 of 19



followed and partly overprinted by a thick-skinned phase
of deformation.

2. Methods and Geological Setting

2.1. Location and Methods

[4] The study area is located in the southeastern part of
the orogen, close to the transition to the Makran subduction
prism (Figure 1). In this region, the tectonic structures of the
ZFTB describe a large festoon-shaped arc known as the Fars
arc. Farther east, the transition to the Makran prism is
marked by a pronounced reentrant underlined by the Oman
peninsula jutting out into the Strait of Hormuz. In this area,
known as the Bandar Abbas syntaxis, the structures of the
ZFTB are connected by a narrow fold-and-thrust belt (the

Zendan-Minab belt [Molinaro et al., 2004; Regard et al.,
2004]) to the western branch of the Makran arc.
[5] The work presented here is based in part on fieldwork

carried out in the area directly north of the city of Bandar
Abbas up to the town of Hadjiabad (Figure 1). Existing
1:100,000 and 1:250,000 scale geological maps of this
region were modified and completed by satellite SPOT
image analysis and mapping based upon our fieldwork.
Compared to previous maps, this work allowed us to
complete and better define the structural framework at
various locations around the Bandar Abbas syntaxis. In
particular detailed mapping was performed in the Minab
and Hadjiabad areas [see also Molinaro et al., 2004], on the
structures aligned on the High Zagros Fault (HZF) (Jain,
Faraghun, and Kuh-e-Khush) and in the area around the
junction between the Main Zagros Fault (MZT) and Zendan

Figure 1. Physical map (source GEBCO data) and main structural features of the southeastern active
Zagros Fold-Thrust Belt (ZFTB). SSZ, Sanandaj Sirjan Zone; UDMA, Urumieh Dokhtar Magmatic Arc;
MZT, Main Zagros Thrust; ZF, Zendan Fault; KF, Kazerun Fault; JF, Jiroft Fault; MFF, Mountain Front
Fault; HZF, High Zagros Fault. Inset is a location map showing the principal tectonic features of the
Arabian-Iranian convergent margin.
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Fault (ZF). We constructed a 160-km-long line length
balanced cross section starting from the city of Bandar
Abbas and ending just north of the MZT. The section is
based primarily upon surface data, with additional con-
straints from published focal mechanisms of seismic events
and aeromagnetic surveys. Recent paleomagnetic and mag-
netic fabric studies provide support for a discussion on a
final model attempting to explain the map view evolution of
structures in the southeastern segment of the ZFTB.

2.2. Geodynamic Context

[6] The main structural features and the history of the
Zagros Mountains are well known [Stocklin, 1968; Falcon,
1969; Ricou, 1974; Alavi, 1994]. In the course of the

collisional process, the Proterozoic-to-Recent sedimentary
pile accumulated on the Arabian margin has been detached
from its Panafrican crystalline basement and folded into
a 2000-km-long mountain belt. The deformation front
advanced into the foreland, generating a fold-thrust belt
of exceptional width, the so-called Zagros fold-thrust belt
(ZFTB). Flanking the ZFTB to the NE and parallel to it
are the Sanandaj Sirjan Zone (SSZ), consisting of strongly
deformed and imbricated metamorphic and sedimentary
rocks, and the Urumieh-Dokhtar Magmatic Arc (UDMA),
an Andean-type volcanic magmatic arc [Alavi, 1994]
(Figure 1). The first major tectonic event in the develop-
ment of the Zagros orogen was the late Cretaceous
obduction of the Neo-Tethyan oceanic crust onto the
Arabian margin [Stampfli et al., 2001]. This event effec-
tively ceased toward the end of Campanian times, while
the remnant Neo-Tethys oceanic crust continued to subduct
beneath the Central Iran plate until the onset of the
collision, presumably in Oligocene-Miocene times [Koop
and Stoneley, 1982]. The collisional process is currently
still active, with a N-S directed convergence rate of
approximately 30 mm/yr according to the NUVEL-1A
plate motion model [DeMets et al., 1994]. However, recent
GPS data suggest a lower velocity (�20 ± 2 mm/yr) of
Arabia relative to Iran [Vernant et al., 2004]. GPS data
also suggest that about half of the convergence is taken up
by Zagros. The direction of shortening is roughly N-S,
with orientations ranging between N7�E (in southeastern
Zagros) and N3�W (in the NW). The convergence rates
are seen steadily increasing from NW to SE, from 9 ±
2 mm/yr in the southeastern ZFTB to 6.5 ± 2 mm/yr and
4.5 ± 2 mm/yr in central and northern Zagros, respectively.

2.3. Mechanical Stratigraphy of the Zagros Fold-Thrust
Belt in the Bandar Abbas Area

[7] The stratigraphic pile of the Arabian margin was first
subdivided by O’Brien [1957] into a number of tectono-
stratigraphic units defined by contrasting mechanical behav-
iors. In this paper we adopt the principle of this scheme
(Figure 2). However, we have added some modifications in
the assignment of formations to the units, since the strati-
graphic sequence in the Bandar Abbas area differs from the
one considered by O’Brien [1957]. Also for some of the
formations or groups of formations we have given a
schematic representation of the dominant structural style
as observed in the field.
[8] At the base of the sedimentary pile is the rigid

Panafrican basement, corresponding to the Arabian meta-
morphic shield. Relatively little is known about these rocks,
since in no place the basement is outcropping except as rare
‘‘exotic blocks’’ transported to the surface by salt diapirs
[Haynes and McQuillan, 1974; Kent, 1979]. Because of the
lack of published seismic and borehole data, the depth to the
basement remains uncertain. Published focal mechanisms
show that most of the seismic activity is concentrated at
depths between 8 and 12 km [Jackson and Fitch, 1981;
Berberian, 1995; Talebian and Jackson, 2004]. The earth-
quake hypocenters are interpreted as being located along
reverse faults below the Hormuz salt, thus providing a

Figure 2. Mechanical stratigraphy of the southeastern
ZFTB illustrating the dominant structural styles and
detachment horizons as observed on the field for the
various lithostratigraphic units. Structural divisions are
slightly modified after O’Brien’s [1957] classification.
Stratigraphy and thickness of units are based on a
compilation of authors’ fieldwork and data from James
and Wynd [1965], Szabo and Kheradpir [1978], and
Sharland et al. [2001].
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minimum estimate of depth to basement of �8 km, a depth
that is roughly confirmed by the results of aeromagnetic
surveys carried out in the 1970s [Morris, 1977] and by other
sources (S. Sherkati, personal communication, 2004).
[9] Resting directly upon the basement is the Lower

Mobile Group, represented by the late Precambrian Hormuz
evaporite layers. This level constitutes the main regional
decollement level for most of the larger folds within the
ZFTB. Given the large amounts of salt extruded by the
diapirs, especially on the eastern side of the Fars arc,
the initial thickness must have been considerable, around
1–1.5 km [Colman-Sadd, 1978; Kent, 1979]. However,
subsequent Zagros folding has remobilized the salt,
causing it to flow from the synclines toward the cores
of the anticlines. Therefore its present-day thickness must
be highly variable, ranging from almost zero beneath the
synclines to perhaps thousands of meters in the cores of
the anticlines [Edgell, 1996].
[10] A 4000- to 5000-m-thick Cambrian to lower

Miocene sequence forms the so-called Competent Group.
Apart from the initial Cambrian-Carboniferous clastic
formations, the majority of this group until Upper Creta-
ceous consists of massive platform carbonate rocks
[James and Wynd, 1965; Szabo and Kheradpir, 1978;
Sharland et al., 2001]. The upper part of the group is
lithologically more differentiated. Approximately 400 m
of Upper Cretaceous marine marls (Gurpi formation) are
overlain by 400–600 m of competent Eocene limestone-
dolomite (Asmari-Jahrum formation) and 50–100 m of
distinctive lower Miocene gypsiferous red marl (Razak
formation). Polymictic conglomerates are visible within
this latter formation, suggesting an important change in
depositional environment possibly related to early regional
tectonic movements. The Razak formation is the lateral
equivalent of the Gachsaran formation, a thick evaporitic
layer well known for its structural mobility in Central
Zagros [e.g., O’Brien, 1957; Edgell, 1996]. At the top of
the Competent Group is the easily recognizable layer of
Guri reefal limestone, marking the base of the Mishan
marls. Its thickness is extremely variable, ranging from
several hundred meters of reefal buildup to zero [James
and Wynd, 1965]. From a structural point of view, the
Cambrian to Upper Cretaceous sequence is the main unit
underlying the large wavelength anticlines of the region.
Their geometry at depth, as will be further discussed,
corresponds to that of detachment folds and faulted
detachment folds. The overlying Gurpi formation is an
important regional décollement horizon responsible for the
development of imbrications and duplex structures within
the Jahrum limestone. The Razak marls serve as a roof
decollement for these imbrications. They are also respon-

sible for frequently observed collapse structures within the
overlying Guri limestone.
[11] The Upper Mobile Group is usually associated to the

lower Miocene Gachsaran formation [O’Brien, 1957]. The
structural equivalent to this formation in the area of our
study can be found in the incompetent Mishan marls. These
consist of distal basin shale and marl alternating with layers
of thin-bedded limestone. Although they do not display the
same structural mobility as the Gachsaran formation, they
constitute the major roof decollement for most of the
underlying structures and more or less decouple deforma-
tion below and above them. Faults propagating upward
through the main detachment folds tend to dissipate dis-
placement within this upper incompetent horizon.
[12] The remainder of the stratigraphic sequence is

represented by the Middle Miocene to Recent clastic
sediments of the Incompetent Group. These molasse-type
sediments, derived from the uplift and erosion of the
Zagros Mountains, show a typical coarsening upward
evolution from marine-to-continental clastics (Agha Jari
Formation) to coarse proximal conglomerates (Bakhtyari
Formation) at the top. The total thickness of the Incom-
petent Group varies considerably due to syntectonic sed-
imentation, especially in the higher members of the group
[Hessami et al., 2001b]; estimates range between 2000 and
4000 m. Structures observed within these formations
include small-scale thrusting and thrust-related folds soling
out into the Mishan marls.

2.4. General Structure of the Zagros Fold-Thrust Belt

[13] The Zagros Fold-Thrust Belt (ZFTB) (Figure 1) is
bordered to the SW by the Persian Gulf, representing the
foredeep basin at the front of the orogen, and to the NE by
the Main Zagros Thrust (MZT), considered by many as
being the suture of the Neo-Tethys Ocean. Classically, the
ZFTB is subdivided into two main structural zones distin-
guished by different topographies and styles of deformation.
These are (Figures 1 and 3) the Zagros Simple Fold Belt
(ZSFB) to the SW and the High Zagros Belt (HZB) to the
NE. In between the two is the so-called High Zagros Fault
(HZF). Additionally, the ZFTB can be laterally subdivided
into three main segments of changing width and mor-
phology, from NW to SE: the Lurestan Arc, the Dezful
Embayment and the Fars Arc (Figure 1).
[14] In the Fars Arc, the Arabian Phanerozoic sequence

has been decoupled from its Precambrian crystalline base-
ment along the basal Hormuz salt layers and folded into a
succession of huge cylindrical anticlines and synclines. The
considerable width of the ZSFB in this area, (up to 250 km
in the center of the Fars Arc) as well as its narrow cross-

Figure 3. Geological map of the ZFTB in the Bandar Abbas area compiled from geological maps [National Iranian Oil
Company (NIOC), 1977a, 1977b, 1999] and authors’ fieldwork [Molinaro et al., 2004]. ZSFB, Zagros Simple Fold Belt;
HZB, High Zagros Belt. Other abbreviations are as in Figure 1. The names on the map refer to the major anticlines. A-A0 is
line of cross section in Figure 4. Boxed area indicates location of geological map in Figure 5. Inset is simplified structural
map of the Bandar Abbas (BA) area, showing main fold axes and thrusts. Gray shading indicates NNW trending structures
of the Zendan Minab belt.
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sectional taper (�1� or less) are consistent with the presence
of the Hormuz evaporites acting as an efficient basal
decollement and permitting the deformation to propagate
over large distances [Davis and Engelder, 1985]. The style
of folding is typically that of detachment folding [e.g.,
Colman-Sadd, 1978; Molinaro et al., 2004], although
Sattarzadeh et al. [2000], based upon the variability of
the observed aspect ratios, suggested that also forced
folds (i.e., folds forced by slip on an underlying fault)
are present in the ZSFB.
[15] The ZFTB is characterized by a relatively intense

seismic activity increasing from NW to SE and terminating
abruptly at the transition between the eastern limb of the
Fars Arc and the Makran prism. Recent studies have shown
that nearly all earthquakes in Zagros are confined to depths
shallower than 20 km [Maggi et al., 2000; Talebian
and Jackson, 2004]. This seismic activity is currently the
strongest line of evidence put forward by authors to prove
the involvement of the crystalline basement in the Zagros
Neogene deformation [e.g., Jackson and Fitch, 1981;
Kadinski-Cade and Barazangi, 1982; Baker et al., 1993;
Berberian, 1995; Talebian and Jackson, 2004]. Numerous
blind faults are known to be active beneath the sedimen-
tary cover. In particular the active Mountain Front Fault
(MFF) and High Zagros Fault (HZF) are considered to be
major segmented reverse faults, whose seismogenic and
morphologic signature is recognized throughout the Zagros
orogen [Berberian, 1995]. Movement accumulated by the
ensemble of these faults has generated a total vertical
displacement in the order of several kilometers (up to
6 km, according to Berberian [1995]). As a result, the level
of exposure within the cover rocks changes considerably
from one side to the other of the basement faults. This is
particularly evident in northwestern Zagros, in the area of
the Dezful Embayment (Figure 1), where the trace of the
MFF is marked by an important step in the elevation of the
same formations from one side to another of the fault
[Sherkati and Letouzey, 2004]. Similarly, the Paleozoic
rocks outcropping NE of the HZF (in the High Zagros
Belt), are never exposed in the folded zone farther to the
southwest [Berberian, 1995].

2.5. Structure of the Bandar Abbas Syntaxis

[16] The Bandar Abbas syntaxis (Figure 3) includes the
easternmost folds and thrusts of the Fars Arc. To the east
these structures abruptly give way to the NNW trending
structures of the Zendan-Minab belt. This transition is
marked by a noticeable change in the style of folding which
has been shown to reflect the transition between changing
decollement levels [Molinaro et al., 2004].
[17] The seismicity in this area is among the strongest in

the Zagros orogen. The focal mechanisms are predomi-
nantly of reverse type and occur at depths between 8 and
17 km [Talebian and Jackson, 2004]. They locally define
clear alignments which have been attributed to the MFF
and HZF basement faults [Berberian, 1995]. Some reverse
focal mechanisms are also reported north of the MZT at
depths increasing to a maximum of 28 km and have been
attributed to underthrusting of the Arabian basement beneath

the metamorphic belt [Talebian and Jackson, 2004]. The
HZF is matched at surface by a major NW trending align-
ment of three giant tectonic structures (Jain, Faraghun and
Kuh-e-Khush structures) extending between the tip of the
Minab fold (SE) and the MZT in the area of the town of
Hadjiabad (NW) (Figure 3). These structures represent major
topographic features in the region, reaching elevations of
3000 m and exposing at their base rocks as old as Silurian
[Szabo and Kheradpir, 1978]. The dominant trend of these
structures is NW-SE. However, it can be noticed that their
eastern tips tend toward the ENE trend of other folds in the
area. The HZF and its associated structures separate the
region into two main structural zones roughly corresponding
to the previously defined ZSFB and HZB zones (Figure 3
and inset).
[18] 1. The area south of the HZF and extending to the

coastline is characterized by large regular anticlines, most
often capped by the competent limestone rocks of the
Jahrum and Guri formations, separated by wide synclines
cored by Mio-Pliocene clastics of the Agha Jari and
Bakhtyari formations. The wavelength of the folds, in the
order of 15–20 km, is considerable, particularly when
compared to their relatively short axial lengths (average
40 km). In comparison, folds of similar wavelength in
the center of the Fars Arc can be traced for more than
200 km [Molinaro et al., 2004]. Many of the anticlines
are pierced by large active salt diapirs [e.g., Kent, 1979].
The average trend of the axial traces is ENE-WSW,
roughly corresponding to the trend of the easternmost
branch of the Fars Arc, although a few folds tend toward
a more E-W direction (Figure 3 inset).
[19] 2. The triangular-shaped area comprised between the

HZF and MZT-ZF fault line (Figure 3) is characterized by
numerous topography-forming synclines cored by Agha Jari
and Bakhtyari clastics separated by large flat plains of
Quaternary deposits. Toward the west, in the region of
Hadjiabad, these synclines are replaced by closely spaced,
laterally discontinuous imbricate stacks of Jahrum limestone
[Molinaro et al., 2004]. Salt diapirism in this area is
considerably less pronounced than south of the HZF and,
according to Talbot and Alavi [1996], none of the diapirs in
this area are currently active. Structural trends oscillate
between ENE-WSW and E-W directions, except close to
the Zendan Fault where north trending faults and folds can
be seen.

3. Regional Structural Cross Section

[20] We have constructed a regional balanced cross
section extending from the Persian Gulf to the interior parts
of the orogen (Figure 4). No seismic or well data were
available to constrain our interpretations at depth. In order
to crosscut structures of interest and to maintain the section
roughly parallel to the inferred directions of tectonic trans-
port, the line of the section is composed of two segments
and has variable azimuths (Figure 3). Because of the very
slight obliquity (max 10�) between the plate convergence
vectors [Vernant et al., 2004] and the trends of tectonic
structures in this area, we consider out-of-section transport
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to be negligible and the plane-strain assumption valid.
Strike-slip faulting, which could impair this assumption,
has been speculatively suggested for this area based on
satellite images [Hessami et al., 2001a] but is not supported
by any field data or by focal mechanisms. The cross section
has been built using the classical two-dimensional line
length balancing techniques and in accordance with the
rules of geometrical acceptability as defined by Dahlstrom
[1969] (i.e., preservation of bed lengths and consistency
between adjacent structures). Two additional constraints
were considered: (1) the minimization of the basal salt
volumes involved in the cores of the larger anticlines, since
we believe that there is a limit to the amount of salt one can
reasonably admit, particularly in view of the large amounts
that must already have been evacuated by the salt diapirs,
and (2) the minimization of shortening throughout the
section. The section does not take into account any short-
ening that may derive from internal deformation or meso-
scale folding and thrusting, although in similar tectonic
settings it has been shown that this may be of relevance
to the total shortening budget [e.g., Sans et al., 2003]. We
have assumed a constant thickness of the Mesozoic-
Paleozoic stratigraphic units throughout the section. Since
most of the Meso-Paleozoic units correspond everywhere to
platform sediments deposited in conditions of very low
subsidence rates [Sharland et al., 2001], we consider the
‘‘layer cake’’ assumption to be valid.
[21] As discussed earlier, the depth to the basal decolle-

ment considered in the section is of approximately 8–9 km.
The strong seismicity throughout the study area proves that
the basement is ruptured along several fault zones, which
have been shown to roughly correspond to the MFF and the
HZF [Berberian, 1995]. Their approximate position at
depth is reported on the geological map (Figure 3). The
depths of the hypocenters considered in our section (10–
11 km for the MFF, 7–8 km for the HZF, Figure 4) are
those reported by Talebian and Jackson [2004], based
upon seismic waveform modeling. An additional con-
straint held to localize basement faults on the section
was the depth to the base of synclines. This is clear in
the case of the two synclines separated by the Handun
anticline (Figure 4), where the uplift above regional datum
of the northern syncline strongly suggests an intervening
step in the basement. From a structural point of view, the
section can be separated into two subdomains, the ZSFB
to the south and the HZB to the north, separated by the
HZF.

3.1. Zagros Simple Fold Belt: Faulted Detachment Folds

[22] The southern segment of the cross section cuts
through the large and relatively simple folds of the ZSFB.

At surface, these folds present a regular and well-rounded
geometry, with gently dipping limbs close to the hinge but
rapidly increasing in the forelimb to values in the order of
70–80�. In the cases of the Genau and Finu anticlines, an
increase in dip, albeit less severe, is observed also in the
back limbs. In one case minor normal faulting is seen in the
crest of an anticline (Finu anticline), probably related to
the outer rim extension occurring during fold growth. A
commonly observed feature on the limbs of these folds is
gravity sliding and collapse of the Guri limestone beds on
top of the Razak marls. This has resulted in disharmonic
folding on the limbs of the major anticlines and toe thrusts
carrying Guri limestone on top of the Mishan marls
(Figure 2). These parasitic folds often show a strongly
downdip asymmetric geometry in some cases approaching
a style akin to recumbent folding. Structures of this kind
can be observed indifferently on the forelimbs and back
limbs of the major anticlines and presumably resulted from
the gravitational instability incurred by oversteepening of
the limbs. However, it is not clear at what stage in the
growth of the anticlines the critical slope for sliding was
reached.
[23] The geometry at depth of the larger anticlines is

problematic. In view of the open and rounded surface
geometry and the ascertained existence of large volumes
of salt acting as a master detachment horizon, a condition
that should enable ductile flow of material from the syn-
clines toward the cores of the anticlines, we interpret them
as detachment (buckle) folds. The Zagros folds were first
interpreted as buckle folds by Colman-Sadd [1978] and
have since been cited by many authors as one of finest
examples of large-scale detachment folding [Davis and
Engelder, 1985; Sattarzadeh et al., 2000; Mitra, 2002;
Bonini, 2003; Sherkati et al., 2005].
[24] The geometry and kinematics of detachment folds

were first discussed in detail by Dahlstrom [1990] and
Jamison [1987]. Recent renewed interest has resulted in a
whole new series of papers dealing with the various aspects
of detachment folding [Anastasio et al., 1997; Homza and
Wallace, 1997; Rowan, 1997; Mitra, 2002, 2003]. Accord-
ing to most authors, a prerequisite condition for the gener-
ation of detachment folds is the existence of a high
competency contrast between the sedimentary units in-
volved in the folding process. The simplest model consists
of a basal incompetent layer acting as a detachment zone,
such as shale or salt, overlain by a thick competent unit such
as carbonates or sandstones. The basal unit responds in a
ductile manner to fold growth, with movement of material
toward the core of the anticline and downwarping of the
adjacent synclines. Depletion of the ductile layers at the
base of the synclines, causing local ‘‘touchdowns’’ upon
the basement, then blocks the development of the anticline

Figure 4. Regional balanced and restored cross section A-A0 through the southeastern ZFTB. Restoration of the cross
section yields 45 km of shortening in the cover versus 10 km in the basement. The discrepancy in the shortening ratios
implies an increasing basement cover offset toward the hinterland and therefore a total decoupling between the two.
Abbreviations are as in Figure 1. Earthquake focal mechanisms are from Berberian [1995] and Talebian and Jackson
[2004]. Line indicates cross section in Figure 3.
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and favors the progressive propagation of a fault through
the forelimb.
[25] In our section, the steep limbs of the most developed

folds would suggest that these have already reached the
more mature stage involving faulting within the forelimb.
This, according to Mitra [2002], occurs by formation of a
fault within the competent unit which then propagates both
up section and down section until eventually connecting to
the upper and lower incompetent units (in our section the
Mishan marls and the Hormuz evaporites, respectively). It
can also be noted that the presence of a fault carrying the
anticline over the footwall syncline allows a considerable
reduction in the volume of salt involved in the cores of the
structures. The displacement generated along the forelimb
thrusts is dissipated within the incompetent Mishan
marls. Further deformation of the structure may have
resulted in overturning of the forelimb and imbrications

occurring within the footwall of the breakthrough fault, as
in the case of the Genau anticline. Examples of this latter
kind of structures were first reported by Perry [1978] from
the West Virginia Valley and Ridge.
[26] Continuous migration of Hormuz salt into the cores

of the anticlines probably resulted in grounding of the
synclines upon the basement. We suggest that the smaller
Rezwar fold, located at the center of the large synform
separating the Genau and Handun anticlines, developed at
this stage in response to the increased drag produced by
welding between the basement and cover.

3.2. High Zagros Belt: Structure of the High Zagros
Fault and Ramp Flat Structures

[27] The geological map (Figure 3) reveals a strong
change in the style of deformation within the cover north

Figure 5. Structural map of the High Zagros Fault and High Zagros Belt in the region of Hadjiabad
derived from geological maps [NIOC, 1977a; Geological Survey of Iran (GSI), 1994, 2002], SPOT
satellite image, and authors’ fieldwork. Labels 1 to 3 denote structurally distinct duplexes. Duplex 2 is
inferred to continue beneath the Jain-Shamil plain in order to explain the north dipping beds in the
southern flank of the adjacent synclines (see also Figure 4). The eroded branch line and branch points
represent the contact between the Lardogarm Thrust and the MZT (see text and Figure 10 for further
explanations). HZF (S)-(N), southern and northern segments, respectively, of the High Zagros Fault.
Bedding attitudes were compiled from geological maps and authors’ fieldwork. B-B0 is line of hanging
wall section in Figure 10. For location, see Figure 3.
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of the HZF (the HZB subdomain) from the ZSFB to the
south. On a detailed structural map of this area (Figure 5),
the NW trending HZF is marked at surface by an emerging
stratigraphic section ranging in age from Oligocene to
Devonian. At 2800 m, it also corresponds to the highest
topographical relief of our section (the Jain structure).
Based upon the observation of Mesozoic rocks outcropping
south of the village of Tezerj and on the strike of the major
structure related to the HZF, the Jain monocline, the western
continuation of the HZF can be separated into two branches
(Figures 3 and 5). This suggestion is also supported by a
detailed analysis of the mean topographic elevations, which
allowed the identification at a regional scale of two distinct
topographic steps (P. Leturmy, manuscript in preparation,
2005).
[28] The actual surface emergence of the HZF is inter-

preted as corresponding to the frontal-most thrust fault of
the Jain structure. A detailed field section (Figure 6)
illustrates the geometrical relationships and the tectonic
style of the structures in the surroundings of the HZF and
Jain area. In the north, an important south verging thrust
fault (Baghan Thrust) has carried rocks ranging from
Eocene to Devonian age over a tight syncline cored by
the Agha Jari and Mishan formations. Minor imbrications of
Guri limestone affect the southern limb of this syncline,
possibly related to fold tightening and/or transfer of dis-
placement from the Baghan Thrust. In the south, Jurassic to
Cretaceous platform limestone is brought to surface by a
north dipping frontal thrust fault, interpreted to correspond
to the emergence of the HZF, and a south dipping back-
thrust. These two faults thus delimit a ‘‘pop-up’’ structure
composed of strongly folded and deformed rocks ranging
in age from Cretaceous to Jurassic age (Figure 7). Inter-
estingly, the frontal fault is seen thrusting over near-flat
lying beds of Bakhtyari conglomerates resting unconform-
ably upon south dipping Mishan marls. This important
geometric evidence suggests that the structural evolution

of this area involved at least two main tectonic events. In
the first event the Mishan beds were tilted in connection
with an early folding episode. This was followed by a
period of relative tectonic quiescence marked by erosion of
relief and widespread deposition of the Bakhtyari con-
glomerates. The tilted Mishan beds, together with the
overlying horizontal Bakhtyari conglomerates, were sub-
sequently overridden by Mesozoic rocks during a second
tectonic event (Figure 8). In other words this means that
the HZF was activated during or after deposit of the
Bakhtyari conglomerates as an out-of-sequence structure
at a late stage in the structural evolution of the area. Even
if the Bakhtyari conglomerates are difficult to date and are
probably diachronous throughout Zagros, this final phase
of deformation must have occurred very recently, in the
last 2–3 Myr.
[29] To the north and east of the HZF a series of E-W

trending synclines and anticlines deforming the Agha Jari
and Bakhtyari formations are visible, separated by a large
flat Quaternary plain (the Jain-Shamil plain) (Figure 5). In
the area around the town of Hadjiabad and the village of
Tezerj numerous closely spaced imbricate structures involv-
ing limestone of Eocene age (Jahrum Formation) are rec-
ognizable. These structures are inferred to continue toward
the east beneath the Jain-Shamil plain (Figure 5). We have
identified at least three structurally distinct duplexes, indi-
cated by the numbers in Figure 5, each duplex being
composed of a minimum of two or three horses. A well-
exposed example of the third duplex can be observed on the
uplifted back of the Jain monocline (Figure 9). The imbri-
cate thrusts converge into the underlying Gurpi marls, thus
proving that imbrication of Jahrum limestone is related to
bedding-parallel slip along the Gurpi marls. The Gurpi
horizon must then correspond to an upper flat accommo-
dating shortening that has ramped up in the hinterland from
the deeper levels of the sedimentary sequence. We interpret
this upper flat as being connected to fault-bend-folds

Figure 6. Simplified field section through the HZF and associated structures in the area of the Jain
antiform (Figure 3). Line is cross section in Figure 4.
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transferring displacement from a lower flat probably situated
within the Hormuz series (Figure 4). These deeper structures
can be inferred in the area of Lardogarm (Figure 4) under-
neath the allochtonous units, the Mishan marls serving as a
decoupling horizon between the two. In this framework the
Lardogarm thrust (Figures 4 and 5), carrying Jahrum lime-
stone over Bakhtyari and Agha Jari clastics, is interpreted as
an out-of-sequence structure, linked to a basement fault,
crosscutting an ENE trending anticline and syncline. The
presence of the basement fault is confirmed by some seismic
events, one of which located at 10 km depth, reported by
Talebian and Jackson [2004] from this area.
[30] The HZB domain is structurally overlain by allocht-

onous nappes of ophiolitic melange and Eocene/Oligocene
flysch. These thrust sheets, which strictly speaking pertain
to the internal zones (Sanandaj Sirjan Zone), have been
carried toward the SW along the Main Zagros Thrust.
Previous work done in this area [Molinaro et al., 2004]
has shown the MZT to be a rather shallow dipping thrust
plane which has been passively folded by underthrusting
and duplication of the foreland sequence. Evidence for this
kind of geometry was provided by the recognition of
tectonic windows (related to tectonic culminations within
the underthrusting foreland structures) piercing through the
overriding allochtonous thrust sheets. It therefore follows
that the tectonic emplacement of the ophiolitic and flysch
nappes must have occurred prior to any deformation within
foreland Zagros. There is a general consensus that obduc-
tion of Neotethyan oceanic crust and its associated pelagic
sediments occurred in Early Coniacian–Late Santonian
times [Falcon, 1974; Ricou, 1971]. However, in the region
of our study the ophiolitic and flysch nappes are systemat-
ically observed resting on top of lower Miocene (Mishan
Formation) or younger formations. This suggests that the
present-day position of the allochtonous nappes is the result
of repeated out-of-sequence reactivation. The geometry of
these contacts is illustrated with a hanging wall diagram
(Figure 10a), where the allochton thrusts over the Agha Jari
sandstones and Mishan marls. We interpret this as being
linked to the out-of-sequence Lardogarm thrust ramping
up from the basement, branching onto the sole of the
allochtonous nappes (i.e., the MZT) and thrusting them
higher up into the stratigraphic sequence (Figure 10b).

Figure 7. View of the HZF and associated ‘‘popup’’ structure composed of highly deformed Jurassic to
Cretaceous rocks. The photograph has been inverted to aid comparison with the section in Figure 6. The
scale is relative to background. Location is in Figure 6.

Figure 8. Frontal view of the emergent HZF, looking
toward the north. Rocks of Jurassic to Cretaceous age are
carried toward the south over horizontal Plio-Pleistocene
Bakhtyari conglomerates resting unconformably over south
dipping Mishan beds. This geometry gives evidence for two
distinct tectonic phases. An initial pre-Bakhtyari folding
phase tilted the Mishan beds. Erosion and deposit of the
Bakhtyari mark a period of relative tectonic quiescence.
This was followed by a syn- to post-Bakhtyari phase of
thrusting along the HZF. The scale is relative to back-
ground. Compare with section in Figure 6.
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The intersection between the MZT and the Lardogarm
Thrust defines a leading branch line [e.g., Boyer and Elliott,
1982] represented in Figures 4, 5, 10a, and 10b by its
corresponding branch points, which allows us to visualize
the three-dimensional geometry of this contact.

4. Discussion: Shortening Estimates and

Kinematics

4.1. Estimates of Shortening

[31] We have restored (Figure 4) the regional cross
section to its original predeformational length using the
classical line length restoration techniques. As mentioned
above, the section does not take into account any shortening
that may derive from internal mesoscale and microscale
deformation. Also the reader should bear in mind that the
hanging wall cutoffs of the emerging faults are rarely
preserved, meaning that the amount of displacement that
can be attributed to a specific fault is always a minimum.
Therefore the total shortening estimates given here should
be regarded as minimum values.
[32] Restoration of the entire section yields approximately

45 km of shortening within the cover, which corresponds to a
ratio of 22%. Of this, approximately 25–30 km (corre-
sponding to a ratio of 32–38%) are accommodated by
shortening within the HZB alone, while the remaining 15–
20 km (12–16%) can be attributed to the folding in the
ZSFB. These values are close to those proposed by Blanc
et al. [2003] in a section through the Dezful Embayment
(49 km = 25%) based on surface data but higher than the
total 25 km (13%) indicated by Sherkati and Letouzey [2004]
for their section in the Dezful Embayment based on surface
and subsurface data. However, it should be noted that the

latter author’s section crosses only the ZSFB, stopping
south of the HZB which is where the highest amounts of
shortening are expected. McQuarrie [2004], proposed a
total 85 km (�26%) and 67 km (�18%) of shortening in
the Dezful Embayment and in the Fars Arc, respectively.
However, these relatively high values derive from her
choice of an exclusively thin-skinned style of deformation.
[33] Restoration of the basement structures in our section

yields approximately 10 km of shortening. This corresponds
to a 4.5% ratio, which is much lower than in the cover, even
considering the high uncertainties that must affect our
calculation. Such discrepancies, implying a complete
decoupling between shortening in the sedimentary cover
and in the basement (Figure 4), are commonly observed in
foothill regions and were first highlighted by Dahlstrom
[1969] based upon his work in the Canadian Rockies belt.
The necessary implication is that the basement shortening
lacking in our section (�35 km) is recovered somewhere
farther into the hinterland, probably in the form of thrust
faults exhuming deep basement rocks. The 28-km-deep
events reported by Talebian and Jackson [2004] about
60–70 km north of the MZT in this area could represent
part of the basement shortening missing in our section.
Sherkati and Letouzey [2004] observe a similar balancing
problem in their cross section in the Dezful Embayment. As
McQuarrie [2004] does not involve the basement in her
sections across the ZFTB, she necessarily encounters the
same problem. However, the solution proposed by this
author, involving a 5- to 10-km-thick basal salt layer in
the Fars Arc, is in our view unrealistic. Blanc et al. [2003],
on the contrary, obtain a higher shortening ratio within the
basement than in the cover, which appears unlikely in view
of our results. Also it implicitly contradicts the standard
view on fold-thrust belts that shortening is first transmitted

Figure 9. Photograph and line drawing of imbrications of Eocene Jahrum limestone in the northern
flank of the Jain antiform (see Figures 4 and 5 for location). The thrust planes are seen converging into
the Upper Cretaceous Gurpi marls, thus proving the role of the Gurpi horizon as a decollement level.
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into the foreland within the sedimentary cover and is later
recovered by younger thrusts within the basement.

4.2. Kinematics of the Cross Section

[34] Previous work done on Zagros rarely focused on the
timing and kinematics of the orogenic processes. Lack of
published seismic data visualizing the detailed geometries
of growth strata, as well as uncertainty on the ages of the
syntectonic formations, makes it difficult to establish the
precise timing of the development of tectonic structures.

The widely observed angular unconformity between the
Bakhtyari conglomerates and the Agha Jari sandstone had
long been considered as indicating that the main pulse of
deformation in the ZFTB occurred in Plio-Pleistocene times
[James and Wynd, 1965]. However, recent studies based on
field observations of unconformities [Hessami et al., 2001b]
and isopach maps derived from industrial subsurface data
[Koop and Stoneley, 1982; Sherkati and Letouzey, 2004]
suggested that the first compressive movements started as
early as late Eocene in the northeast of the ZFTB and
propagated progressively southward.

Figure 10. (a) Hanging wall section (i.e., perpendicular to the transport direction) through the
Lardogarm Thrust and MZT. The branch points shown in this figure and in Figures 4 and 5 visualize the
three-dimensional geometry of the contact between the MZT and the Lardogarm Thrust. Location of
section in Figures 4 and 5. (b) Schematic diagram showing the relationship between the various structural
units in the area of Lardogarm. The out-of-sequence Lardogarm Thrust cuts up section through the
Jahrum imbricates and branches on the sole thrust of the allochtonous flysch and ophiolites (i.e., the
MZT). The numbers indicate the order of activation of the different structures. LT, Lardogarm Thrust.
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[35] The structural analysis presented in this paper pro-
vides some geometric constraints that can help to unravel
the main steps in the history of folding and thrusting of the
studied area. A three-step kinematic scenario is proposed
(Figure 11) for the outer part of the section, based on the
unfolding of the balanced cross section. No attempt has
been made to reconstruct the history of internal units. For
each step the faults considered to be active are underlined in
bold. We acknowledge that our scenario remains oversim-
plified: more refined models including accurate temporal
bracketing of tectonic events will necessitate additional
information on the age and sources of the molasse deposits.
[36] The oldest part of the mountain belt, in a typical

piggyback sequence, is supposed to correspond to the
structures situated north of the HZF. This is shown in
step 1 (Figure 11a), where deep ramps in the hinterland
have folded the hanging wall rocks (including previously
emplaced flysch and ophiolitic melanges) and transferred
displacement to the higher levels of the stratigraphic
sequence. The front-most structure for this first step is
supposed to correspond to the ‘‘pop-up’’ structure described
above in the HZF area (Figure 6). Sherkati and Letouzey
[2004], based upon tectonostratigraphic evidence derived
from updated isopach maps in NW Zagros, suggested that

the first compressive movements in the area of the HZF (i.e.,
the end of step 1 in Figure 11a) occurred in upper Eocene–
Oligocene times, and Hessami et al. [2001b] reached similar
conclusions based upon field evidence. However, this timing
would imply for our cross section a long-term shortening
rate of�1 mm/yr, which is an order of magnitude lower than
the present-day shortening rates determined from geodetic
data (9 ± 2 mm/yr, [Vernant et al., 2004]. It is therefore
probable that the first structures in the HZB were initiated
later, more likely in middle-late Miocene times in connection
with the first appearance of the detritic sediments of the
Agha Jari formation.
[37] In step 2 (Figure 11b) the deformation front has

extended into the foreland causing the sedimentary cover to
fold into a succession of large detachment folds. We suggest
that the sudden change in structural style between the HZB
and the ZSFB is related to a decrease in thickness from
south to north of the basal Hormuz series. This change in
stratigraphic thickness, which is also suggested by the
decrease of salt diapirism in the HZB, was seemingly
controlled by a step in the basement, possibly normal
faulting inherited from Eo-Cambrian extension [Sharland
et al., 2001]. We surmise that at this stage the folds grew as
relatively symmetrical structures. This, as discussed by

Figure 11. Incremental three-step restoration of the cross section through the southeastern ZFTB
(Figure 4). Hatched line (Figures 11a and 11b) represents the approximate inferred position of the mean
topographical surface. Abbreviations are M-P, Mio-Pliocene clastics (Agha Jari Formation and Bakhtyari
Formation); O-M, Oligocene-lower Miocene limestone and marls (Razak Formation, Guri Formation and
Mishan Formation); Ja, Jahrum limestone; Mz, Mesozoic units; Pz, Paleozoic units; Hz, Hormuz
evaporites; Fl-Oph, allochotonous flysch and ophiolites. Other abbreviations are as in Figure 1.
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Davis and Engelder [1985] and Davis and Lillie [1994] and
as illustrated by scaled analogue models [e.g., Letouzey et
al., 1995; Cotton and Koyi, 2000], is a typical feature of
structures developed on top a weak detachment zone such
as the Hormuz series. In the area of the HZF, the develop-
ment of an anticline uplifts the ‘‘pop-up’’ structure and
rotates the Mishan marls to their presently observed dip.
This corresponds to the first step in the two-phased evolu-
tion of early structures described for this area (Figure 6). At
the same time, activation of the Baghan Thrust (Figure 6)
uplifts the duplex structure that is presently observed on the
back of the Jain structure (Figure 9). Scanty information
derived from studies made elsewhere in Zagros can help us
to roughly constrain the timing for the second step of our
kinematic scenario. Homke et al. [2004], based upon a
magnetostratigraphic section through the Agha Jari molasse
deposits in the northwest of the Dezful Embayment, showed
that initiation of folding at the height of the MFF occurred
in late Miocene times between 8.7 and 8.2 Ma. In our
section, the foremost fold of the ZSFB (the Genau fold) is
located approximately over the MFF. However, in view of
the NW-SE diachrony of the Zagros collision, we consider
that the first movements on the Genau fold occurred slightly
later than in NW Zagros, toward the end of Miocene–
beginning of Pliocene. It is unclear whether folding in the
ZSFB commenced everywhere at this time. However,
analogue models of fold-thrust belts on top of weak detach-
ment horizons such as the ZSFB [e.g., Letouzey et al., 1995;
Cotton and Koyi, 2000; Costa and Vendeville, 2002], as
well as observations from similar tectonic contexts [e.g.,
Grelaud et al., 2002], show that the propagation of defor-
mation in these settings is usually very rapid. The most
likely scenario is thus one in which the basal decollement
horizon was simultaneously active over a wide area and the

folds developed at the same time. We consequently propose
that the inception of folding in the north of the ZSFB
occurred not long before the ages given by Homke et al.
[2004], possibly already in late Miocene times.
[38] Finally in step 3 (Figure 11c), corresponding to the

present-day section, the deformation becomes thick-skinned
with the activation of major basement thrusts, notably the
HZF and the MFF. The shortening in the basement is then
taken up in the cover essentially in two ways: (1) further
amplification and tightening of the folds in the ZSFB and
(2) out-of-sequence break-back thrusting cutting through
preexisting structures. Clear examples of out-of-sequence
thrusting are given by the HZF and Lardogarm thrusts.
[39] In the area of the HZF, the previously tilted and

eroded Mishan marls are now covered unconformably by
beds of Bakhtyari conglomerates and overridden by rocks of
Jurassic age, thus completing the two-step history described
for this area (Figure 6). Further evidence for the out-of-
sequence interpretation of the HZF can be inferred from the
map pattern of its three major associated structures, Jain,
Faraghun, and Kuh-e-Khush (Figure 3). As mentioned
above, although their dominant trend is NW-SE, the eastern
tips of these structures tend to align themselves on the
average ENE trend of the folds in the eastern limb of the
Fars Arc. This peculiar geometry had been already noted by
Ricou [1974], who suggested, on the unique basis of
satellite images, that it was originated by dextral trans-
pression along the HZF. However, such dextral slip is not
observed on the field and focal mechanisms determined for
earthquakes along the HZF invariably show reverse fault-
ing. Consequently we interpret these structures as resulting
from the interference between a late NW trending thrust
fault, linked to reverse basement faulting, and an ENE
trending detachment fold (Figure 12). The clearest example
of this kind of structure is given by the Kuh-e-Khush
antiform, 60 km northeast of the town of Bandar Abbas
(Figure 3), where the remains of an ENE trending anticline
are recognizable both in the hanging wall and the footwall
of the HZF.
[40] In the area of Lardogarm the fault-bend folds

described in step 1 are crosscut by the ESE trending
Lardogarm thrust. The map pattern of structures in this area
(Figure 5) is indicative for an out-of-sequence interpretation
of the Lardogarm thrust fault. We suggest that this was also
due to the activation of a basement fault (Figure 4).
[41] To summarize, two main stages of deformation can

be distinguished within the ZFTB. In an initial thin-skinned
stage shortening is accommodated within the cover by
thrusting in the HZB and large-scale folding in the ZSFB
until at least upper Miocene times (Figures 11a and 11b). In
a second thick-skinned stage starting in Pliocene times, and
currently underlined by a strong seismicity record, major
out-of-sequence basement thrusts cut through the overlying
structures of the cover (Figure 11c).

4.3. Tentative Reconstruction of the Kinematic
Evolution of the Southeastern Zagros Fold-Thrust Belt

[42] We complete our discussion on the tectonics in the
Bandar Abbas area by proposing a tentative sketch of the

Figure 12. Schematic model for the development of
structures associated to the HZF in the Bandar Abbas area,
illustrating the successive thin-skinned and thick-skinned
tectonic styles. Compare with the Jain, Faraghun, and Kuh-
e-Khush structures in Figure 3.
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kinematic evolution of the southeastern ZFTB. The prob-
lems discussed below are classical in structural geology and
refer to the development of arcs in fold-thrust belts as
described byMarshak et al. [1992] orMacedo and Marshak
[1999]. The area of our study is located precisely at the
boundary between two arcs (i.e., Zagros and Makran),
each one being related to a different tectonic setting.

Consequently one can expect complex patterns to arise
due to the interaction and overprint between the two arcs.
[43] In the first stage (Figure 13a), the structures of the

HZB develop by sequential addition of imbricates with a
general SSW-ward direction of tectonic transport. The over-
all trend of these first structures is supposed to be NW-SE.
As discussed in the previous section and as indicated in

Figure 13. Evolutionary model for the Fars Arc and Bandar Abbas syntaxis in southeastern Zagros
from middle Miocene to Recent times. Gray shading indicates the shape and extent of the underlying
Hormuz salt basin, according to Kent [1979] and Sharland et al. [2001]. In Figure 13b, the geometry and
thickness of the salt basin is interpreted to control the curved shape of the Fars Arc (see text for further
explanations). The vertical axis rotations expected in this model are supported by recent paleomagnetic
data [Aubourg et al., 2003] across the Fars Arc. GPS shortening rates (mm/yr) in Zagros and Makran
(Figure 13c) are after Vernant et al. [2004] Abbreviations are as in Figure 1.
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Figure 11a, this first stage probably started in middle
Miocene times and continued until the end of Miocene.
[44] In the second stage (late Miocene-Pliocene)

(Figures 11b and 13b) the deformation front propagated
toward the southwest by large-scale folding of the sedi-
mentary cover above the ductile Hormuz evaporites. The
axial traces of the folds developed with a festoon-shaped
curvature corresponding to the present-day curve of the
Fars Arc (Figure 13b). Such curvatures are a commonly
observed feature in fold-and-thrust belts and have been the
subject of debate, one of the main questions being whether
these curves are primary (i.e., were born with their present
shape) or secondary (i.e., resulted from late vertical axis
rotations) [Marshak et al., 1992]. According to Ricou
[1976], the present curvature of the Fars Arc resulted
from the superposition of two noncoaxial directions of
shortening related to changing kinematics of the Arabia-
Eurasia convergence. However, there is no evidence to
support a major change in the direction of the plate
convergence vector since at least Miocene times [Jestin
and Huchon, 1992]. Hessami et al. [2001a], on the other
hand, attributed the deviations of the trends of fold axes in
the Fars Arc to the effect on the cover of vertical axis
rotations of basement blocks bounded by strike-slip faults.
By contrast, in our reconstruction (Figure 11) most of the
folds in the ZSFB were already formed prior to any
involvement of the basement in the deformation. Conse-
quently the factor controlling the curvature of the Fars arc
must be looked for in the cover itself. We suggest that the
main controlling factor was the extent and thickness of the
basal Hormuz detachment horizon. The Hormuz salt basin
pinches out toward the east in the area of Bandar Abbas
and toward the west in connection with the Kazerun Fault
(Figure 1) [Kent, 1979]. The geometry of this basin is
largely controlled by inherited structural features within
the Arabian paleomargin, dating back to Eo-Cambrian
times (Figure 13a) [Edgell, 1996; Sharland et al., 2001].
As shown by analogue modeling [Macedo and Marshak,
1999], a lateral pinch-out of the evaporite layers will affect
the strength of the detachment horizon and therefore the
amount of propagation of the deformation front into the
foreland. The lateral branches of the fold-thrust belt will
thus become ‘‘pinned’’ by the stronger coupling along the
thinner basal detachment. A similar explanation has been
proposed for the Jura Mountains, at the front of the
western alpine orogen. The arcuate shape of this fold-
and-thrust belt has been attributed to the progressive lateral
pinch-out of the Triassic evaporite horizons upon which
the Jura folds and thrusts detach [Vann et al., 1986;
Philippe, 1994]. In this case one can expect vertical axis
clockwise and anticlockwise rotations to occur in the
western and eastern branches, respectively, of the Fars
arc (Figure 13b). Results from magnetic fabrics and
paleomagnetism studies are encouraging in this sense.
Clockwise rotations have been suggested in western Fars
from studies on magnetic fabrics [Bakhtari et al., 1998;
Aubourg et al., 2004] to explain a systematic anticlock-
wise obliquity between the prefolding magnetic lineation
[e.g., Kligfield et al., 1981; Averbuch et al., 1992] and the

fold axes. Also, recent paleomagnetic data from the area of
Bandar Abbas [Aubourg et al., 2003] indicate anticlock-
wise rotations of 15–20�.
[45] Finally, in stage 3 (Figures 11c and 13c) the struc-

tures of the ZFTB were crosscut by out-of-sequence thrusts
originating from basement faults. Shortening transmitted
into the cover advanced the deformation front to its present-
day position in the Persian Gulf. We surmise that the
structures of the Zendan-Minab Belt, with an orientation
close to that of the HZF, developed at the same time. Recent
folding in this area is supported by the observation of
growth strata within Plio-Pleistocene conglomerates of the
forelimb of the Minab fold (Figure 3) [Molinaro et al.,
2004] and is in agreement with observations by Regard et
al. [2004]. Folds and thrusts with the same trend are
observed deforming Mio-Pliocene clastics in front of the
Zendan Fault farther north (Figure 3). These latter structures
as well as those in the ZMB are likely to have resulted from
interference with the southwestward propagation of the
western branch of the Makran arc. Recent paleomagnetic
data from the area of Minab [Smith et al., 2003] (Figure 3)
highlight clockwise vertical axis rotations of �20� in the
ZMB, these rotations being related to the evolution of the
western branch of the Makran thrust-arc system. The faster
propagation of the Makran system relative to Zagros (more
than twice as much) inferred by GPS measurements
[Vernant et al., 2004] would account for the present-day
right-lateral shear [Regard et al., 2004] accommodated by
the shallow aseismic Zendan Fault.

5. Conclusion

[46] Two main stages of deformation are recognized
within the southeastern ZFTB. In the first stage the defor-
mation was thin-skinned in style. In the HZB deep ramps
transferred displacement to an upper flat situated within the
Upper Cretaceous Gurpi marls and produced discontinuous
imbrications within the Eocene Jahrum limestone and fold-
ing of the previously emplaced allochtonous units (flysch
and ophiolites). In the ZSFB, by contrast, the sedimentary
cover was detached along the basal Hormuz evaporites and
folded into a series of large symmetrical detachment folds.
Ongoing shortening and migration of salt toward the cores of
the anticlines resulted in the propagation of forelimb thrusts
dissipating displacement within the lower Miocene Mishan
marls. Oversteepening of the limbs of the anticlines resulted
in gravity collapse structures within the Guri limestone beds.
In plan view, the folds developed with an arched shape
corresponding to the present-day Fars Arc. We suggest that
this shape was primarily controlled by the original extent and
thickness of the basal Hormuz detachment horizon. The
vertical axis rotations expected in this ‘‘Jura-type’’ model
of propagation of the fold belt, clockwise in western Fars and
anticlockwise in eastern Fars, are confirmed by paleomag-
netic and magnetic fabric studies of the region.
[47] This first stage was followed and overprinted by a

thick-skinned stage of deformation, which is currently
underlined by a strong seismicity record. Out-of-sequence
thrusts, linked to deep-seated basement faults, cut through
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the overlying cover structures. In plan view, the intersection
at oblique angles between preexisting folds and these new
thrusts led to the development of structures with character-
istic map patterns (Figure 12), recognizable in the study area
(Figure 3).
[48] The total decoupling between the cover and base-

ment is highlighted by the difference in the calculated
shortening ratios (Figure 4). While the deformation in the
cover propagated into the foreland along the ductile Hormuz
evaporites, shortening was probably recovered within the
basement by thrusting in the hinterland. In a subsequent
‘‘readjustment’’ of the mountain belt as a whole, the
basement-involved deformation also shifted toward the
foreland. In other words, the late stage involvement of
the basement in foreland Zagros could be viewed as a step
toward the reestablishment of the critical taper (in the sense
of Davis et al. [1983]) throughout the entire mountain belt.
This fundamental change in the mechanism of deformation

in Zagros could be related to the major reorganization of
the Arabia-Eurasia collision reported by several authors at
about 3–5 Ma [Westaway, 1994; Allen et al., 2004;
Regard et al., 2004]. This is also the time of the sudden
and widespread occurrence throughout Zagros of the
Bakhtyari conglomerates, which could be interpreted as
the sedimentary signature marking the onset of basement
involvement in the orogen. However, precise dating of
these probably diachronous deposits is required to confirm
this hypothesis.
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