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The Muteh—Golpayegan Metamorphic Complex is located within the center of the
Sanandaj-Sirjan Metamorphic Zone. The strain parameter measurements by the strain ellipsoid
including strain ratio in the XZ principal plane, strain ellipsoid (RXZ), strain ellipsoid shape
(K), and strain intensity (D) exhibit prolate shape for the amphibole mineral for the deformed
amphibolitic rocks in the Muteh—Golpayegan Metamorphic Complex. Several kinematic shear
sense indicators consist of the asymmetric fold, kink fold, boudin, S/C fabrics, oblique grain
shape, and mineral fishes show a dextral shear sense. The quantitative kinematic analyses
highlight that Wk varies between 0.6 and 0.93, implying a general shear flow with 42% < simple
shear <74% and 26% < pure shear <58%.

1. Introduction

The Zagros orogeny in the central part of the Alpine-Himalayan
orogeny belt, southwestern Iran is a key place to understand the
kinematics of oblique plate convergence in the continental crust
(Davoudian et al., 2016). Transgressive deformation in different
parts of the Zagros orogeny is caused by oblique subduction and
the subsequent collision of the African-Arabian plates with the
central Iranian subcontinent (Babaahmadi et al., 2012). During
this type of deformation, both strike-slip and dip-slip components
are simultaneously contributed to the formation of structural
features (Jones et al.,, 2004). The results of several structural
studies on the petrofabric of quartz crystals (Faghih and
Sarkarinejad, 2011; Sadeghi et al., 2013) in the metamorphic
rocks of the Sanandaj-Sirjan Zone (SaSZ) showed that

deformation is characterized by strain distribution. These textures
can highlight areas of increased strain during the last stages of
plastic deformation (Wallis, 1995; Xypolias, 2009).

Amphibole is considered as one of the important rock-forming
minerals in the middle crust (Shelley, 1994), but there are
general disagreements about its characteristics and deformation
mechanisms. Amphiboles are experimentally deformed by
twining and dislocation glide without dynamic recrystallization
at high strain rates (Morrison-Smith, 1976). In high-temperature
deformation, slip, dynamic recrystallization, and fracture are
observed in amphibole crystals (Hacker and Christie, 1990).
Also, sometimes the amphibole crystals are brittlely deformed

under the upper greenschist facies or the lower amphibolite facies
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(Anderson and Smith, 1995). The deformation of amphiboles
becomes more complex in upper amphibolite and granulite facies.

In this research, the amphibole crystals of amphibolitic rocks
from the SaSZ in the Muteh-Golpayegan region are analyzed
based on field observations, microstructure, and ultimate
strain analysis. It also tries to add new insight into the history
of crustal deformation in the Zagros orogeny, and specifically
to the early stages of exhumation of metamorphic rocks in the

Sanandaj-Sirjan metamorphic zone.

2. Geological settings
The investigated region is in the northeast of Golpayegan city,
located in the structural-sedimentary zone of the SaSZ, Iran.
The Muteh-Golpayegan metamorphic Complex has a relatively
perpendicular trend to the SaSZ, the trend of this zone is northwest-
southeast (Fig. 1). The main rocks of the Muteh-Golpayegan
metamorphic Complex are granite, gneiss, amphibolite,
and paragneiss. The age of zircon from Muteh-Golpayegan
granite gneisses is 557 + 12 Ma in the Late Neoproterozoic
(Moradi et al., 2020). The granite gneisses are medium-grained,
augen-like, and banded (Moradi et al, 2020). The dark gray
paragneisses are fine to coarse-grained and have foliations and
lineations (Hashemi et al., 2019)

Four stages of deformation have been identified in the region.
In the oldest stage, primary igneous and sedimentary rocks have
been deformed and metamorphosed. This stage is characterized
by isoclinal folds, foliation, lineation, and symmetrical boudins
(Moosavi et al., 2014; Sheikholeslami et al., 2019). This phase
shows the amphibolite facies conditions. The generation of lineation
has an average strike of 66° toward the northeast. The average
inclination of the lineation of this generation is 52° to 81° (Fig. 2 A,
Moosavi, et al., 2014; Sheikholeslami et al., 2019). The mylonite
foliation and lineation, M, Z, S folds, and asymmetric boudins
were identified in the second stage. Kinematic analyzes of the shear
indices show the compression event in the region. The average
extension of foliation in the second stage is 42° to 77°. The average
inclination of lineation in the second stage is 46° to 88° (Fig. 2B;
Moosavi et al., 2014; Sheikholeslami et al., 2019). In the third stage,
deformation is identified by microscopic and mesoscopic folds. The
average inclination of the lineation is measured in different rocks in
this generation with the azimuth of 125° (south-east extension) is
31° (Fig. 2; Moosavi et al., 2014; Sheikholeslami et al., 2019).
The second and third metamorphism introduce the Barovian
metamorphic type under greenschist to amphibolite facies
(Rashidnejad-Omran et al., 2002). Normal faults are introduced
as the fourth stage indicator (Moosavi et al., 2014).

The K-Ar age of the amphibole mineral in the amphibolites
is 174 + 2.9 Ma, which clearly indicates the age of cooling
during the Middle Jurassic (Rashidnejad-Omran et al., 2002).

“Ar/*Ar ages on biotite and amphibole crystals in the Muteh-
Golpayegan Metamorphic Complex rocks provide two distinct
time intervals of 72-110 Ma and 46-58 Ma (Moritz et al., 2006).
In general, amphibolite facies conditions during the Cretaceous
(72-110 Ma) have been reported for the amphibolite rocks of the
Muteh-Golpayegan region (Hassanzadeh and Wernicke, 2016;
Rashidnejad-Omran et al., 2002; Moritz et al., 2006; Verdel et al.,
2011). In the age range of 58-64 Ma on the quartz syenite body,
the temperature of the metamorphic rocks of the region was below
300 °C (Rashidnejad-Omran et al., 2002; Moritz et al., 2006).

3. Research Methodology

More than 40 samples of the amphibolite were structurally studied
from different parts of GMC. Their petrographic observations
were performed with a polarizing microscope. Two thin sections
of every sample were provided in two directions, parallel (parallel
to the linearity) and perpendicular (direction of the maximum
elongation) to the surface S, corresponding to the main planes
XY and XZ of the strain ellipse (Tikoff and Fossen, 1993;
Forte and Bailey, 2007). Digital photos were continuously taken
and integrated together by Microsoft ICE software to process
more surface area. Then amphibole crystals were separated from
other crystals using ImageJ software. By using Orient-3.8.0-Win
software was measured the aspect ratio and major axis orientation
of each amphibole crystal using the best circumscribed ellipsoid
method. Afterwards, using the RF/¢ method (Ramsay, 1967),
the values of tectonic strain ratio (Rs) were calculated in each
plane. In order to measure the strain in the third dimension
(YZ plane), was used the equation (RYZ = RXZ * RYX)
(Ramsay and Huber, 1983).

4. Result

The data and observations presented in this study highlight the
significant characteristics of the exposed Muteh-Golpayegan
metamorphic rocks, which are related to the oblique collision
between the African—Arabian continent and the Iranian
microcontinent. Asymmetrical microstructures such as amphibole
fish, S/C textures, and microstructures resulting from strain show
a dextral shear sense, which is similar to the shear direction of
most parts of the SaSZ. According to Vitale and Mazzoli (2009),
mylonite was classified into three types including strain intervals
¢ = 0-1 (protomylonites), ¢ = 1-2.5 (mylonite), and & > 2.5
(ultramylonite). The amphibolite samples show the range of proto-
mylonite (Table 1). A Flinn plot of the Rxy vs. Ryz of the samples
(Fig. 8) shows that most finite strain data fall into the construction
field (K > 1) that Confirms the deformation characteristics of
LS tectonics. The measured D parameter shows strain intensity
variation (0.84-1.02) in different localities of the deformation

zone (Table 1). Such strain partitioning is a very common
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characteristic in areas of the transpressive zones. These WK values
confirm that the deformation zone is affected by compressive
deformationwith42%<simpleshear<74%and26%<pureshear<58%

(Fig. 9 A, and B).

5. Discussions

The stages of development of the Golpayegan Metamorphic
Complex can be represented by four stages. The D1 stage and
its accompanying prograde metamorphism in the Jurassic may
be caused by the steep subduction of the Neo-Tethys oceanic
lithosphere beneath the central Iranian plate. The development of
D2 shear zones with dominant simple shear and related structures
is a regional event which major thrusts were formed by shortening
of the Sanandaj-Sirjan metamorphic rocks, an example of which
was reported in the Aligudarz region (Nadimi and Nadimi, 2008).
The results related to the vorticity and kinematic analyzes of the
amphibole crystals are consistent with the very inclined convergence
along the active continental margin of the central Iran zone in the
(Mohajjel  and
Sarkarinejad and Azizi, 2008; Nadimi and Nadimi, 2008;
Monié and Agard, 2009; Moosavi et al., 2014). The cretaceous

planar subduction model with regional compression proposed

Late Cretaceous Fergusson, 2000;

by Verdel et al. (2011) has been used to explain the development
of D2 and D3 structures. According to this model, the change
of the subduction angle led to the migration of magmatism and
intra-continental orogeny towards Alborz in northern Iran. The
D2-D3 regional deformation is associated with a significant
volume of Paleocene and Eocene magmatism, the products of
which have penetrated and erupted into Golpayegan metamorphic
rocks (Rashidnejad Omran et al.,, 2002; Moritz et al., 2006;
Davoudian et al., 2007). Another effect of this magmatic flare
is Buchan-type metamorphism and the crystallization of new
minerals or the growth of regional metamorphic minerals already
existing in the complex. They have the characteristics of the main
and rare element of continental arc magmatism. The D4 shear zones
associated with the extension of subsequent brittle normal faults led
to the uplift of metamorphic rocks.

Compressive deformation is caused by the collision between
the African-Arabian continent and the subcontinent of Iran in
the Sanandaj-Sirjan metamorphic zone using different strain
gauges, including quartz LPO (Sarkarinejad et al, 2017;
Faghih and Sarkarinejad, 2011; Samani, 2013 and 2017;
Behyari and Shahbazi, 2019), asymmetric folds (Sarkarinejad and
Keshavarz, 2014), mesoscopic foliation and lineation measurement
method (Sheikholeslami et al., 2019; Mansouri et al., 2021) and
deformed conglomerate (Samani, 2017). The calculated vorticity
number of amphibole crystals shows a very common characteristic

in the complex of compressional zones, which is consistent with
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the Cretaceous planar subduction model with regional compression
proposed by Verdel et al. (2011), which is compatible with the
development of D2 and D3 metamorphic stages. All these works
confirm that Zagros is a transitional orogenic belt, which consists
of a volcanic arc (Urmia-Dakhtar), a high-pressure metamorphic
belt (SaSZ), and a Thrust fold belt (Zagros) from northeast to
southwest. The geometry and style of metamorphosed structures
in the Sanandaj-Sirjan metamorphic belt with their formation
in the oblique collision between the Afro-Arabian continents
and Central Iran, where the division of displacement occurred
in the Late Cretaceous to Early Cretaceous period, is consistent
(Mohajjel and Fergusson, 2000; Sarkarinejad et al., 2009;
Keshavarz and Faghih, 2020). However, similar structural
style and deformation history of shear zones in lower crustal
rocks in different parts of other convergent plane boundaries
in the world such as the Aravalli-Delhi mobile belt, NW India
(Tiwari et al., 2019), Ghats belt (Saha and Karmakar, 2015,
reported the Attico-Cycladic massif from the Inner Hellenides,
Greece (Xypolias et al., 2010) and the Everest massif, Tibet (Law
et al.,, 2004). The important characteristics of the metamorphic
rocks of the Muteh-Golpayegan complex show that it is related to
the oblique collision between the African-Arabian continent and

the Iranian subcontinent (Keshavarz and Faghih, 2020).

6. Conclusion

The results of field observations, microstructure, and final strain
analysis in the Muteh-Golpayegan region are:

1- Asymmetrical microstructures such as amphibole fish, S/C
textures, and extensional microstructures show a dextral shear
sense in accordance with the parts of the SaSZ.

2- The amphibolitic samples as a proto- mylonite.

3- Most of the finite strain data are placed in the compressive field
(K> 1) implying the deformation features of LS tectonics.

4- The strain intensity is variable (0.84-1.02) suggesting
compressive zones.

5- WK values (0.60-0.93) confirm that the deformation zone is
affected by general deformation with 42% < simple shear < 74%
and 26% < pure shear < 58% (pure shear).

6- The Muteh-Golpayegan region is affected by the compressional
tectonic process, the diagonal convergence between the African-
Arabian continent and the central Iranian subcontinent in the

Upper Cretaceous.
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Figure 1. A) The division of the structural units of Iran that the study area is shown with a square; B) Simplified geological map of

Golpayegan-Muteh area (Compiled from Sheikholeslami and Zamani, 2005, 1/100000 map).
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Figure 2. A) First-generation fold axis (F1) and lineation of the first-generation (L1); B) Second-generation fold axis (F2) and

second-generation (L2) lineation axis; C) Third-generation fold axis (F3) and third-generation lineation L3) (Moosavi et al., 2014;

Sheikholeslami et al., 2019).
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Figure 3. A) Determination of long and short axes of the amphibole crystals for sample bb-28; B) a large view of determining the long and short

axes of amphibole crystals for sample bb-28; C) calculating the tectonic strain values in the XZ main plane of the strain ellipsoid for sample bb-28.
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Figure 4. A) Plagioclase and amphibole crystals in amphibolitic samples, XPL; B) Titanite crystals in amphibolitic samples, XPL;
C) strip feature in the thin sections of the samples, XPL; D) kinging in plagioclase crystals, XPL. Amp = amphibole, Pl = plagioclase,

Ttn = titanite (Whitney and Evan, 2010).
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Figure 5. A and B) View of curved and lenticular boudins; C) Asymmetric Z folds; D) kink fold folds
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Figure 6. Amphibole classification of fishes (Ten Grotenhuis et al., 2003) with a dextral sense in the north of

Golpayegan, XPL. A) type 1, XPL; B) type 5 and 2, XPL, C) type, 3, XPL, D) type 4, XPL.

Figure 7. A) V-shaped structure, XPL; B) S-C structure, XPL.
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Table 1. Strain ratios in the planes YZ, XZ, XY, and ellipse of strain were obtained based on Fry’s method (Lisle, 1985).

Lithology Sample no. Fry’s method
RS-X/Z RS-Y/Z RS-X/Y K
Amphibolite bb-8 1.75 1.79 1.65 0.83
Amphibolite bb-19 1.8 1.32 1.78 244
Amphibolite bb-15 1.79 1.2 1.76 3.8
Amphibolite Bb-23 1.77 1.1 1.83 8.3
Amphibolite bb-28 1.79 1.28 1.8 2.86
K=Rxy-1/Ryz-1
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Table 2. Values of D, K, vorticity number (WK), type of mylonitization (¢), the measured amount of foliation ()

Lithology Sample no. D A\ € p/° Wk avg.
Amphibolite bb-8 1.02 0.097222 1.05 65 0.77
Amphibolite bb-19 0.84 -0.41818 0.98 77 0.60
Amphibolite bb-15 0.88 -0.58333 0.94 58 0.89
Amphibolite Bb-23 0.88 -0.78495 0.92 56 0.93
Amphibolite bb-28 0.85 -0.48148 0.97 68 0.69
D={(Rxy-1)*+(Ryz-1)})**
V=1-K/1+K
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Figure 8. A and B) The average aspect ratio of amphibole crystals in the ellipsoid surfaces of Strains in Philin’s diagram
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Figure 9. A and B) calculation of pure shear and simple shear components. P. The image function of crustal shortening of

the samples.
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