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1. Introduction

Migmatites are heterogeneous rocks formed by partial melting of
metamorphic rocks under high temperature and pressure conditions

in the continental crust (Sawyer, 2008; Li et al., 2016; Wang et al.,

ABSTRACT

This study investigates the metamorphic, migmatitic, and deformational processes in amphibolites
of the southeastern Aligudarz region, located in the central part of the Sanandaj—Sirjan Zone. These
metamorphic rocks occur as lens-shaped bodies and show a mineral assemblage of amphibole,
titanite, clinozoisite, zoisite, quartz, garnet, plagioclase, biotite, and minor zircon. The presence of
lepidogranoblastic, granoblastic, nematoblastic, and diablastic textures, along with anastomosing
foliation and S/C to S/C’ fabrics, reflects dynamic deformation in these rocks. The mineral
paragenesis indicates a transition from the upper amphibolite facies (up to the granulite boundary),
followed by retrogression toward the greenschist facies. Based on thermodynamic calculations, these
rocks experienced metamorphism and migmatization at high temperatures (approximately 650 to
860 °C) and medium pressures (6.5 to 9 kbar), indicating a high geothermal gradient. The widespread
presence of boudinage and mylonitic textures, along with evidence of partial melting, suggests
metatexitic migmatization under high-pressure and high-temperature conditions. Boudin-like
structures in leucosome and melanosome domains, folding of leucosome bands, and microstructures
such as undulose and chessboard extinction, polysynthetic twinning, and grain boundary migration
represent deformation during and after crystallization. Based on these features, deformation includes
dynamic shearing in shear zones, melt-present deformation, and solid-state deformation before and

after crystallization.

2025). They provide valuable insights into pressure-temperature
conditions and the rheological behavior of the crust during tectonic
events (Ghosh and Sengupta, 1999; Li et al., 2023a). The Sanandaj—
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Sirjan Zone in western Iran is a significant metamorphic belt
including extensive migmatites that mainly have been derived from
gneisses and amphibolites (Berberian and King, 1981; Shabanian
and Neubaure, 2024; Saki et al., 2012; Sepahi et al.,, 2019).
This study focuses on migmatitic amphibolites in the southeast
of Aligudarz, analyzing boudinage structures to investigate
deformation related to melting and their rheological behavior.
Geothermobarometry results were used to constrain the conditions
of migmatization. The results contribute to a better understanding
of partial melting processes and crustal evolution in this part of the

Sanandaj—Sirjan Zone.

2. Research methodology

Fieldwork involved the systematic collection of hand samples from
key outcrops with GPS coordinates recorded. Scale-calibrated
photos document metamorphic and deformation features. Thin and
polished sections were prepared and studied under an Olympus
BX50 polarizing microscope to analyze mineralogy, textures, and
microstructures in 40 samples. Additionally, the mineral chemistry
of four representative samples) was analyzed using a Camera
SXFive Electron Probe Micro Analyzer (EPMA) at Pennsylvania
State University, with spot analyses performed on mineral cores,

rims, and across zoned crystals.

3. Results

The area is in the southeastern Aligudarz region, within the
central Sanandaj—Sirjan metamorphic zone near the Zagros thrust
(Soheili et al., 1992; Figure 2). The amphibolites, associated with
marbles and schists, occur as massive, lenticular, and pillow-
like bodies aligned NW-SE (Figure 3A-B). Field evidence
such as leucosome boudins, quartz veins, and mineral stretching
within a shear zone indicates syn-tectonic migmatization and
ductile deformation (Figure 3C-D; Davoudian et al., 2016;
Shabanian and Neubauer, 2024). Petrographic analysis reveals
a metatexite migmatite fabric, with light-colored leucosome
(quartz, plagioclase) and dark-colored melanosome (amphibole,
biotite, garnet, clinozoisite, and titanite). Amphibole appears in
three distinct generations, with varying pleochroism and textures,
indicating multi-stage metamorphism. Features such as S-C and
S-C’ fabrics, undulose extinction, and pressure-solution structures
support intense ductile deformation (Malek-Mahmoudi et al.,
2017; Moradian et al., 2023; Figure 4).

4. Discussions

Microscopic and field evidence from migmatitic amphibolites in SE
Aligoudarz (Figs. 5-7) indicate that boudin structures, composed
of garnet, amphibole, plagioclase, and melt products (leucosome—

melanosome), formed due to rheological heterogeneities during

syn-anatectic deformation (Li et al., 2023a). Melanosomes, being
more viscous, resisted flow more than leucosomes, leading to varied
boudin types such as object, multilayered, and blocky forms (Fig. 7;
Li et al., 2023b). These structures evolved under progressive
strain and melt segregation, reflecting dynamic melt flow in an
active shear zone (Saweyr, 2008; Fig. 8). Textural features like
syn-deformational plagioclase crystallization and foliation-parallel
boudins highlight extensional and shearing forces (Johnson et al.,
2015; Pereira et al., 2017). The spatial and rheological evolution—
from homogeneous to anisotropic flow and back—marks a cyclic
migmatitic regime (Li et al., 2023b). In-situ partial melting
(Yakymchuk, 2021), enhanced by free H-O, played a key role in
lowering melting points and driving melt-related deformation
(Patifio and Johnston, 1991; Weinberg and Hasalova, 2015;
Holness, 2008). Necking, folding, and rotation of boudins indicate
complex strain partitioning and localized melt flow paths (Figs. 4, 8;
Vernon, 2011; Li et al., 2023a). These observations affirm the
interplay of melt generation, deformation, and fluid processes in
shaping migmatitic fabric within shear zones.

Thermodynamic pseudosection modeling based on geochemical
data reveals stability fields of key mineral assemblages in
amphibolites, indicating metamorphism at 730-860 °C and
5.7-9 kbar (Fig. 9). Thermobarometric estimations based on key
mineral chemistry, particularly calcic amphibole (Table 1), provide
reliable constraints on the pressure-temperature conditions of
metamorphism. According to Smith’s barometry method (Schmidt,
1992), the pressure calculated for magnesiohornblende amphibole in
sample ST2-10 is approximately 1.7 kbar, consistent with pressures
derived from pseudosection modeling. Temperature estimations
using Ridolfi’s thermometer (2021) indicate a temperature of
about 801 °C, characteristic of high-temperature amphiboles.
Conversely, the Holland and Blundy (1994) thermometer applied
to the amphibole—plagioclase pair in the same sample yields
a lower temperature estimate near 566 °C at 7.75 kbar, likely
reflecting thermodynamic disequilibrium during system closure.
Additionally, Bartoli et al.’s (2024) ilmenite-involved thermometer
estimates a temperature of 624 °C, indicating amphibole stability
under medium- to high-temperature metamorphic conditions.
These thermobarometric results support amphibolite-facies
metamorphism with partial melting, consistent with regional
tectonothermal evolution. Extensive amphibole stability and
presence of partial melt (leucosome) signify amphibolite-
facies metamorphism with the onset of partial melting (Sawyer,
2008; Spear, 1993). Syn-deformational melting and dynamic
recrystallization are evidenced by fabrics such as S-C structures
and fish-shaped amphiboles (Fig. 10-B; Weinberg and Hasalova,
2015). Estimated geothermal gradient (~30 °C/km) and pressures

correspond to Barrovian metamorphism at 23-32 km depth (Bucher
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and Grapes, 2011). Coexistence of deformation and melt formation
confirms migmatization under high-temperature, mid-crustal
conditions (Vernon, 2011; Li et al., 2023a).

The tectonothermal conditions controlling migmatization in
metabasites of SE Aligoodarz are constrained by P-T diagrams
showing partial melting onset near the solidus (~650-830°C,
5-10 kbar) (Fig. 11A—C; Bucher and Grapes, 2011; Weinberg
and Hasalova, 2015). Field and petrographic evidence confirm
incongruent melting involving hydrous phases and formation of
peritectic minerals (Fig. 4-6, 10; Weinberg and Hasalova, 2015).
Thermobarometry results indicate high-pressure amphibolite
to granulite facies metamorphism at 23-32 km depth (Fig. 9,
11), consistent with regional Barrovian metamorphism in the
Sanandaj-Sirjan Zone (Shabanian and Neubauer, 2024). P-T
trends show increasing pressure toward the zone center, reflecting
Jurassic tectonic processes and active shear zones facilitating
localized migmatization (Jalali et al., 2024; Miri et al., 2025).
Overall, migmatization in SE Aligoodarz aligns well with regional
tectonothermal evolution and shear zone dynamics (Fatehi and
Ahmadipour, 2018).

5. Conclusion

The integrated analysis of field observations, petrography,
geochemistry, mineral chemistry from electron microprobe
analyses, and thermodynamic modeling reveals that the migmatitic
amphibolites in SE Aligudarz experienced metamorphism and
partial melting under upper amphibolite to granulite facies
conditions (650-860 °C; 6.5-9 kbar; ~23-32 km depth). The
dominance of melanosome over leucosome, presence of peritectic
garnet and second-generation amphibole, as well as leucosome—
melanosome structures, indicate metatexite-type migmatization
in a closed to semi-closed system with free H.O. Field and
microstructural evidence, along with thermobarometric calculations
based on mineral chemistry, suggest that melt generation and
segregation occurred syn-tectonically within an active shear zone.
These findings point to a mid-crustal setting within the Sanandaj—
Sirjan Zone, consistent with Barrovian-type metamorphism during
continental collision, possibly accompanied by local extensional
regimes. Further research is recommended to investigate the role of
fluid composition and melt extraction pathways in controlling the

evolution of migmatitic fabrics in shear zones.
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Figure 3. Field photographs of the migmatitized amphibolites in the southeastern Aligudarz:

A) Outcrop of amphibolites along an elongated, dark zone within the local vegetation cover; contact

between amphibolites and marble units exposed along the outcrop. B) Multiple lens-shaped outcrops of

amphibolite bodies, which are more resistant compared to the surrounding rocks. C) Migmatitic structure

developed in the amphibolites of the area. D) Occurrence of quartz veins within the amphibolitic body,

indicating fluid infiltration.
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Figure 4. Photomicrographs of migmatitized amphibolites under polarized light: A) Fish-shaped plagioclase in the leucosome, surrounded by dark,
amphibole-rich melanosome. Leucosome, melanosome, and relict domains are well distinguished. B) Presence of continuous banded boudins of
leucosome (plagioclase). C) Boudin structures of the leucosome associated with darker melanosome domains. D) Lecosome boudin with gentle
folding (plagioclase), surrounded by melanosome. On this leucosome, third-generation amphiboles (actinolite) have developed as blade-shaped

crystals, representing retrograde metamorphism following migmatization. Pl: Plagioclase, Amp: Amphibole (Whitney and Evans, 2010).
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Figure 5. Photomicrographs of the studied amphibolites under cross-polarized light; (A) Presence of plagioclase leucosome (P1) (bright areas)
as a product of partial melting, melanosome (dark areas rich in amphibole), and peritectic minerals such as garnet (Grt) and second-generation
amphibole (Amp). (B) Distinction of the paleosome (the protolith), residual after partial melting, and plagioclase (leucosome). Pl: Plagioclase,
Amp: Amphibole, Grt: Garnet, Qz (Whitney and Evans, 2010).
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Figure 6. Photomicrographs of migmatitized amphibolites under cross-polarized and plane-polarized

light: A) Bright leucosome with plagioclase within a dark melanosome matrix rich in both generations

of amphibole. B) Whitish leucosome surrounded by dark melanosome, with fish-shaped second-

generation amphiboles aligned along the bands. C) Leucosome boudins (plagioclase) with gentle

folding and coarse amphiboles in the melanosome matrix. D) Stretched leucosome bands (plagioclase)

adjacent to a melanosome containing amphibole. Pl: Plagioclase, Amp: Amphibole (Whitney and

Evans, 2010).
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Figure 7. Different stages of boudin structure evolution in the studied migmatitic rocks, following an increase in strain

rate and a shift in the extensional flow regime within the melanosome (adapted from Li et al., 2023b).
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Figure 8. A, B, and C: Interaction between deformation and partial melting processes in the formation and evolution of migmatitic

structures and folded boudins; the position of leucosome, melanosome, residuum, and paleosome in a deformed migmatite at outcrop

scale (adapted from Li et al., 2023b).
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Figure 9. Pseudosection diagram of the area based on data from Eshaghi et al. (2012).
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Table 1. Electron microprobe analysis results of amphiboles from amphibolitic rocks of the SE - Aligudarz region.

Sample ST2-10-129 ST2-10-131 ST2-1A-210 ST2-1A-211 | ST2-1A-212 | ST2-1A-213 | ST5-3--292 | ST5-3--288
Si0, (wt.%) 52.381 45.792 52.020 51.111 50.268 52.734 53.714 44.944
TiO, (wt.%) 0.038 0.284 0.067 0.098 0.056 0.058 0.021 0.034
ALO, (wt.%) 3.805 12.042 3.577 5.293 4.589 2.700 1.746 2.659
FeO (wt.%) 11.821 14.522 13.057 13.262 14.181 11.586 12.303 11.285
MgO (wt.%) 14.571 10.041 13.918 13.877 12.995 16.013 14.867 13.461
MnO (wt.%) 0.272 0.276 0.434 0.436 0.480 0.377 0.285 0.229
CaO (wt.%) 11.400 10.166 11.354 11.108 11.064 11.558 11.796 10.981
Na,O (wt.%) 0.460 1.590 0.367 0.589 0.585 0.334 0.317 0.353
K,0 (wt.%) 0.107 0.313 0.096 0.181 0.168 0.074 0.070 0.068

Cr,0, 0.068 0.144 0.008 0.013 0.012 0.010 0.014 0.045
Fe,0, 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
BaO 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000

Number of ions on the basis of 23 oxygen apfu

Si 7.712 6.811 7.712 7.492 7.537 7.701 7.907 7.493
Al 0.660 2.111 0.625 0.914 0.811 0.465 0.303 0.522
Na 0.131 0.459 0.105 0.167 0.170 0.095 0.090 0.114
Mg 3.198 2.226 3.076 3.032 2.905 3.486 3.263 3.346
K 0.020 0.059 0.018 0.034 0.032 0.014 0.013 0.014
Ca 1.798 1.620 1.804 1.744 1.777 1.808 1.860 1.962
Ti 0.004 0.032 0.007 0.011 0.006 0.006 0.002 0.004
Cr 0.008 0.017 0.001 0.002 0.001 0.001 0.002 0.006
Mn 0.034 0.035 0.054 0.054 0.061 0.047 0.036 0.032
Fe? 0.006 0.352 0.013 0.129 0.144 0.152 0.000 0.471
Fe? 1.449 1.454 1.606 1.497 1.634 1.263 1.515 1.102
Ba 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Sum 6.648 6.254 6.684 6.670 6.730 6.872 6.781 7.051
AIY 0.288 1.189 0.288 0.508 0.463 0.299 0.087 0.507
ALM 0.372 0.922 0.337 0.406 0.348 0.166 0.216 0.016
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Figure 10.A) Dynamic deformation diagram of quartz—feldspar/amphibole (Owona et al., 2013). B) An example of deformation fabrics of
quartz, plagioclase, and amphibole from the study area (southeast of Aligudarz). C) Schematic illustration of deformation fabrics and their
types for quartz, plagioclase, and amphibole. D) Diagram of vertical variation in shear zones and associated shear zone fabrics (Fossen and
Cavalcante, 2017).
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Figure 11. Pressure-temperature (P—T) diagrams (A, B, C) illustrating the thermal and baric conditions under which migmatitization
initiated in the amphibolites.A) Based on the position within the P-T field, it can be inferred that melting in this region was
incongruent melting in the presence of water .B) The migmatites formed synchronously with(Zheng, 2019) C) Migmatitization
occurred under Barrovian-type regional metamorphic conditions, during a deformation—thermal event associated with the

transgression of the solidus boundary (Hyndman, 2019).
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