aVa

Shahid Chamran Adv. Appl. Geol. Spring 2026, Vol. 16(1): 174 - 200

University of Ahvaz

Research Article

Ductile deformation analysis and determination of shear sense in the Borujerd-Dorud
shear zone, Northwest of Iran

Fatemeh Ahmadi', Ali Solgi', Hsan Haji Hoseinlou®*, Mehran Arian', Siamak Baharvand®

1- Department of Earth Sciences, SR.C., Islamic Azad University, Tehran, Iran
2- Department of Geology, Khoy.C., Islamic Azad University, Khoy, Iran
3- Department of Geology, Khor.C., Islamic Azad University, Khorramabad, Iran

Keywords: Borujerd-Dorud shear zone, fabric element deformation analysis, shear indicators, dextral
oblique transpressional, partitioning.

1-Introduction

The study area is located in the Sanandaj-Sirjan metamorphic zone, along the Dorud and Qaleh-Hatam
faults in the Borujerd-Dorud region. This zone trends northwest-southeast, parallel to the Dorud strike-slip
fault and the right-lateral Qaleh-Hatam strike-slip fault. The Dorud fault, trending northwest-southeast,
covers almost the entire study area, and the Qaleh-Hatam fault, trending northwest-southeast, separates the
Nahavand fault from the Dorud fault (Fig. 1). Shear zones are a topic that has fascinated many geologists
in recent decades. In shear zones, deformation analysis involves identifying fabric elements and shear sense
indicators to understand how rocks have deformed (Haji Hosseinlou, et al., 2015). These analyses help
determine the tectonic history of an area, including the direction and magnitude of stress and strain. The
aim of this research is to analyze the deformations of fabric elements and shear sense indicators in the
Borujerd-Dorud shear zone. By analyzing these fabric elements and shear sense indicators, we can
reconstruct the deformation history in an area, including the type of stress (compression, tension), the
direction of movement along faults, and the conditions (temperature, pressure) under which deformation
occurred (Haji Hosseinlou, 2016).

2-Material and methods

In the studied area, during field studies, structural measurements were taken in the designated sections. For
microstructural studies, approximately 80 oriented thin sections were prepared from all rocks in the studied
area. For the preparation of oriented thin sections, cutting parallel to the stretching lineation and
perpendicular to the mylonitic foliation was performed. The reason for sampling rocks from the area was
to determine the metamorphic conditions during deformation phases and to determine the direction and
sense of shear in the sections. To investigate the fabric elements and shear sense indicators of the studied
area, the results were combined with the structural status of each sample and field observations. Laboratory
studies included examining the relationship between the crystallization of some minerals and deformation,
deformation mechanisms, and shear sense indicators. The differentiation of deformation stages in different
units was carried out using field evidence and microscopic studies. Based on the fabric present in the rocks
and the relationship of porphyroclasts with existing foliations, the relationship between deformation stages
and metamorphic stages was interpreted. Determining the direction and sense of shear in shear zones are
important tools in structural and microstructural investigations of deformed areas. In shear zones, a correct
assessment of the sense and direction of shear is an essential factor in structural and microstructural
observations (Haji Hosseinlou, 2021). Field and laboratory criteria can be used as shear indicators to
understand the sense and direction of shear (Haji Hosseinlou, 2015). Shear indicators include various types
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of structures, microstructures, and fabric elements. Even using these shear indicators and fabric elements,
the sense and direction of shear can be determined for zones that are reverse, normal, and strike-slip relative
to displacement indicators. The study of microstructures or rock fabric, especially in the study of thin
sections, can be used in two general areas. This is because the study of microstructures and metamorphism
in thin sections leads to an understanding of the tectonic evolution of the rock. This article examines issues
related to the study of deformation of fabric elements and shear indicators in the Borujerd-Dorud shear zone
along the Dorud and Qaleh Hatam faults. The observed shear indicators and fabric elements in this area
include: S- and Z-shaped shear folds, S-C shear band structures, mantle porphyroclasts of type o, fish-
shaped structures, sigmoidal tension gashes, asymmetric boudins, sheath folds.
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Fig.1. Geological map of the study area

3-Results and discussions

Petrographic studies in the Borujerd-Dorud shear zone show that the metamorphic grade of the rocks in this
area is within the greenschist and upper amphibolite facies, with temperatures around 300C0O and above
700C0. On the other hand, the presence of andalusite and the absence of kyanite in these rocks indicate
metamorphism at pressures less than 4 kilobars. Based on the information obtained from structural and
microstructural studies of the Borujerd-Dorud area, it is clear that the resulting structures in this area are
both high-temperature and low-temperature types, so in this area, most deformations occurred in the solid
state and at high temperatures. Among the most important high-temperature structures are twin bending in
plagioclase, asymmetric o-type porphyroclastic structures in many alkali feldspars, and the absence of
folding in enclosed rocks. Among the most important low-temperature structures in this area are fragmented
feldspar porphyroclasts in the region's mylonites, dynamic fracturing of feldspar and quartz, undulatory
extinction in quartz, and so on. The structural and tectonic position of the Borujerd-Dorud shear zone is
located within the Zagros structural-tectonic belt. This area is affected by folding and faulting resulting
from the collision of the Eurasian and Arabian tectonic plates. Specifically, these areas are located in the
High Zagros Folded Belt and are affected by the main faults of this region, including the Main Zagros Fault.
Therefore, the studied area is affected by deformation resulting from tectonic stresses with a northeast-
southwest trend. In the study area, the Dorud and Nahavand faults, which are right-lateral strike-slip faults,
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have displaced the Main Zagros Reverse Fault. In the Borujerd-Dorud area, structural and microstructural
studies show two main categories of structures in this area. (1) The first category of structures is related to
right-lateral shear movements, and (2) the second category is related to thrust movements that occurred in
this area. Right-lateral shear movements were created by the oblique transpressional strike-slip component,
and thrust movements were created by the oblique transpressional compressional component. Structural
and microstructural studies conducted in the Borujerd-Dorud shear zone suggest that the oblique
transpressional model presented by Jones et al., (2004), which addresses the shortcomings of the
Sandersone and Marchini, 1984 model, can also be considered for the Borujerd-Dorud area. The presence
of right-lateral shear type indicators and ductile fabric elements indicates that the Borujerd-Dorud shear
zone formed during deformation in right-lateral transpressional tectonics. Studies of the study area reveal
three phases of deformation. In the first phase of regional deformation (D1), horizontal stresses, along with
thermal phases, caused the rocks to metamorphose and form first-generation folds across the area. Evidence
of this metamorphism appears as layering and the formation of first-generation foliation, and evidence of
second deformation (D2) appears as the formation of second-generation foliation and ductile shear zones
in the area. Mylonitic foliations formed in the shear zone during the second generation have been folded in
the third generation of deformation (D3). The most significant deformation in the Borujerd area is the
second deformation, and the third deformation causes the folding of the mylonitic foliation. Evidence of
movement in the Borujerd-Dorud shear zone includes: (1) Evidence of reverse movement in the Borujerd-
Dorud shear zone: Boudin axes parallel to the foliation strike, reverse faults, and elongated S-shaped folds
form in reverse shear zones. (2) Evidence of strike-slip movement in the Borujerd-Dorud shear zone: In the
Borujerd shear zone, boudin axes parallel to the foliation dip, and elongated Z-shaped folds form in strike-
slip shear zones. (3) Evidence of combined strike-slip and dip-slip movement in the Borujerd-Dorud area:
S-C shear bands, fault folds, various fish-shaped structures, and mantle porphyroclasts indicate that ductile
deformation shows combined strike-slip and dip-slip movements.

4-Conclusion

In response to various deformations in the Borujerd-Dorud area, deformation textures such as extensional
foliation, shear band cleavage (S-C fabric), bending and fracturing, fish-shaped structures in various
crystals, and micro-deformation structures including undulatory extinction and pressure solution processes
have been observed in the rocks of the region, indicating a temperature range of 300 to more than 700
degrees Celsius under brittle-ductile deformation conditions. The Borujerd-Dorud shear zone has been
affected by three stages of deformation (D1-D3). The first and second deformation stages acted as
progressive ductile deformation, and the third deformation stage acted as brittle-ductile deformation. The
mylonitic foliations collected in this shear zone have a dominant northwest-southeast strike and a moderate
to high dip to the northeast. Mylonitic lineation mainly show a north-northeast to north trend and have a
low to moderate plunge. In the study area, the intensity of deformations decreases from the northwest at the
Qaleh Hatam fault to the southeast along the Dorud fault, and also from west to east in the Borujerd area.
The concentration of deformation intensity in the north and west of Borujerd can be attributed to the
presence of numerous shear zones and faults in these areas. In the research area, the general trend of boudins
is parallel to the foliations of the Dorud fault, so these structures occurred due to shear movements and
were formed along the Dorud fault. Based on microscopic studies of samples collected from thrust shear
zones, a right-lateral strike-slip component can be inferred for all thrusts. It seems that the activity of shear
zones here increases the intensity of deformations and the development of mylonitic conditions. In the
Borujerd-Dorud shear zone, structures and microstructures indicating reverse and right-lateral strike-slip
shear are observed together, indicating partitioning in this zone. This indicates that oblique tectonic forces
relative to the Borujerd-Dorud deformation zone occurred due to convergent tectonics between the Arabian
plate and the Zagros zone. From a tectonic perspective, the study area clearly shows right-lateral
transpression. The cause of this tectonic regime is the oblique collision of the Arabian platform with the
Zagros block, which has been separated into two components: compressional and shear, due to the collision.
Compressive stress has caused folding and thrusting, and shear stress has caused the right-lateral strike-slip
component in the Borujerd area.
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Fig 1. (a) Simplified geological map of the study area (Haj Malaalim et al., 2006), (b) Satellite image of the study area
and (c) Map of major faults in the study area
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Fig 2. (a) Fault-related folds in the study area, region, the view of photo: N (b) Asymmetric folds in the Borujerd-Dorud
shear zone, region, the view of photo: N, (c) S-shaped shear folding in the Borujerd-Dorud shear zone, dextral shear sense,
(d) Z-shaped shear folding in the Borujerd-Dorud shear zone, dextral shear sense and and (e) S-shaped shear folding in

the Borujerd-Dorud shear zone, latrail shear sense.

oy JSBl 5 00nlS o imie (Vo) boglas Lo 4 o
Slp Sl yolie o o] axiwd plate 395 (gomdw 4
ooliul (S 25ly 98 5 (Als (5 n S 3l Gl
S 5l Gy e e wilgio placnr ez st
ez &5 ol Wgd aidle joomend b 0dg piay (IS 00ss
Cowl oanlice L8 05,90 -0, 9 4l Sldghe S (o

YAY

>l by 09 2 S ol sl -Y-T-F

9959% =99y
Wit sllyinl nd (50,9507 (28 S5 b loger
Passchier ) wad oo St 5, lorys; 5o Ypone a5
oA s S o5 b aST ablie .(and Trouw, 2005
Ol S o0 28 o S0, LS Sl S b T o 9 digd oo



\ O)Lou:: Y4 0)90 ‘\\C'O )LQJ.

a

wa W M 5
A0yl Lgoﬁ)lf (s.gl-’-w o) j},f;rwf/:,:.ﬁl,

S ojlslas b silse oz ool Jasb jee (1979
At (i g8 (oS puSaie (O g bl oo ailais
ssb & Ngd oo JoSis Vb (Al b slagyg) o oz ool
e o (Syh Jled &gy b ol o e jeme IS
SsSl lapa cpl jo g ams o HLas ((AD-VYD0) ¢
Slain il cos oS cosl osalin BB pou g5 Sl
Ot Pt SIS 18 jemmend zuf odig) ey (Keal oole
Iy asl opl o U8 ol sbacps gouiss obxl Jule
—p2 g (Sealoole Ly, S Lot oz (JSG S0

(235 5 s Bl oe j9e

“Jled ($B 2 095 Job 0 4l (sl o (T JS2)
o Bilodds |SaS S5 Cly Sqz 0 Brhosr — oy
Ygano (8 055 nl 53 ool 3by 4l ol 53 (20 095
03525 Slacrz vy o led e iz b slaolylas
il slalgn! e glaipe JSis 9 00,05 e
2 P Sl slagnr ((Hhaw glaggeis) golae
S8 ootz sla,bile Oj90 4 09,90 ~0 290 (Sh 2 09)
—oads abl>l v sledil> lawgs (eye-structures folds)
Mukhopadhyay and Sengupta, ) wgi o el ol

oS LSl (@) el s Faly 4l nl 55 (o Sz 99,93 3,750 G5 40 95 el (SDgy 35,155 ST, (€) 099,99~ 25 0 (095

=795 00 42l (G955 lacin ;0 S8 (et Sl (b5 ez (€) 939599 -0,2 90 (D (095 53 (b el sluel Slea

(ol (az jg2re) 95,90

Figure 3. (a) Dextral en echelon quartz veins in the brittle-ductile shear zone of the Borujerd-Dorud area, (b) Dextral en
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shear zone, The shear direction in this area is dextral and (d) Rose diagram of the en echelon veins directions in the
Borujerd-Dorud shear zone and (e) Eye-shaped structural sheath fold in metamorphic rocks of the Boroujerd-Doroud

shear zone (curvilinear fold axis)
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Fig 4. (a, b) Twinning Bending and kink formation relative to stress on polysynthetic twinning in feldspar plagioclases in
the Borujerd-Dorud shear zone. Section parallel to the stretching lineation and normal to the foliation. (c) Bending in
muscovite mineral, (d) Bending in calcite mineral. Shear sense in all photographs is dextral, (e) Recrystallized biotite
porphyroclast elongated into a fish shape parallel to the mylonitic foliation and (f) fish Quartz in a parallelogram shape

and (g) Mica fish in a lenticular shape. Shear sense in all photographs is dextral. Section parallel to the stretching lineation
and normal to the foliation
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Fig 6. (a) Boudin structure in the veins of the area, the boudin axis is in the direction of the foliation dip. (b) Incomplete
boudins are observed in the granitoid veins of the studied area. The boudin axis is in the direction of the foliation strike.
(¢) Folded incomplete boudins of quartz-feldspar veins in the Borujerd area. The boudin axis is in the direction of the
foliation dip and (d) In a strain ellipse, in the direction of compression to the ellipse, folded structures and structures
parallel to the major axis of the strain ellipse, such as boudinage, are formed.
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Fig 7. (a) Boudinaged andalusite vein in the Boroujerd-Doroud shear zone, (b) Boudinaged garnet within hornfels, in the
Boroujerd-Doroud shear zone and (c) Elongation along foliation and formation of asymmetric microboudinage in quartz
porphyroclasts in mylonitic granite in the Boroujerd-Doroud area.. Section parallel to the stretching lineation and normal
to the foliation.
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Fig 14. Schematic position of two types of boudins relative to foliation. (a) The boudin long axis is in the direction of the
foliation dip, Boudins in the direction of the foliation dip form in strike-slip shear zones, (b) Boudins form parallel to the
mylonitic foliation strikes in reverse shear zones (Ten Grotenhuis et al, 2003) and (c) The rose diagrams show of boudin
trends in the Borujerd-Dorud area.
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Fig 9. (a) S-C shear band in the Boroujerd granitoid, (b) S-C shear band in the Boroujerd schist, dextral shear sense. (c)

SO foliation in Boroujerd shear zone, (d) S1 foliation in Boroujerd shear zone, (e) and (f) S2 foliation in Boroujerd-
Doroud shear zone in outcropes and (g) Orientation of S1, S2 foliations and mylonitic foliation (Cm) in Boroujerd-

Doroud shear zone
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Fig 10. (a) S2 and S3 foliation in Boroujerd- Doroud shear zone, (b) Rose diagram of the stretching lineation directions
in the study area and (c) Orientation of the stretching lineation within the Boroujerd- Doroud shear zones
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Fig 11. (a) Thrust fault at study area, (b) Fault breccia in the Borujerd-Dorud shear zone, (¢) Fault gouge and (d) Fault
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movement.
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Fig 12. Orientation of the foliation and of the stretching lineation with Doroud and Galeh Hatam within the Boroujerd-

Doroud shear zones

39,9 3,79 n 0y SL0Y) 30 RRUSE Ghp g sla Sl Seiled Jae 1Y JSS
Fig 13. Schematic model ductile shear sense within the Boroujerd- Doroud shear zones
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Fig 14. (a) Structures formed under the dextral transpressional system in the Borujerd-Dorud shear zone (BDSZ) and (b)
dextral oblique transpressional regime in the Borujerd-Dorud shear zone (BDSZ)
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Fig 15. summary of measured (stereographic images) and observed structures in the field, (a) D1 deformation phase,
structures formed during this deformation phase are first-generation stretching lineations and S1 foliations, (b) D2
deformation phase, structures occurring during this deformation phase are second-generation stretching lineations,
second-generation mylonitic S2 foliations, Z and S type drag folds, and sheath folds and (c) D3 deformation phase,
structures formed during this deformation phase include foliation-parallel boudins and third-generation folded S3

foliations.
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Table.1. Deformation events in the Borujerd-Dorud area (Ahmadi Khalaji, 2006)

Time Sedimentation Magmatism Metamorphism Deformation
Quaternary Alluvium
Upper Cretaceous- Shale and marl Dolerite dykes Retrograde D3
Paleogene pegmatites in masses metamorphism (Third deformation)
Arbitulin lime, Granitoid masses Spotted schists and D2
Lower Cretaceous Shale, Sandy Pegmatites in aureole hornfels (Second
dolomite, metamorphism (contact deformation)
Sandy lime, metamorphism)
Red sandstone
Jurassic Shale and Slate-phyllite Dl
sandstone (regional (First deformation)
metamorphism)
Triassic Lime Tuff, Ignimbrite, Marble-Slate
Quartz sandstone Lava Metavolcanic
Sedimentary- (dacite - rhyolite,
volcanic complex rhyodacite)
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