www.gsjournal.ir

Original Research Paper

Scientific Quarterly Journal of Geosciences, Vol. 36, Issue 3, Serial No. 141, Autumn 2026, pp. 155-172

Investigation and comparison of fabrics and deformation temperature in
the Alvand and Boroujerd granites, Sanandaj—Sirjan zone

Leili Izadi Kian*!, Seyedeh Razieh Jafari?, Nasrin Piri!, Shima Rabbani', and Lida Sadeghi'

! Department of Geology, Faculty of Basic Sciences, Bu-Ali Sina University, Hamedan, Iran

2 Department of Geology, Payame Noor University, Tehran, Iran

ARTICLE INFO

Article history:

Received: 2025 October 04
Accepted: 2026 June 28

Available online: 2026 September 23

Keywords:
Alvand
Boroujerd
Fabric
Magma
Tectonics

Sanandaj—Sirjan

1. Introduction

ABSTRACT

The Alvand and Boroujerd intrusive bodies are among the largest coeval plutons in the northwestern
part of the Sanandaj—Sirjan Zone. Both bodies preserve magmatic, transitional, and solid-state fabrics,
though with notable differences. In the Alvand granite, magmatic fabrics are generally well preserved
across most parts, whereas in the Boroujerd granite, they are largely obliterated by overprinting solid-
state fabrics. Moreover, mylonitization is much more pronounced in the Boroujerd granite than in the
Alvand granite, indicating stronger overprinting by subsequent deformation. Transitional fabrics in
both bodies are expressed by the occurrence of late-stage minerals within fractured domains. In the
Alvand granite, although both magmatic and transitional fabrics are well preserved, mylonitization is
not pervasive throughout the entire pluton, suggesting that this pluton was not uniformly affected by
later deformation. Field and microstructural evidence further indicate that the Alvand pluton formed
within an open, dynamic, and multiphase magmatic system. In contrast, the Boroujerd pluton exhibits
features of a relatively closed system, where crystallization occurred under comparatively calm
conditions without significant magma flow perturbations, and deformation was mostly restricted to

the solid state after complete cooling.

The study of internal fabrics in plutons provides critical insights into
crystallization mechanisms, deformation history, and geodynamic
processes shaping the continental crust. Plutons, as crystallized
remnants of magma chambers, record the complex interplay
between magmatic, tectonic, and thermal influences during their

solidification (Bouchez, 1997). These fabrics not only refine our

understanding of intrusive magmatism but also contribute to broader
discussions on crustal evolution and tectonic regimes (Paterson et
al., 1998). Examining fabrics in magmatic, transitional, and solid-
state conditions can shed light on the crystallization, emplacement,
and deformation of minerals throughout the geological history

of these intrusions. Magmatic fabrics are primarily controlled by
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magma flow and crystal growth within a melt environment. They
can record the preferred orientation of minerals formed during
magma flow and preserve information about the strain field acting
on the magma during the emplacement of granitic plutons (Paterson
et al., 1989; Bouchez, 1997; Zak et al., 2012). Transitional fabrics
represent the stage between a fully molten and a completely solid
state. Solid-state fabrics, on the other hand, typically form under the
influence of tectonic stresses and metamorphic processes (Vernon,
2000).

The Alvand granite (Hamadan Province) and the Boroujerd
granite (Lorestan Province) are among the most significant intrusive
bodies within the Zagros Fold Belt and the Sanandaj—Sirjan Zone,
both having been affected by various magmatic and metamorphic
processes. A comparative study of fabrics in these granites can
reveal differences in their geodynamic settings and the conditions
of their formation. While the Alvand and Boroujerd plutons have
previously been investigated from petrological, mineralogical, and
geochronological perspectives, this study focuses on a systematic

comparison of their fabric characteristics.

2. Research methodology

To achieve the objectives of this study, field surveys were
conducted at 15 stations within the Alvand pluton and 11
stations within the Boroujerd pluton. Measurements included the
orientation of enclaves, alkali feldspars, foliations, and mylonitic
lineations. Oriented sampling was carried out in both plutons for
microstructural analysis. More than 50 oriented samples from
the Alvand granite and over 25 from the Boroujerd granite were
collected. Thin sections were prepared perpendicular to foliation
and parallel to stretching lineation, and subsequently analyzed

under a petrographic microscope.

3. Results

In the Alvand pluton, all three types of fabrics—magmatic,
transitional, and solid-state—are observed. The magmatic fabric
is expressed by the preferred orientation of large alkali feldspar
crystals (Fig. 4-a) and the alignment of enclaves, which are well
preserved in most outcrops. In some parts of the Alvand pluton,
particularly within the porphyritic granite unit, the preferred
orientation of large alkali feldspar crystals is clearly visible.
Enclaves with diverse morphologies and compositions, such as
surmicaceous, mafic microgranular, felsic microgranular, and
hornfelsic types (Shakiba and Sepahi-Garou, 2021), are in places
aligned parallel to the magmatic foliation, reflecting the influence
of magmatic flow on their orientation. Transitional fabrics between
magmatic and solid-state phases are also present in the Alvand
pluton. These are represented by fractured alkali feldspar crystals
filled with secondary minerals such as quartz and biotite, as well
as muscovite. Such features indicate the persistence of deformation

under conditions where parts of the pluton had already solidified

while others remained partially molten. The filling of fractures
by late-stage magmatic minerals is interpreted as evidence for
crystallization synchronous with deformation, marking a gradual
transition from magmatic flow to solid-state deformation.

In the Alvand intrusive pluton, multiple lines of evidence indicate
solid-state deformation, reflecting the continuation of strain after
magma crystallization. In many thin sections, alkali feldspars
show dynamic recrystallization and are being transformed into a
fine-grained recrystallized matrix. Owing to their higher resistance
compared to quartz, alkali feldspars often form porphyroclasts in
mylonitic granites and serve as shear-sense indicators that record
the kinematics of the shear zone. Mylonitic foliation is commonly
expressed as C/S fabrics in mylonitic granites, and in some thin
sections, an abundance of phyllosilicates leads to the development
of pronounced C/S fabrics as well. Both fabrics are useful for
determining shear sense.

Platy minerals such as muscovite and biotite exhibit undulose
extinction and dynamic recrystallization, forming a mica-fish
microstructure. Tourmaline commonly responds to deformation
in a brittle manner, being fractured and offset by microfaults.
Myrmekite, which is widespread in the Alvand pluton, occurs in
both magmatic and deformational contexts. Extensive deformation
twins in plagioclase crystals also provide evidence of solid-state
deformation and are frequently observed in the Alvand granite.
Flame perthite and microcline structures are additional solid-state
microstructures that occur abundantly in the Alvand granite.

In the Boroujerd granite, magmatic, transitional, and solid-
state fabrics are all present. Evidence of magmatic fabrics includes
the occurrence of enclaves and the preferred orientation of alkali
feldspar crystals. Compared to the Alvand pluton, however,
magmatic fabrics are much less well preserved in Boroujerd, as
they are largely overprinted by stronger solid-state fabrics. Only
in limited areas could enclaves and alkali feldspar orientations
be identified as magmatic lineations. Based on orientation
measurements, the dominant alignment of enclaves and alkali
feldspar megacrysts indicates a magma flow direction toward
the southeast (SE). Alkali feldspar zoning extinction is observed
much more frequently in the Boroujerd granite than in Alvand,
a feature formed under magmatic conditions. Some plagioclase
porphyroclasts display fractures filled by quartz, biotite, and
occasionally K-alkali feldspar, which represent transitional fabrics
and point to the presence of melt during deformation (Bouchez,
1997; Vernon et al., 2004). In the studied plagioclase crystals,
fractures are often filled by fine-grained aggregates of quartz and
alkali feldspar, which may reflect deformation in the presence of
fluids (Bell and Johnson, 1989; Bouchez, 1997).

Solid-state deformation fabrics are particularly strong in the
Boroujerd granite. These include dynamic recrystallization of alkali
feldspars, reduction of grain-boundary areas, abundant deformation

twins in plagioclase, and quartz recrystallization characterized
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by bulging, subgrain rotation, and grain-boundary migration.
Additional microstructures such as microcline and flame perthite
are also observed. Under solid-state conditions, platy minerals such
as biotite and muscovite show undulose extinction, bent twins, and
dynamic recrystallization, forming mica-fish structures, which can
be used as shear-sense indicators. Mylonitic foliation and stretching
lineations are developed across large portions of the Boroujerd
granite, confirming extensive solid-state deformation of the pluton.
The mylonitic foliation trends predominantly NW—SE and NE-SW,
dipping mainly toward the NE and SE, with fewer planes dipping
SW. Based on the porphyroclast-to-matrix ratio, most rocks in the
study area classify as protomylonites to mylonites. The intensity of
deformation decreases from west to east and from NW toward SE,
with abundant mylonitic fabrics in the northern and northwestern
parts of the Boroujerd granite. Transitional features between these
fabric types are also recognized in different parts of the pluton.

Stretching lineations exhibit low plunges toward NW, NE, and SW.

4. Discussions

Analyzing whether a magmatic system is open or closed plays a key
role in understanding the petrogenetic evolution of intrusive bodies.
In closed systems, once magma is emplaced in a magma chamber, it
evolves without mass exchange with the surrounding environment,
undergoing processes such as fractional crystallization, crystal
settling, and degassing (Bowen, 1928; Ghiorso and Sack, 1995).
The chemical composition of the magma evolves internally and
gradually. As a result, crystals in such systems typically have the
opportunity for orderly growth, producing well-organized fabrics
with weak preferred orientations. In contrast, open systems are
characterized by the influx of new magma pulses (recharge), magma
mixing and mingling, assimilation of wall rocks, and degassing
(Huppert and Sparks, 1988; Bachmann and Bergantz, 2004;
Bohrson et al., 2014). Such dynamic conditions lead to complex
fabrics, textural heterogeneities, abnormal zoning in crystals, mafic
enclaves, coeval dikes, and deformation during crystallization
(Wiebe et al., 1997; Perugini and Poli, 2005).

A comparison of the Alvand and Boroujerd granites in the
Sanandaj—Sirjan Zone indicates that, although both were emplaced
within a similar geodynamic regime, their structural and fabric
characteristics reflect different evolutionary pathways. The
Boroujerd granite shows clear evidence of a relatively closed
system: primary magmatic fabrics are largely obliterated, crystals
exhibit strong polysynthetic and concentric twins, and crystal
zoning is relatively regular. Moreover, solid-state deformation is
intense, and mylonitic fabrics are extensively developed. These
features suggest slow cooling and orderly crystallization within a
static, closed magma chamber (Glazner et al., 2004). In contrast,

the Alvand granite displays classic features of an open magmatic
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system. Well-preserved magmatic and submagmatic fabrics, along
with strong preferred orientation of alkali feldspar crystals, indicate
crystallization concurrent with active magma flow. In most parts
of the pluton, magma flow was non-conformal with the host rock
boundaries, often cutting across them, indicating non-centered
flow simultaneous with tectonic stresses. Such features can only
be explained in open, dynamic environments where magma
is influenced by external stresses (Paterson et al., 2011). One
important indicator of an open system in Alvand is the presence
of coeval mafic dikes. These dikes, often spatially and temporally
associated with the felsic pluton, document the intrusion of mafic
magma pulses during crystallization. Injection of such magmas not
only stimulates recrystallization but also facilitates magma mixing
and mingling (Wiebe et al., 1997; Perugini and Poli, 2005). Mafic
enclaves with reaction rims, complex zoning in phenocrysts, and
felsic—mafic hybrid textures clearly indicate that the Alvand granite
formed under intense magmatic dynamics. Rounded, elongated,
or haloed enclaves provide direct evidence of mingling, whereas
unstable zoning or reversely zoned alkali feldspars suggest magma
mixing. Solid-state deformation in Alvand is also significant,
though less intense than in Boroujerd. Nevertheless, the continuity
between magmatic, submagmatic, and solid-state phases indicates
that deformation occurred progressively and synchronously with

cooling (Bachmann and Bergantz, 2004).

5. Conclusion

A comparative study of the Alvand and Boroujerd granites in the
Sanandaj—Sirjan Zone reveals that, despite emplacement within
a similar geodynamic environment, the two plutons experienced
distinct deformation and strain histories. The Boroujerd granite
underwent more intense tectonic stresses, leading to the obliteration
of primary magmatic fabrics, advanced zoning extinction, and
extensive development of mylonitic fabrics. In contrast, the Alvand
granite experienced milder deformation, preserving magmatic and
transitional fabrics more effectively. These differences likely reflect
variations in the plutons’ positions within the Sanandaj—Sirjan
Zone and their exposure to different tectonic events over time.
Submagmatic and transitional evidence in both plutons indicates
that no significant pause occurred between magmatic and solid-state
phases. Continuous deformation during cooling is observed only in
areas with high strain rates, such as where magma was injected into
shear zones. The findings show that the Alvand granite, in addition
to magmatic and transitional fabrics, also preserves all key evidence
of solid-state deformation. Therefore, both plutons formed and
evolved in a ductile environment, but with differing intensity and
distribution of strain phases. Specifically, Alvand exhibits stronger
deformation during the magmatic phase, whereas Boroujerd shows

greater solid-state deformation.
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Figure 1. Simplified geological map of the
Alvand and Boroujerd plutons based on the
Geological map of Hamadan, 1:250,000
(Sheet 5957) (sabzehei et al., 1977) and the
Geological map of Boroujerd, 1:250,000
(Sheet 5958) (Soheili, 1992). Geological map
of the Alvand (a) and Boroujerd (b) plutons
and location of measurement stations of this

study.
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Table 1. Comparison of the ages of the Alvand and Boroujerd plutons according to various sources.

Boroujerd pluton

Alvand pluton

163-170 Ma (Zhang et al, 2018)

163 Ma (Shahbazi et al, 2010)

165 Ma (Mahmoudi et al, 2011)

165 Ma (Mahmoudi et al, 2011)

169-172 Ma (Ahmadi Khalaji et al,2007)

163- 165 Ma (Chiu et al, 2013)

165 Ma (Chiu et al, 2013)

157-171 Ma (Zhang et al, 2018)

163-170 Ma (Azizi et al, 2023)
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Figure 2. Petrography of the Alvand pluton: (a) Gabbro from the Ganjnameh area, (b)

Leucogranite and porphyritic granite with a sharp contact, (c) Mafic microgranular enclaves

within granite, (d) Porphyritic granite with large feldspar phenocrysts.
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Figure 3. Petrography of the Boroujerd granite: a) Aplitic dyke within mylonitic granite,

b) Leuco granite, c¢) Oriented enclaves within granite, d) Contact between schist and the

Boroujerd granite.
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Figure 4. Evidence of magmatic and transitional fabrics in the Alvand granite: (a)

Preferred orientation of feldspar crystals in granite, (b) Orientation of schist enclaves

and feldspar crystals in granite, (c¢) Fracturing and infilling of plagioclase crystal by

biotite, (d) Fracturing and infilling of feldspar crystal by muscovite.
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Figure 5. Evidence of solid-state fabrics in the Alvand granite: a) Recrystallization of feldspar crystals, b and c) Feldspar

porphyroclasts and C’/S fabric indicating dextral shear sense (cross-polarized and plane-polarized images),
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Continued from Figure 5. Evidence of solid-state fabrics in the Alvand granite: d and e) Undulose extinction and

recrystallization of muscovite with mica fish formation, fracturing and displacement of tourmaline crystals showing

sinistral shear sense (cross-polarized and plane-polarized images), f) Deformation-induced albite and pericline twins,

g) Deformational myrmekite formation, h) Deformation twinning in plagioclase crystals, i) Microcline crystals and mica

fish indicating sinistral shear sense.
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Figure 6. Structural relationship between the mylonitic
foliation of the Alvand and Boroujerd intrusive bodies and

the host rocks.
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Figure 7. Magmatic fabrics of the Boroujerd granite: a and b) Orientation of mafic enclaves

within the granite, ¢) Elongation of feldspar minerals and contour diagram of feldspar orientation,

d) Zoning extinction in feldspars, with some zones altered.
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Figure 8. Fabrics of the Boroujerd granite: a) Zoned plagioclase with twinning and fractures filled by biotite (transitional

fabric), b) Fractured plagioclase filled by quartz (transitional fabric), ¢) Dynamic recrystallization of feldspar (solid-state

fabric), d) Reduction of grain boundary area in quartz grains (solid-state fabric), ) Deformation twinning in plagioclase

and bulging-type recrystallization between plagioclase crystals (solid-state fabric), f) Grain boundary migration in quartz

(solid-state fabric), g) Formation of microcline (solid-state fabric), h) Development of flame perthite (solid-state fabric),

i) Curved cleavages and undulose extinction in muscovite (solid-state fabric).
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Table 2. Comparison of fabrics in the Alvand and Boroujerd granites.

. . Boroujerd X Approx.
Type of Evidence Fabric type X Alvand Granite
Granite Temperature (°C)
Preferred orientation of feldspars Magmatic Low High </ 700-800
Zoning in plagioclase Magmatic High </ Low &/ 700-800
Fractures filled with biotite Transitional High </ Low ¢/ 600-700
Fractures filled with quartz Transitional High </ Low &/ 600-700
Undulose extinction in quartz Solid-state High </ High </ 400-500
Bending and kinking of biotite/
£ ) & Solid-state Moderate </ Moderate </ 350-500
muscovite
Flame perthite Solid-state High </ High </ 400-600
Deformation twins and stepped Solid-state High &7 High &/ 400-500
Dynamic recrystallization of feldspar | Solid-state High </ High </ 400-550
uartz grain boundary migration
Q & e Solid-state High </ Moderate &/ 550-650
(GBM)
Subgrain rotation (SGR) Solid-state High 7 Moderate </ 350-450
Quartz bulging (BLG) Solid-state High </ Moderate &/ Less than 350

Dynamic recrystallization of quartz Solid-state High <7 Moderate &/ 350-650

Grain boundary area reduction . .

Solid-state High </ Moderate </ More than 700
(GBAR)

Deformation-induced myrmekite Solid-state Very Low 7 High <7 300-500
Microcline Solid-state High &/ High &/ 400-500
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Figure 9. Types of dynamic recrystallization and estimated deformation temperatures (Owona et al., 2013).
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