37 S
7 ’ Scientific Quarterly Journal of Geosciences, Vol. 36, Issue 1, Serial No. 139, Spring 2026, pp. 21-38

www.gsjournal.ir

Original Research Paper

Application of pyroxene chemistry to evaluation the origin of plutonic rocks
in Northeast Saveh, Urumieh—Dokhtar magmatic arc

Mohammad Goudarzi*', Hassan Zamanian?, Urs Klotzli’, Matee Ullah® , and Sara Houshmand Manavi*

"Department of Geology, Faculty of Science, Lorestan University, Khorramabad, Tran

2School of Geology, College of Science, University of Tehran, Tehran, Iran

3 Department of Lithospheric Research, Faculty of Earth Sciences, Geography and Astronomy, University of Vienna, Vienna, Austria

4 Geological Survey of Iran, Tehran, Iran

ARTICLE INFO

Article history:

Received: 2025 July 12
Accepted: 2025 October 12
Available online: 2026 March 21

Keywords:
EPMA
Pyroxene
Monzonite
Gabbro
Saveh

1. Introduction

Pyroxene, being more resistant to alteration and weathering
compared to many other minerals, can reflect the composition

of the parental magma, the physico-chemical conditions

ABSTRACT

In this study, the chemical composition of pyroxenes (clinopyroxene and orthopyroxene) from
gabbroic to monzonitic intrusive bodies in the northeast of Saveh, located in the central part of the
Urumieh—Dokhtar magmatic belt, was investigated to determine the physicochemical conditions
of crystallization and tectonomagmatic origin. Major and trace element analyses, performed
using electron microprobe analysis, reveal that the pyroxenes in the monzonite are of augite type,
while in the gabbroic units they include both augite and enstatite. Variations in Mg#, TiO-, and
AlOs in pyroxenes support a magmatic differentiation trend and progressive evolution of mantle-
derived melts. Geothermobarometric calculations based on clinopyroxene compositions indicate
crystallization pressures of less than 2 kbar and average crystallization temperatures of 1150-1200°C
for clinopyroxene and 1100-1150°C for orthopyroxene. High oxygen fugacity and a water content
of approximately 10% suggest oxidizing conditions and the presence of subduction-related fluids in
shallow crustal magma chambers. Tectonic discrimination diagrams place the studied units within
subduction-related and pre-collisional volcanic arc settings. These findings highlight the significant
role of subduction processes and crustal melting in magma generation in northeast Saveh and provide
valuable insights into the evolutionary and tectonomagmatic processes of the central segment of the

Urumieh—Dokhtar magmatic arc.

governing crystallization in magma chambers, and the
tectonic setting of the parental magma (Nimis and Taylor,

2000; Putirka, 2008; Wang et al., 2021; Wieser et al., 2023).
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The central UDMA is underlain by a 4-km-thick assemblage
of Oligo—Miocene volcanic and sedimentary rocks, intruded
by various plutonic bodies (Verdel et al., 2011; Chiu et
al., 2013; Kazemi et al., 2019; Moghadam et al., 2020).
Northeast Saveh lies approximately 100 km southwest of
Tehran and forms part of the central UDMA belt. Geological
mapping reveals gabbro—diorite and monzonite—granodiorite
intrusions emplaced along major NW-SE to ENE-
WSW fault systems (Chiu et al., 2013; Nouri et al., 2018;
Goudarzi et al., 2025b). Magmatic pulses span from ~60
Ma to ~3 Ma, reflecting prolonged arc activity (Goudarzi
et al., 2025a). Tectonic reconstruction indicates an initial
extensional regime during the early Eocene, transitioning to
compressional/transpressional stresses in the late Eocene—
Oligocene, concomitant with slab rollback and segmentation
of the Neotethyan oceanic slab (Chiu et al., 2013).

The central UDMA is underlain by a 4-km-thick
assemblage of Oligo—Miocene volcanic and sedimentary
rocks, intruded by various plutonic bodies. Northeast Saveh
lies approximately 100 km southwest of Tehran and forms
part of the central UDMA belt. Geological mapping reveals
gabbro—diorite and monzonite—granodiorite intrusions
emplaced along major NW-SE to ENE-WSW fault systems.
Magmatic pulses span from ~60 Ma to ~3 Ma, reflecting
prolonged arc activity. Tectonic reconstruction indicates
an initial extensional regime during the early Eocene,
transitioning to compressional/transpressional stresses in the
late Eocene—Oligocene, concomitant with slab rollback and
segmentation of the Neotethyan oceanic slab.

Detailed petrographic examination distinguishes two
principals intrusive lithologies:
* Monzonite—-Monzodiorite Unit: Exhibits porphyritic
to granoblastic textures, hosting subhedral to anhedral
clinopyroxene, orthopyroxene, plagioclase (andesine—
bytownite), K-feldspar, hornblende, and biotite in a fine- to
medium-grained groundmass. Accessory phases include
apatite, zircon, and opaque oxides.
* Gabbro—Diorite Unit: Displays granular to heterogranular
textures. Clinopyroxene and orthopyroxene phenocrysts (up
to 60 vol%) occur with plagioclase (labradorite—bytownite),
amphibole, and subordinate quartz in dioritic varieties.
Secondary alterations include chloritization, sericitization,

and carbonatization of plagioclase and pyroxene.

2. Research methodology

Pyroxene compositions were analysed at the University
of Vienna using a CAMECA SX Five EPMA under 15 kV
accelerating voltage and 5-15 nA beam current. Natural
and synthetic mineral standards calibrated element-to-
oxide concentrations, and ZAF corrections were applied.
A total of 38 pyroxene analyses (19 clinopyroxene, 19
orthopyroxene) were performed. Mg#, TiO2, Al:Os, and FeO
variations were plotted to infer magma differentiation trends.
Geothermobarometric utilized:

* Clinopyroxene barometers (e.g., Putirka 2008) and T-P
estimates from Soesoo (1997) algorithms using XPT and
YPT parameters.

* Oxygen fugacity probes based on AIVI+2Ti+Cr vs.
Na+AIIV diagrams (Schweitzer et al., 1979).

* Magmatic series and tectonic setting classifications via
clinopyroxene chemistry fields (Nisbett and Pearce, 1977;
Leterrier et al., 1982).

3. Results and discussions

Clinopyroxene in the monzonitic suite is classified as augite,
whereas the gabbroic suite contains augite and enstatite.
Progressiveincreases in TiO2and Al-Os coupled with decreasing
Mg# reflect fractional crystallization and possible assimilation
processes in an evolving arc magma chamber (DeBari and
Coleman, 1989). Tectonic discrimination diagrams place both
units firmly within subalkaline, arc-related fields, consistent
with a pre-subduction rollback kinematics. Thermobarometric
results indicate crystallization at pressures <2 kbar,
corresponding to depths <8 km, and temperatures of 1150—
1200 °C (clinopyroxene) and 1100—1150 °C (orthopyroxene).
Elevated oxygen fugacity (near FMQ+2) and water content
(~10 wt%) suggest oxidation by slab-derived fluids and
crystallization in a hydrous, shallow-level magma reservoir.
Collectively, these findings underscore the dominant role of
slab-induced melting and crustal differentiation in generating
the central UDMA intrusions, enhancing our understanding of

arc magmatism dynamics in Iran.

4. Conclusion

Ca-Mg-Fe-rich pyroxenes from the monzonite—
monzodiorite and gabbro—diorite complexes of northeastern
Saveh, displaying augitic and augite—enstatitic compositions,
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provide key insights into the magmatic origin and tectonic
setting of the region. Geochemical and tectonic discrimination
diagrams indicate a sub-alkaline magma formed in a

convergent —margin environment. Thermobarometric

23

estimates suggest crystallization occurred under low
pressures (<2 kbar) and high temperatures (1100-1200 °C)
with high oxygen fugacity and ~10 % water content, within

shallow crustal magma chambers at depths of less than 8 km.
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Figure 1. A) Geological map of Iran showing the distribution of magmatic, ophiolites sedimentary rocks, and Quaternary lavas (modified
after Shafaii Moghadam et al., 2023). B) Simplified geological map of northeast Saveh (based on satellite data, field work, geological map
of Zaviyeh 1:100,000 (Amidi et al., 2004, Goudarzi et al., 2025a).
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Figure 3. A) Coarse plagioclase crystals hosting fine clinoyroxene inclusions, with prtial replacement of some phases by carbonate and

chlorite. B) Carbonate alteration with inclusions of zircon within plagioclase in the monzonitic sample. C) Coarse clinopyroxene and plagioclase
crystals displaying polysynthetic twinning and chloritization of Fe-Mg phases. D) Large clinopyroxene crystal exhibiting colored polarization
halos under crossed nicols. E) Plagioclase displays clear polysynthetic twinning, and coarse-grained pyroxenes occur in a sub-ophitic to ophitic
texture; these characteristics indicate crystallization in a mafic environment under a moderate to relatively rapid cooling rate. F) Radial and
tabular amphibole microcrysts accompanied by microcrystalline quartz. G) Backscattered electron (BSE) image of a clinopyroxene crystal
showing growth bands and a corroded rim. H) BSE image of a coarse clinopyroxene crystal. I) BSE image of a coarse orthopyroxene crystal

in association with plagioclase and reaction-rim textures.
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Table 1. Spot analysis results and structural formula calculation of orthopyroxenes from northeast Saveh.

Rock Type Gabbro-Gabbrodiorite Monzonite-Monzodiorite

Spot 105/ 106/ 107/ 144/ 146/ 160/ 161/ 162/ 163/ 164/ 165/ 166/ 179/ 180 186/ 187/ 188/ 189/ 191/ 192/

1. 1. 1. 1. 1. 1. 1. 1. 1. 1. 1. 1. 1. 1. 1. 1. 1. 1. 1. 1.

Sio, 502 512 510 508 504 511 519 507 509 510 507 514 503 504 517 506 51.0 514 512 511
TiO, 022 027 024 027 027 026 024 028 026 0260 027 028 0.16 0.16 028 023 025 026 029
AlLO, 0.56 051 045 0.60 052 065 073 069 077 0.76 053 051 032 033 059 041 046 052 049 0.67
Cr,0, 0.00 0.00 0.00 0.00 0.00 000 0.00 000 0.00 0.00 0.00 001 0.0 0.00 00l 0.00 00l 000 0.00 0.00
FeO 2539 2493 2598 25.04 2547 24.15 2421 2475 25.07 25.15 2634 2540 2831 28.68 24.86 2592 26.64 2659 2595 25.34
MnO 0.66 070 070 0.74 070 0.73 0.68 069 070 0.70 0.70 074 0.76 0.73 0.67 033 0.74 072 0.72
MgO 19.34 20.06 19.12 19.92 19.17 20.70 20.87 19.19 19.78 20.02 18.72 20.06 17.51 1745 19.64 18.09 1834 1853 19.15 19.85
CaO 163 170 153 150 174 131 1.09 285 188 124 176 130 132 130 216 153 163 167 167 134
Na,0 0.01  0.02 000 0.02 003 002 001 003 001 002 0.03 002 0.01 0.01 003 000 003 002 002 001
Total 97.98 9934 99.01 98.89 98.28 9893 99.73 99.20 99.36 99.12 99.00 99.72 98.72 99.00 99.92 97.16 99.08 98.75 99.47 99.34
Die«:;)?%;ﬂ 081 079 08 0.80 08 076 077 079 080 0.80 0.84 080 092 092 079 0.85 0.86 083 081
le)e«j;)?%gﬂ 0.01 0.0l 001 o0.01 001 001l 000 001 0.0l 000 0.01 001 0.01 0.0l 000 0.00 000 000 0.01 0.00
F1 -0.5 -5 -5 -5 -5 -05 -5 -05 -05 -5 -05 -05 -05 -05 -05 -05 -05 -05 -05 -0.5

F2 26 27 27 27 26 27 27 26 27 27 27 27 26 26 27 -26 27 26 27 -27

Si 194 195 196 194 195 194 196 194 194 194 195 195 196 196 196 199 196 198 196 1.95

ALY 0.03 0.02 002 0.03 002 003 003 003 003 003 0.02 002 0.01 0.02 003 001 002 002 002 0.03

Ti 0.01 0.0l 001 o0.01 001 001 001 001 0.0 001 0.01 001 0.00 0.00 001 001 00l 001 0.01 001

AV 0.01  0.01 001 0.01 001 000 001 001 0.0 001 0.01 001 0.01 0.01 001 001 001 001 001 001
Fe¥* 0.08 0.07 005 0.07 0.07 007 0.04 008 0.08 0.07 0.06 006 0.06 0.06 005 0.04 004 001 0.05 0.06
Fe** 038 036 042 036 039 033 035 037 036 037 042 038 050 050 039 048 046 048 042 038

Mg 0.57 058 056 0.58 057 060 0.60 057 057 058 055 058 052 052 058 055 054 055 056 057
Sum M1 (VI) | 1.03 1.02 104 1.02 104 1.00 099 103 1.02 102 1.05 102 1.08 1.09 1.02 104 1.05 104 104 1.02
Fe* 036 036 036 036 036 037 037 034 036 037 036 037 037 037 035 037 036 037 036 037

Mn 0.02 0.02 002 0.02 002 002 002 002 002 002 0.02 002 0.03 0.02 002 001 002 001 0.02 0.02

Mg 055 056 053 056 054 058 058 052 055 056 052 056 050 049 053 051 051 052 053 055

Ca 0.07 0.07 006 0.06 0.07 005 004 012 0.08 0.05 0.07 005 0.05 0.05 009 0.06 007 007 0.07 0.05

Na 0.00 0.00 000 0.00 0.00 000 0.00 000 0.00 0.00 0.00 000 0.00 0.00 000 0.00 000 000 0.00 0.00
Sum M2 (VD) | 1.00 1.0l 098 1.01 099 1.02 102 100 1.0l 1.01 098 100 094 094 1.00 096 09 096 098 1.00
TOTAL 400 400 4.00 4.00 4.00 400 4.00 400 400 4.00 400 400 400 400 400 4.00 400 400 4.00 4.00
Wo 338 346 316 3.08 3.60 268 223 584 384 254 3.64 264 276 271 442 327 339 345 344 274

En 556 569 550 568 552 588 592 546 562 572 539 569 510 506 559 536 532 535 549 567

Fs 410 396 419 401 412 385 385 395 40.0 403 425 404 462 467 397 431 434 431 417 406

Mg# 60.1 619 572 615 592 643 630 61.0 614 610 566 606 51.0 506 598 531 542 535 575  60.1
XPT 37.6 382 381 379 378 379 382 381 380 379 381 383 381 382 384 377 382 384 383 380
YPT -22.8 -23.6 -22.8 -233 -22.7 -241 -244 -233 -234 -234 -224 -235 -21.1 -21.0 -237 -222 -222 -228 -229 -233
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Table 2. Spot analysis results and structural formula calculation of clinopyroxenes from northeast Saveh.

Rock Type Gabbro-Gabbrodiorite Monzonite-Monzodiorite

Spot 108 109 142 143 145 147 181 182 16 17 26 27 60 61 62 85 86 87 88
Sio, 519 510 513 512 510 506 518 516 486 51.0 509 507 505 505 513 50.1 492 495  50.1
TiO, 0.2 0.4 0.2 0.1 0.4 0.4 0.2 0.1 0.5 0.5 0.5 0.6 0.7 0.6 0.6 0.5 0.5 0.6 0.6
AlLO, 0.9 0.9 0.7 0.5 1.1 1.2 0.7 0.6 1.8 1.8 2.0 2.1 2.8 2.5 1.5 1.7 2.5 2.6 2.1
Cr,0, 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
FeO 114 116 114 117 121 11.7 120 122 120 125 126 122 114 11.6 127 125 103 104 129
MnO 0.4 0.4 0.4 0.3 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.3 0.3 0.4 0.4 0.3 0.3 0.4
MgO 133 132 135 13.0 139 137 132 13.1 145 149 155 154 143 146 152 153 144 143 150
CaO 21,6 209 216 221 199 208 214 213 166 181 171 180 198 192 173 176 205 203 17.7
Na,O 0.2 0.2 0.2 0.1 0.2 0.3 0.2 0.2 0.3 0.3 0.2 0.2 0.3 0.3 0.3 0.2 0.3 0.3 0.3
Total 999 987 993 99.1 989 99.1 999 995 945 99.6 993  99.8 100 99.6 992 984 981 983  99.0
Di‘::;?;;‘;n 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.3 0.3 0.4
Di‘::;?l);gﬂ 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
F1 -08 -08 -0.8 -08 -08 -08 -0.8 -08 -0.7  -08 -07 -0.8 -0.8 -0.8 -0.8 -0.7 -08 -0.8 -0.8

F2 24 24 24 24 24 24 24 24 24 25 25 -2.5 24 24 -2.5 24 24 24 -24

Si 2.0 1.9 1.9 1.9 1.9 1.9 2.0 2.0 1.9 1.9 1.9 1.9 1.9 1.9 1.9 1.9 1.9 1.9 1.9
Al 0.0 0.0 0.0 0.0 0.0 0.1 0.0 0.0 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1
Ti 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
AV 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Fe¥* 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1
Fe* 0.3 0.3 0.2 0.3 0.3 0.2 0.3 0.3 0.3 0.2 0.2 0.2 0.2 0.2 0.3 0.2 0.1 0.2 0.2
Mg 0.7 0.7 0.7 0.7 0.7 0.7 0.7 0.7 0.7 0.7 0.7 0.7 0.7 0.7 0.7 0.7 0.7 0.7 0.7
Sum (VI) 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0
Fe** 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.0 0.0 0.1
Mn 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Mg 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.2 0.2 0.2 0.2 0.1 0.1 0.2 0.2 0.1 0.1 0.2
Ca 0.9 0.9 0.9 0.9 0.8 0.8 0.9 0.9 0.7 0.7 0.7 0.7 0.8 0.8 0.7 0.7 0.8 0.8 0.7
Na 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

K 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Sum (VI) 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0
TOTAL 4.0 4.0 4.0 4.0 4.0 4.0 4.0 4.0 4.0 4.0 4.0 4.0 4.0 4.0 4.0 4.0 4.0 4.0 4.0

FeT/FeT+Mg | 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3
Fe*'/Fe*+Mg | 0.3 0.3 0.3 0.3 0.3 0.2 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.2 0.2 0.2 0.3

Wo 441 432 438 449 408 425 435 435 360 372 352 367 408 395 358 361 422 420 363

En 37.7 380 382 366 398 39.0 374 37.1 437 427 445 437 409 418 437 439 412 412 430

Fs 182 188 181 185 193 186 191 194 203 201 203 195 183 187 205 200 165 168 207
P(kbar),

Nimis , 1995

T(°C), Wang
et al.. 2021 1076 1068 1058 1048 1083 1067 1068 1062 1110 1100 1107 1096 1099 1102 1111 1092 1085 1092 1095
Mg# 712 709 744 722 726 755 704 699 724 729 734 755 753 754 711 76.0 826 805 746
XPT 404 397 403 405 396 396 406 405 369 390 386 388 386 386 390 385 381 381 384
YPT 271 -264 269 -266 -266 -266 -268 -266 -256 -269 -27.0 -27.1 -27.1 -27.1 -268 -26.6 -27.1 -27.1 -26.5
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Figure 4. A) All the pyroxenes of the northeast Saveh are in the range of (Mg-Fe-Ca) Quad (pyroxenes)
J=2Na, Q= (Ca+Mg+Fe*"). B) CaSiO,-MgSiO,~FeSiO, diagram (Morimoto et al., 1988).
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Figure 5. Diagrams related to the compositional variations of pyroxenes in the intrusive bodies
of northeast Saveh. A) Mg# versus Ti, B) Mg# versus Fe**, C) Mg# versus Al, D) Mg# versus Si.
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Figure 6. A) Magmatic series determination using the ratio of Al.Os (wt.%) versus SiO2 (wt.%) (Le Bas, 1962); B) Magmatic

series determination using the ratio of Al-Os (wt.%) versus SiO:2 (wt.%) (Le Bas, 1962); C) Al.Os versus Mg# for clinopyroxene

and orthopyroxene (reference fields from Arculus, 2006 and references therein); D) Tectonic classification diagrams (Aparicio,

2010) using Fe content versus Si in clinopyroxene and orthopyroxene; E) Use of clinopyroxene composition to determine
the tectonic setting of the rocks from northeast of Saveh in the F1-F2 diagram (Nisbet and Pearce, 1977); F) Ti+Cr versus Ca

diagram (Le Terrier et al., 1982).
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Figure 7. A) Estimation of oxygen fugacity using the chemical composition of pyroxene (Schweitzer
et al., 1979). B) Sample positions on the AIVI vs. AlIV plot for estimating magma water content,
Pressure fields (low / intermediate / high) are plotted after Aoki and Shiba (1973). Iso—H:O calibration

lines represent a combined experimental/field calibration following Helz (1973) and subsequent

experimental/methodological studies (e.g., Weis et al., 2015; Lloyd et al., 2016).
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