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Abstract
Suture zones within continental collision zones generally considered as deep-seated

thick-skinned thrusts/shear zones rotted in lower crust. Main Zagros Revers Fault
(MZRF) is the suture zone for continental collision between the Afro-Arabia and
Eurassia plates. The fault comprises of a main thrust in its NW part (Baneh area) while
is partitioned to four fault splays in its SE part (Sharekord area). Evaluation of
deformation conditions of the MZRF fault rocks carried out using quartz, feldspar and
calcite twins’ microstructures as well as mineral composition indicates that the fault has
propagated from various conditions correspond to different brittle to brittle-ductile
transition zones. This implies localization and partitioning of deformation along strike
of the Zagros suture zone. In the Baneh area, the suture zone is an emerged deep-rotted
ductile zone, while in the Shahrekord area, this zone is detached at a basal detachment
zone between basement and cover and then partitioned into four fault splays through its
propagation to the upper structural level. This show that suture zones in orogenic belts
might have changes along strike from thick-skinned to thin-skinned thrusts.
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Introduction

Orogenic belts are resulted from plate convergence
involving collision and suturing of continental margins
(1). The lithosphere strongly deformed along these
margins referee to “suture zones” where fragments of
downgoing oceanic crust and mantle are also
accommodated (2). A complex deformation including
strong partitioning of deformation conditions and
kinematics are common in these zones (3). Deformation
conditions data provide important constraints in
understanding the tempo-spatial evolution of orogenic
belts (4, 5). Such data can also be used as a powerful

tool to determine the burial and exhumation history
during continental thickening episodes (6).
Microstructural studies have always been one of the
qualitative ways for analyzing the conditions of
deformation (7, 8). The Zagros suture zone along which
discrete outcrops of ophiolite rocks exist, resulted from
continental convergence of Afro-Arabia with Eurasia
plates (9-11). Disparity of the suture zone’s fault rocks
from cataclasite to mylonite (12) implies variation on its
deformation conditions. This study attempts to present
field data as well as mineral composition and
microstructures of the suture zone rocks to constrain the
nature and conditions of the Zagros collision zone. This
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could provide key to investigate inequality on
deformation conditions of younger orogenic belts.

Geological setting

Zagros orogeny started with obduction of Neotethys
oceanic crust over the Afro-Arabian Plate in the Late
Cretaceous (9, 13-15). The orogeny then followed by
Early Miocene continental-continental collision of the
plate with the central Iran (16-19). The collision is
characterized by an oblique orogeny resulted in
deformation partitioning across the convergence zone
among the internal metamorphic zone, the external fold-
and-thrust belt, and their suture zone (20-24). The Main
Zagros Reverse Fault (MZRF) suturing the Afro-
Arabian passive continental margin (Zagros fold-thrust
belt to the southwest) with the central Iran (active
continental margin to the northeast), as a southern edge
of the Eurasia Plate (10, 25-27) (Fig. 1). The MZRF is a
major distinct fault in the Zagros NW part (Fig. 1c¢),
along which discrete masses of the obducted ophiolite
of the Neotethyan oceanic crust remnant crops out is
considered as the Zagros suture zone and fault rocks
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from the MZRF derive from below the seismogenic
zone (less than 20 km) (11) (Fig. 2b). In the Zagros SE
part, however, the MZRF comprises several oblique
faults as the Ben, Hafshejan, Farsan and Ardal faults.
Nemati and Yassaghi (28) consider these faults display
duplex thrust system and converge at depth to form a
crustal scale thrust, considered as the root zone of the
Zagros orogen (Figs. 1d, 4). The younger and active
Main Recent Fault (MRF) cuts the MZRF (Fig. 1).

Materials and Methods

The used data in this study are field mapping of the
structures within the MZRF zones as well as sampling
of the zones fault core for the study of their main
minerals microstructures and X-ray analysis. The area
under investigation are the Baneh (in the NW part of the
MZRF) and Shahrekord (in the SE part of the MZRF)
(Figs. 2 and 4). To decipher the kinematics of the zones,
their movement directions and senses were interpreted
using shear lenses from which S—C fabric/structures
(29) are acquired (Figs 3 and 5). Sampling carried out

MZRF: Main Zagros Reverse Fault
MREF: Main Recent Fault
HZF: High Zagros Fault
MFF: Mountain Front Fault
ZFF: Zagros Foredeep Fault
DE: Dena Fault

KA: Kazerun Fault

BO: Borazjan Fault

KB: Kareh Bas Fault

SP: Sabz Pushan Fault

SV: Sarvestan Fault

AT: Ardal Thrust

HT: Hafshejan Thrust

Study Area

Shahrekord

Figure 1. (a): Shows the location of Zagros within the Arabia-Eurasia convergent
zone. (b): The main Zagros faults. Location of the studied areas in (c) (Baneh area,

blue rectangle) and (d) (Shahrekord area, dashed green rectangle).
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Figure 2. (a): Map of the Baneh area [after 44] indicates location of the investigated samples along the MZRF as the BCZ1,
BCZ3 and BCZ4 in the northern part (the Choman section) and the BNZ1 and BNZ3 in the southern part (the Nirvan section) of
the area. (b): Sketch section of the Zagros suture zone in the Baneh area showing the location of the MZRF derive from depth

more than 15 km [after 11].

based on the quality of the exposure and accessibility to
the fault core where observable degree of fabric
development increased. We collected five samples from
the Baneh area (Fig. 2) and three samples from the
Shahrekord area (Fig. 4). Microstructures as well as
petrography of the samples were studied in the XZ
plane, of the finite strain ellipse, of their thin sections,
with the aim of investigating the deformational behavior
of quartz, feldspar and calcite minerals (Table 1).
Conventional powder X-ray diffraction (XRD) was
also performed on all the fault rock samples to quantify
their mineral compositions and proportions and the
results are presented in Table 2. All interpretation was

139

performed using TOPAS software from Bruker AXSI1.
TOPAS performs a Rietveld refinement on the
diffraction pattern resulting in a modeled diffraction
pattern that closely matches the original data (30).

Results
In this section, detailed microstructural studies on
quartz, feldspar and calcite minerals of the selected
samples along the MZRF (Fig. 1) as well as their
composition are presented.

Microstructural observations
Baneh area: In northern part of Baneh area in which
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Figure 3. The MZRF zone in the Baneh area (a, b, and d are the outcrops of the MZRF in northern part, e and f are the outcrops
of the fault southern part). (a) and (b): Show development of S-C structures in volcanic rocks where the BCZ3 sample is taken.
(c): Lower hemisphere equal area stereographic projection of the S-C structures in the MZRF zone in the Baneh area. (d):
Location of the sample BCZ4 taken from 1 kilometer far from the sample BCZ3 on the hanging wall of the MZRF. (e): Outcrop
of ophiolite rocks along the MZRF where the BNZ1 sample is taken. (f): Location of the sample BNZ3 collected from the MZRF

footwall.

the MZRF comprises of a sole mega-thrust,
microstructural investigation on three selected samples
(BCZ1, BCZ3 and BCZ4 in Fig. 2) all are Eocene
Andesite and trachyandesite rocks is performed. The
BCZ1, BCZ3 samples are collected from the fault core
(Figs. 2 and 3). The modal analyses of these samples
show quartz (~80%), feldspar (~15%) and very small
amounts of Clay minerals (Muscovite and chlorite) (~5
%). In the BCZ1, BCZ3 samples, quartz grains show
intracrystalline deformation features such as undulose
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and sweeping undulatory extinction as well as subgrain
microstructures (Fig. 6a, b). Intercrystalline deformation
in the form of low temperature grain boundary
migration or bulging (BLG) recrystallization has also
worked well in these quartzs resulted in development of
new and small grains on margin of the old grains to
form core-and-mantle structure (Fig. 6a, b and Table 1).
The observed feldspar microstructures (e.g., in BCZI
sample, Table 1) include intracrystalline fracturing (Fig.
6¢, d) in almost half of the grains (Fig. 6f), and slightly
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Figure 4. (a): Structural map of the Shahrekord area [after 28] show the location of samples taken from the MZRF and MRF fault zones. MT:
Mafaroon thrust, BZT: Bazoft thrust, DP: Dopolan thrust, KT: Kuhrang thrust, AT: Ardal thrust, NGT: Naghan thrust, NT: Nyakan thrust, FT:
Farsan thrust, HF: Hafshejan thrust and BNT: Ben thrust. Note to location of the studied samples (CAZ1, CFZ2, and CHZ2). (b): Structural cross
section across the High Zagros Zone at Bakhtyari area [after 28], the red line in (a) is the location of the cross section.

Fig 4. (a): Structural map of the Shahrekord area [after 28] show the location of samples taken from the MZRF and MRF fault zones. MT: Mafaroon
thrust, BZT: Bazoft thrust, DP: Dopolan thrust, KT: Kuhrang thrust, AT: Ardal thrust, NGT: Naghan thrust, NT: Nyakan thrust, FT: Farsan thrust,
HF: Hafshejan thrust and BNT: Ben thrust. Note to location of the studied samples (CAZ1, CFZ2, and CHZ2). (b): Structural cross section across
the High Zagros Zone at Bakhtyari area [after 28], the red line in (a) is the location of the cross section.

undulatory extinction deformation twins (Fig. 6e) and
bent twins (Fig. 6d) in the rest of grains. The rock
foliation exhibits subtle sigmoidal shapes, comprising
the S—C fabric (Fig. 6g, h in BCZ3 sample). Chlorite
grains are deformed to develop undulose extinction and
Mica fish (Fig. 6g).

The BCZ4 rock sample is taken from the Eocene
vitric tuff (Fig. 2) ~lkm to the W of the MZRF core.
Quartz grains in this sample show intracrystalline
deformation features such as undulose and sweeping
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undulatory  extinction as well as  subgrain
microstructures (Table 1). Intercrystalline deformation
in the form of low temperature grain boundary
migration or bulging (BLG) recrystallization have seen
in less than 2% of quartz grains. Less than 5 % of
feldspar grains are deformed to develop intracrystalline
fractures along which more of them solubilized to
sericite (Fig. 6I, j). Muscovite grains tends to resist
deformation and few of them develop into Mica fish
(Fig. 6k).
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Figure 5. (a): The Hafshejan fault zone where the CHZ2 sample is collected. Note to S-C structures in Cretaceous carbonate rocks
through which the lensoideal fault rocks have developed. (b): The Farsan fault zone in Cretaceous carbonate rocks from which the
CFZ2 sample is collected. (c) and (d): The Ardal fault zone along which Cretaceous carbonate (K,) and Marl (K,) thrust over the
Pleistocene Bakhtyari conglomerate. (e): The Ardal fault zone where the CAZl sample is collected. (f): Lower hemisphere equal
area stereographic projection of structures in (1) the Hafshejan and (2) the Farsan fault zones that show southwestward sense of

shear. Refer to Fig. 4 for the samples locations.

In southern part of the Baneh area, the BNZ1 sample
was taken from the MZRF fault core whereas the BNZ3
sample was collected from the fault damage zone (Fig.
2). Since the BNZI1 sample is mainly composed of tiny
phyllosilicate minerals (more likely from chemical
alteration of original pyroxene and amphibole), the
developed microstructure is only crenulation cleavage
(Fig. 61, m). The BNZ3 sample is mainly composed of
quartz grains and some muscovite minerals that have
not been deformed (Fig. 6n).

Shahrekord area: The MZRF in this area comprises
four fault zones as the Ben, Hafshejan (the CHZ2
sample as Cretaceous sandstone), Farsan (the CFZ2
sample as Cretaceous limestone) and Ardal (the CAZI
sample as Cretaceous limestone) faults from northeast
to southwest (Fig. 4). In the Hafshejan fault zone,
lensoidal fault rock in which S-C structure are formed
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show brittle-ductile conditions for the fault (Fig. Sa).
Investigation on microstructure of the fault rock sample
(Fig. 4 and Table 1) shows almost all quartz grains are
deformed to intracrystalline fractures, along which
solubilization to sericite are present (Fig. 7a), as well as
undulose and sweeping undulatory extinction (Fig. 7a).
Only 15% of quartz grains deformed to develop
subgrain (Fig. 7¢) and less than 5% of them deformed to
intercrystalline low temperature grain boundary
migration or bulging (BLG) recrystallization (Fig. 7b
and Table 1).

Evaluation of calcite twins in the CFZ2 and CAZI
samples (Figs. 4 and 5b, e) using criteria of Burkhard
(7) and Ferrill et al (31) show that they are deformed to
types I, II and III mechanical twins (Fig. 7e, f and
Table 1). In these samples, development of stylolitic
fractures represents the action of pressure solution
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Table 1. Microstructure of the MZRF Rocks

Area Sample Microstructure

BCZ1 Quartz minerals: undulose extinction>90%, sweeping extinction~55-
60%, subgrain~35-40%, core and mantle structure
feldspar minerals: intracrystalline fractures>50%, undolose
1.Choman extinction<15%, deformation twins and bent twins~5-10%
section BCZ3 Quartz minerals: undulose extinction~100%, sweeping extinction~60-
65%, subgrain~40-45%
feldspar minerals: intracrystalline fractures>50%
Baneh BCz4 Quartz minerals: undulose extinction~75-80%, sweeping extinction~30-
35%, subgrain~15-20%
feldspar minerals: intracrystalline fractures<5%

2.Nirvan section BNZI crenulation cleavage
BNZ3 No deformed
Shahrekord CHZ2 Quartz minerals intracrystalline fractures>85%, undoulose
extinction~70%, sweeping extinction~20%, subgrain~15%, bulging<5%
CFZ2 Calcite twin type 1~48%, type 11~52%
CAZ1 Calcite twin type [~50%, type 11~45%, type 11I<5%

s

w5 fractiretl |

3 - o o : SO o 7 . &

Figure 6. Microstructure of the MZRF rocks in the Baneh area. (a) and (b): Quartz microstructures (BCZ1 sample) (Sg: subgrain, Ng: new grain,
BLG: bulging as low grade temperature recrystallization) show initial development of core and mantle structure while feldspar grains show
intracrystalline fractures in image (b). (¢) and (d): Fractures and bending in feldspar grains in BCZ1 sample (arrow in image ¢ and ellipse in image
d). (e): Deformation twins in feldspar grains of the BCZ1 sample (arrow). (f): Undulose extinction in feldspar grains of sample BCZ1. (g) and (h): S-
C fabric deduced from mica fishes in the BCZ3 sample, arrow shows the sense of movement (g: xpl, h:ppl). (I) and (j): Quartz microstructures
(BCZ4 sample) (Sg: subgrain, DL: Deformation lamellae, BLG: bulging as low grade temperature recrystallization). (k): Mica fish in the sample
BCZA4. (1) and (m): Crenulation cleavage (S, as red dashed line) in the sample BNZ1 (1: xpl, m: ppl). (n): Photomicrograph of the BNZ3 sample show

undeformed grains.

deformation mechanism (Fig. 7d). (Table 2, Fig. 8a). Lizardite and chrysotile is believed as
the result of serpentinization proceeded from olivine

Rock composition and orthopyroxene (32) that is the main mineral of
X-ray diffraction analysis carried out on selected ophiolites. However, the BNZ3 sample (Fig. 2) is
samples from the MZRF show that major mineral composed of Quartz (51%), Muscovite (23%), Albite
assemblages of the BNZ1 sample (Fig. 2) is chrysotile (16.2%) and Clinochlore (9.7%). The CAZ1 and CFZ2
(43.4%), Lizardite (49.4%) and Magnetite (7.2%) samples gathered from the Farsan and Aradal Fault
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Figure 7. Microstructure of the MZRF rocks in

hako area. (a), (b), and (c): Quartz micr

ostructure in the sample CHZ2. (a): Show

development of fractures (yellow arrow) and solution cleavages in quartz grains (pink arrow) as well as disjunctive cleavage (red dashed curves).
(b): Deformation band (DB) and bulging recrystallization (BLG) in quartz. (c): Subgrain (sg) in quartz. (d): Stylolite structures in calcite grains.
(e) and (f): Mechanical twins in calcite grains in the samples CFZ2 and CAZ1, respectively. Refer to Fig. 4 for the samples locations.

zones in the Shahrekurd area generally composed of
carbonate minerals. The CAZ1 sample is composed of
Calcite (14.9%), Dolomite (84.3%), Quartz (0.3%) and
Albite (0.5%) whereas the CFZ2 sample is comprises
calcite mineral (~100%) (Table 2 and Fig. 8b).

Discussion

The developed microstructures in the quartz and
feldspar minerals of the MZRF rocks in the Baneh area
(Fig. 6) represents that the fault rocks are deformed as
low-grade mylonite. The quartz is usually deformed by
crystal-plastic processes as shown by its change in
shape and by its intracrystalline undulose extinction as
well as grain boundary Bulging (Fig. 6a, b). As Trouw
et al (33) suggested these quartz microstructures is
common in low-grade mylonites. The feldspar grains,
however, deform by fracturing (Fig. 6c, d). The
phyllosilicate minerals tends to resist deformation and
may develop into porphyroclastic "fish", especially
when surrounded by quartz (Fig. 6g, h). The quartz
microstructures correspond to the lower part of regime 2
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by Hirth and Tullis (34) and BLG II by Stipp et al (35)
and that deformation temperature of the fault rock is
approximately 350°C (Fig. 9a) while microstructures of
the feldspar minerals correspond to temperature lower
than 400°C (36).

The temperature range for low-grade mylonites is
thought to be roughly between 250 and 500°C (33).
According to the microstructures of the quartz and
feldspar minerals in samples from the Baneh area, the
MZREF is deformed under temperature of about 400 °C.
Assuming a geothermal gradient of 26 °C/km equal to
adiabatic condition, this temperature represent the depth
of ~15 km for formation of the suture zone. For crustal
rocks made of granitic (quartz and feldspar bearing) the
brittle-ductile transition occurs in the range of 10-15 km
(37). This depth is correspond to the depth of the
ophiolite rocks emplaced over the Arabian Platform as
passive continental margin during the obduction of the
the Neotethys oceanic crust in the Late Cretaceous to
early Paleocene (9, 14, 15). In addition, X-ray
diffraction analysis on the rock sample (BNZ1) from the
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Figure 8. (a): X-ray diffraction pattern of the sample BNZ1 show chrysctile, lizardite and magnetic peaks as its main minerals. (b):

X-ray diffraction pattern of sample CFZ2 show only calcite mineral.

MZRF in the Baneh area (Fig. 8) show that this rock
consist of serpentine group minerals. Serpentine
minerals generally form by hydration of mafic and
ultramafic rocks like ophiolites and in temperature from
300 to 500 °C (38, 39), which is correspond to low
grade mylonites propsed here for the conditions of the
MZRF fault rock in the Baneh area. Thus, the MZRF in
this area is a deep-rotted thrust along which
emplacement of the ophiolitie rocks to the upper
structural level occurred in a brittle-ductile transition
condition.

Quartz mineral microstructures of the MZRF in the
Sharekord area (the CHZ2 sample in Table 1 and Fig. 7)
where it comprises several fault zones (Fig. 4) represent
deformation correspond to regime 1 by Hirth and Tullis
(34) and BLG I by Stipp et al (35). The deformation
temperature is thus equal to 300 °C (Fig. 9a). Similarly,
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evaluation of calcite twins in calcite minerals (the CFZ2
and CAZ1 samples in Table 2 and Fig. 7) based on
Burkhard (7) and Ferrill et al (31) criteria show that they
generally deformed to type I and type II mechanical
twins correspond to deformation temperature of about
250°C (Fig. 9b). Thus, according to the microstructures
of quartz and calcite minerals, it can be proposed that
the MZRF fault zones in this area is deformed under
temperature of about 300 °C. Assuming a geothermal
gradient of 26° C/km equal to adiabatic condition, this
temperature represent the depth of 10 km for the
formation of these fault zones in a brittle conditions.
Comparison of microstructures as well as rock
composition of the studied samples indicates that in the
Baneh area the Zagros suture zone is spatially localized
along a main deep rotted ductile thrust originated from
the depth correspond to brittle-ductile deformation
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Figure 9. Shematic diagrams illustrating the ranges of temperature of (a): the three dynamic recrystallization mechanisms of

quartz (BLG (bulging low grade), SGR (subgrain rotation), GBM (grain boundary migration) and GBAR (grain boundary area
reduction)) [after 35, 36, 45]. (b): Twin morphology in calcite [after 7, 31].
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Figure 10. Cross section showing localization and partitioning of deformation along the MZRF in (a): Baneh area, (b):

Shahrekord area.

condition. In the Shahrekord area, however, the suture
zone is spatially partitioned into several thrust splays
rooted at depth to a deeper megathrust (Fig. 10).

It is generally believed that the MZRF is a paleo-
structure related to the Proterozoic basin (40) that
extend in an extensional rift basin (41) related to the
Neo-Tethys rifting (42). During Miocene-Pliocene, as
consequence of Zagros shortening synchronous to
development of Zagros Fold thrust belt, the paleo-
extensional fault has reactivated to an inverted normal
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fault. We believe that through this fault inversion the
NW part of the MZRF inverted through preexisting
normal fault to form a deep-rotted thick-skinned thrust
whereas the fault SE part is inverted as footwall shortcut
thrust through a detachement zone between basement
and cover (43). This detachement fault then propagated
to the surface as imbricate thin-skinned thrusts (i.e., the
Ben, Hafshejan and Farsan thrusts in Fig. 4).



Variation of Deformation Conditions of Zagros Suture Zone ...

Conclusion

Microstructural studies on selected samples across
the Zagros suture zone indicate that the zone is
deformed under different deformation conditions. In the
Shahrekord area, the fault rocks come from within the
seismogenic zone (under temperature of about 300 °C
and depth of 10 km) and indicate brittle deformation
condition. In the Baneh area, the fault rocks derive from
below the seismogenic zone (under temperature of
about 400 °C and depth of ~15 km) and indicate brittle
to brittle-ductile transition conditions. In addition, X-ray
diffraction results on samples from this area show that
these rocks are serpentinized ophiolites correspond to
low grade mylonite deformation. Spatial development
of the ophiolite rocks in the Baneh area indicates
localization of the suture zone deformation along a
basement involved ductile thrust. In the Shahrekord
area, however, the suture zone is partially detaches at
the basement-cover and imbricated thrust splays
propagated to the surface. This indicates that an
emerged suture zone to the surface in orogenic belts
might have changes along strike from thick-skinned
megathrust to thin-skinned imbricated thrusts.
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