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ABSTRACT

The Lower Jurassic (=180 Ma) granitoid body of the Gowd-e-Howz (Siah-Kuh) is mainly consists
of a diorite-granodiorite part (diorite, quartz diorite, monzonite, quartz monzonite and granodiorite),
and a smaller granite part (granite. alkali feldspar granite, aplite, and pegmatite), which is associated
with an early-intruded small gabbroic part. This intrusion body is located in the south part of the
Sanandaj-Sirjan metamorphic belt, southeast of Iran in Dehsard area, baft, Kerman province. This
massif as an ellipsoidal granitoid stock has intruded in the Upper Paleozoic metamorphic and
Triassic igneous-sedimentary rocks. The Jurassic rock units mainly consist of shale, sandstone
and conglomerate, and Lower Cretaceous limestones covered the Triassic sequence and there is no
evidence of magma intrusion in them. The overall texture of the granitoid rocks is medium to coarse-
grained anhedral granular, but microgranophiric, perthitic, micrographic and myrmekitic textures
can also be seen in the granite-alkali granite samples. The main minerals of these rocks include
olivine, clinopyroxene, orthopyroxene, amphibole, biotite, and plagioclase, in gabbro/diorites and
include amphibole, biotite, plagioclase, alkali feldspar, and quartz in granodiorite-granite samples.
Minor and secondary minerals include zircon, apatite, opaque, sphene, and tremolite-actinolite,
chlorite, epidote, calcite, sericite, and clays respectively. Clinopyroxene chemistry has been used as
the main constituent of gabbro/diorite rocks to investigate the nature of magma, tectonic setting, and
physicochemical conditions of crystallization (T, P, fO,) in mafic-intermediate rocks of this body.
The clinopyroxenes of these rocks are of calcic diopside-augite-salite type and belong to the I-type
calc-alkaline magmatic series of subduction zones. Temperature and pressure estimations based on
different single clinopyroxene thermobarometers indicate temperatures of 800 to 1300 °C at pressures
of =4 to =12 kbar corresponding to pressures equivalent to the depths of 16 to 50 kilometers for the
crystallization of this mineral under the medium to high oxygen fugacity in the lower (=<40-50 Km)

to middle (=14-16 Km) continental crust.
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1. Introduction
The Lower Jurassic Gowd-e-Howz (Siah-Kuh) granitoid Massif (=180
Ma) is located in the southern part of the Sanandaj-Sirjan metamorphic
zone in the southeast of Baft, south of Kerman, and is one of the most
important magmatic signs of subduction initiation of the Neotethys
oceanic basin beneath the central Iran plate since the Late Triassic
(Arvin et al., 2007; Jafari et al., 2023). Although some studies have
been done about this massif and its cutting dikes (e.g., Malekizadeh,
2000; Arvin et al., 2007; Ghanbarzadeh, 2011), there isn’t any research
about its rock-forming mineral chemistries and their physicochemical
conditions of crystallization, and the present article is the third study of
these authors in this field as a part of the Ph.D .thesis of the first author.
Using the chemical composition of minerals to estimate the
physicochemical conditions governing the crystallization of
magmatic bodies and their final replacement in the crust is one of the
important topics in igneous petrology (Wang et al., 2021; Wieser et
al., 2023). The chemical composition of clinopyroxenes is very close
to the chemical composition of basaltic magmas, and for this reason,
the composition of this mineral is used to understand the processes
governing the crystallization of mafic-intermediate magmatic
bodies. Clinopyroxenes are the main minerals of ultramafic-mafic-
intermediate rocks and stable in a wide range of temperatures (800
to 1500 °C) and pressures (1 bar to 30 kbar). From the past, the
composition of clinopyroxene has been used by many authors to
estimate the nature of magma, tectonic setting, temperature, pressure
and oxygen fugacity during the crystallization ofits constituent magma,
and various diagrams, thermodynamic equations and calculation
methods have been presented for it (Wood and Banno, 1973; Wells,
1977; Nisbet and Pearce, 1977; Schweitzer et al., 1979; Lindsley,
1983; Davidson, 1985; Davidson and Lindsley, 1985; Bertrand and
Mercier, 1985; Kretz, 1994; Soesoo, 1997; Nimis and Taylor, 2000;
Putirka, 2008; Wang et al., 2021; Wieser et al., 2023). In this research,
for the first time, we use the EPMA data from clinopyroxenes of the
Gowd-e-Howz (Siah-Kuh) granitoid stock to study some of the most

important petrological parameters in this massif.

2. Research methodology

A total of 200 hand specimen samples have been collected from the
Gowd-e-Howz granitoid stock, associated dikes and surrounding host
rocks during field surveying. Thin and polished thin sections of the
selected samples were prepared for petrographic examinations and
microprobe analysis in the labs of the Faculty of Earth Sciences,
Shahrood University of Technology, Shahrood, Iran. Eleven samples
from granities, granodiorites, diorites and gabbros were selected for
mineral chemistry analysis. The in-situ analyses of minerals on 5
samples (MH-6, MH-8, MH-21, MH-40 and MH-43) were carried
out at GFZ Potsdam (Germany) using a JEOL-JXA 8230 microprobe
equipped with five WDS. The operating conditions were as follows: 15
kV accelerating voltage, 20 nA beam current and 10 s counting time on
peak position for Si, K, Cr, Na, P or 20 s counting time for Al, Ca, Fe,
Mn, Mg, Ti, F, Cl. Detection limits are 0.02—0.9 wt%. The structural

formula of the pyroxenes was calculated with an excel spreadsheet

based on 4 cations and 6 oxygens. Fe*" content was calculated in
pyroxenes according to Droop (1987). The microprobe analyses of
6 samples (MH-51, MH-53, MH-56, MH-57, MH-58 and MH-66)
along with repeated samples of MH-6 and MH-43, were conducted
using a JEOL JSM-6390LV scanning electron microscope (SEM)
equipped with an OXFORD INCA 300 energy dispersive system
(EDS) and a wavelength dispersive spectrometer (WDS) (INCAWave,
Oxford) (Oxford Instruments Ltd., Abingdon, UK) at the Laboratory
of Electron Microscopy, Aristotle University of Thessaloniki, Greece.
The operating conditions were a 20 kV accelerating voltage and 0.4
mA probe current, 80 s analysis time, and a beam diameter of 1 um.
For SEM observations, the samples were coated with carbon — average

thickness of 200 A — using a vacuum evaporator JEOL-4X.

3. Results
3.1. Geology
The Gowd-e-Howz (Siah-Kuh) granitoid stock is located in the
southern part of the Sanandaj-Sirjan metamorphic-magmatic
zone in the 60 km southeast of Baft, south of Kerman, SE Iran
(with coordinations of 56° 45" to 57° 07" longitudes and 28° 00" to
28° 40, Fig. 1). This intrusion that was attributed to the Late Triassic
(Sabzehei et al., 1993; Arvin et al., 2007) is representing of magmatic
product of subduction initiation in the Zagros Neotethys orogenic
belt. Nevertheless, Nazemzadeh and Rashid (2006) was assigned it to
the post Cretaceous (Cenozoic), as the product of the final stages of
closuring of the Zagros Neotethys oceanic basin. However, this pluton
is one of the most important keys to decoding the subduction initiation
of the Zagros Neotethys oceanic basin beneath the Central Iran block
(Arabzadeh Baniasadi et al., 2024a, b; Asadi et al., 2023a; Jafari et al.,
2023). This elongated and ellipsoidal intrusion with approximately
east-west elongation is mapped as the Late Triassic granitoid intrusion
in the central part of the eastern corner of the 1:250000 geological
map sheet of Hadji-Abad (Sabzehei et al., 1993) and as the post
Cretaceous granitoid intrusion in the southeast corner of the 1:100000
geological map sheet of Dehsard (Bezar) (Nazemzadeh and Rashid,
2006). Based on the geological map of Hadji-Abad (Sabzehei et al.,
1993), detailed geological surveying of this research, whole rock
Rb-Sr dating (=199 Ma, Arvin et al., 2007) and U-Pb datings on the
separated zircons (=180 Ma, Arabzadeh Baniasadi et al., 2024a, b), it
was intruded in the Upper Paleozoic Sargaz-Abshour metamorphic
complexes (mainly composed of amphibolite, marble, and schists)
and the Triassic igneous-sedimentary rocks. The Lower Jurassic
terrigenous rocks (equivalent to Shemshak Formation in the Alborz
and Central Iran Zones) and the Lower Cretaceous limestones covered
the Triassic rock units and the granitoid massif.

The Gowd-e-Howz (Siah-Kuh) composite granitoid stock has
a variety of rocks including gabbro/diorite, quartz diorite/quartz
monzonite, monzodiorite/monzonite, granodiorite, granite, alkali
feldspar granite along with aplitic/pegmatite fractionated veins.
Based on the field observations, the first phase of magma injection

in the margins was of gabbro/diorite type, which display dark color
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and contains quartz diorite/quartz monzonite differentiated veins.
The second phase was the intrusion of granodiorite magma into
the gabbro/diorites and made the main part of the Gowd-e-Howz
granitoid stock. The granodiorite displays gray color and has dark
mafic microgranular enclaves (Didier, 1991) or mafic microgranitoid
enclaves (Vernon, 1984) (MMEs) with diorite, monzodiorite and
monzonite compositions. The existence of MMEs in the massif
indicates the injection of granodiorite phase into the gabbro-diorite.
The third phase was a gray to pink color granite-alkali granite that
intruded into the granodiorite part. Finally, the quartz monzonite
dikes cut the whole of Gowd-e-Howz granitoid stock. This composite
granitoid stock has normal compositional zoning of the granitoids
involving the mafic suites in the margins, intermediates in the middle
and the felsic suites in the central part. Despite this issue, it seems
that the injection of the mafic/intermediate -felsic magmas was almost
coeval and mafic/intermediate parts are co-genetic and differ from
felsic parts. Existence of MMEs in the intermediate-felsic parts is a
strong evidence of magma chamber processes including assimilation
and fractional crystallization (AFC), periodic replenishment, tapping
and crystal fractionation (RTF), and magma mixing/mingling between

mafic/intermediate -felsic magmas.

3.2. Petrography

The Gowd-e-Howz (Siah-Kuh) granitoid includes olivine gabbro,
gabbro, gabbronorite, diorite, quartz diorite, monzodiorite/monzonite,
quartz monzonite, granodiorite, granite, alkali feldspar granite along
with aplitic/pegmatitic fractionated veins that are cut by quartz
monzonite dikes. Gabbros have a fine to coarse grained anhedral to
subhedeal granular and intergranular (in margins) textures consisting
of olivine, pyroxene (Cpx, Opx), plagioclase, and amphibole.
Diorites have fine to coarse grained and pegmatitic anhedral to
subhedral granular and intergranular (in margins) textures consisting
of plagioclase, pyroxene, amphibole, and biotite. It seems that some
amphiboles (tremolite-actinolite types) are formed by retrograde
alteration of pyroxenes. Minor minerals of biotite, opaque, apatite,
sphene and alkali feldspar and secondary minerals of calcite, epidote,
chlorite, and sericite are present in them. Some amphiboles have also
been transformed into the biotite along the margins and cleavage
planes due to latter potassic alteration. Plagioclases are mainly
subhedral with polysynthetic twins. The evidence of magma mixing/
mingling process can be seen in the thin sections as the presence of
dark fine-grained parts (MMEs) rich in amphibole and pyroxene in
lighter coarse-grained parts rich in feldspar. Quartz diorite/monzonite
rocks have a fine, medium to coarse grained anhedral granular
texture consisting of the main minerals of plagioclase, alkali feldspar,
amphibole and minor minerals of biotite, quartz, zircon, apatite,

opaque and secondary minerals of calcite, quartz, epidote, and sericite.

4. Discussions
TheLowerJurassicGowd-e-Howz(Siah-Kuh)granitoidstock(=~180Ma)
is one of the most important magmatic intrusions in the southern

part of Sanandaj-Sirjan Andean type metamorphic-magmatic zone.
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This massif has intruded into the Upper Paleozoic metamorphics and
Triassic magmatic- sedimentary rocks and is covered by the Jurassic
terrigenous sediments and the Lower Cretaceous limestones. This stock
has normal compositional zoning of the granitoids include gabbro/
diorite and related fractionated products (quartz diorite, monzonite/
quartz monzonite) in the margins, granodiorite in the middle and
granite-alkali granite in the central part. Chemical compositions
of the rock-forming minerals have been analyzed for studying the
petrogenesis and physicochemical conditions of crystallization
and final replacement of the intrusion (Arabzadeh Baniasadi et al.,
2024a, b). In this paper, we present the clinopyroxene data. The
clinopyroxenes as the main mineral of mafic-intermediate part of the
intrusion are of calcic, mostly with diopside-augite-salite type, oxidant
and belongs to I-type calc-alkaline subduction zone magmatic series.
Applying the various geothermobarometric calculation methods based
on single clinopyroxene indicate temperatures of 800 to 1300°C in
pressures of 4 to 12 kbars, equivalent to pressures of 16-50 Km depths
for crystallization of Cpx under the medium to high oxygen fugacity
and replacement of mafic magma in the base of lower crust (magma
underpalting in the moho boundary zone in 50 Km depths) and then
uprising and storaging of magma into the middle continental crust
(16 Km depths). Underplating and intrusion of mafic magma into the
lower crust may not only be an important control for the generation of
felsic magmas in the lower crust but may also be a stronge physical
driving mechanism for ascending and intruding of felsic magmas into
the upper crust (Schubert et al., 2013).

5. Conclusion

Clinopyroxenes as the main rock-forming mineral of the mafic-
intermediate part of the Gowd-e-Howz (Siah-Kuh) granitoid
massif, contain important information about the physicochemical
conditions of crystallization, oxygen fugacity, magmatic series, and
geotectonic setting of magma genesis. The in-situ chemical analysis
of the clinopyroxenes show that they are medium to high pressure
calcic type with diopside-augite-salite composition, oxidant and
belongs to I-type calc-alkaline subduction zone magmatic series.
Geothermobarometeric estimations carried out by various single
clinopyroxene methods showed that they crystallized under the
medium to high oxygen fugacity at 800 to 1300 °C and 4 to 12 kbars
pressures in the 16 to 50 Km depths of the continental crust.
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Figure 1. Geological map of the Gowd-e-Howz (Siah-Kuh) granitoid stock which prepared by using of the detailed field surveying of this
research and basic information of the geological map sheets of 1:250000 Hajiabad (Sabzehei et al., 1993) and 1:100000 Dehsard (Nazemzadeh
and Rashid, 2000).
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Table 1. Some selective analyses of clinopyroxenes of one gabbro and one diorite samples of the Gowd-e-Howz granitoid stock and theirs

thermobarometry results.

Sample MH-8-Diorite

Sio, 52.44 52.38 52.62 52.50 52.36 52.97 52.90 52.13 52.71 52.94
Tio, 0.208 0.164 0.133 0.155 0.117 0.185 0.184 0.14 0.164 0.114
ALO, 0.92 0.75 0.39 0.67 0.78 0.41 0.60 0.79 0.83 0.85
Cr,0, 0.01 0.04 0.00 0.06 0.06 0.04 0.00 0.03 0.05 0.07
FeO 7.82 8.15 8.16 7.56 7.51 7.68 7.92 7.82 7.78 7.90
MnO 0.22 0.20 0.50 0.16 0.18 0.20 0.20 0.21 0.19 0.18
MgO 14.86 14.78 14.98 14.89 14.88 14.89 14.87 14.82 14.85 14.77
CaO 22.62 22.11 22.18 21.77 22.52 22.01 21.77 22.01 21.93 21.70
Na,O 0.18 0.16 0.17 0.18 0.13 0.17 0.15 0.14 0.10 0.16
Sum 99.28 99.10 99.15 98.09 99.36 98.94 98.90 98.78 98.52 98.71
Si 1.96 1.96 1.97 1.95 1.98 1.98 1.98 1.98 1.97 1.98
Ti 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Al 0.04 0.03 0.02 0.03 0.02 0.03 0.02 0.03 0.03 0.02
Fe® 0.24 0.26 0.25 0.23 0.23 0.24 0.24 0.24 0.24 0.24
Mn 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Mg 0.82 0.82 0.83 0.83 0.82 0.83 0.83 0.82 0.83 0.82
Ca 0.90 0.89 0.89 0.88 0.89 0.88 0.87 0.88 0.88 0.87
Fe¥* 0.01 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Fe* 0.23 0.25 0.25 0.23 0.23 0.24 0.24 0.24 0.24 0.24
Wo 0.46 0.45 0.45 0.45 0.46 0.45 0.45 0.45 0.45 0.45
En 0.42 0.42 0.42 0.43 0.42 0.43 0.43 0.42 0.43 0.43
FS 0.12 0.13 0.12 0.12 0.11 0.12 0.12 0.12 0.12 0.12
sum 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
AlY 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01
AlY 0.03 0.02 0.01 0.02 0.01 0.02 0.01 0.02 0.02 0.01
Mg# 0.77 0.76 0.77 0.78 0.78 0.78 0.77 0.77 0.77 0.77
Putrika (2008) P 2.05 1.82 1.97 1.42 0.56 2.41 4.65 4.65 4.89 5.90
Nimiss and Taylor (2000) C° 1144 1145 1143 1142 1143 1145 1143 1138 1141 1140
Putrika(2008) C° 1120 1124 1133 1132 1125 1123 1126 1124 1123 1122
Kretz (1994) K° 934 966 967 968 933 960 974 959 963 971
Sample MH-56-Gabbro

Sio, 52.93 53.41 53.39 53.57 52.84 52.49 53.43 53.20 54.29 53.25
Tio, 0.00 0.25 0.40 0.55 0.62 0.49 0.00 0.02 0.11 0.26
ALO, 2.79 2.41 2.04 2.75 3.31 2.72 2.96 223 1.82 2.87
Cr,0, 0.70 0.02 0.00 0.31 0.18 0.36 0.24 0.98 0.02 0.00
Fe,O, 0.73 0.10 1.11 0.06 0.00 0.36 0.24 0.98 0.02 0.39
FeO 3.61 3.70 3.57 2.83 4.14 3.40 3.67 3.98 3.03 3.08
MnO 0.00 0.00 0.49 0.00 0.48 0.31 0.17 0.07 0.32 0.00
MgO 16.87 16.49 18.06 16.54 18.68 16.19 15.61 16.28 19.50 19.11
CaO 22.29 23.22 21.94 23.14 19.97 23.68 23.33 24.36 21.02 21.32
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Continued from Table 1. Some selective analyses of clinopyroxenes of one gabbro and one diorite samples of the Gowd-e-Howz granitoid

stock and theirs thermobarometry results.

Sample MH-56-Gabbro

Na,0 0.25 0.25 0.08 0.57 0.00 0.13 0.50 0.05 0.00 0.00
Sum 101.35 99.91 101.24 100.33 100.28 100.14 99.98 101.17 100.34 100.50
Si 1.92 1.95 1.92 1.94 1.91 1.92 1.95 1.93 1.95 1.92
Ti 0.00 0.01 0.01 0.01 0.02 0.01 0.00 0.00 0.00 0.00
Al 0.12 0.10 0.09 0.12 0.14 0.12 0.13 0.10 0.08 0.12
Fe®! 0.11 0.11 0.11 0.08 0.13 0.10 0.14 0.11 0.12 0.10
Mn 0.00 0.00 0.02 0.00 0.01 0.01 0.01 0.00 0.01 0.00
Mg 0.91 0.90 0.95 0.89 0.93 0.88 0.85 0.88 0.96 0.94
Ca 0.87 0.91 0.85 0.90 0.77 0.93 0.91 0.95 0.81 0.82
Fe¥* 0.00 0.03 0.01 0.05 0.04 0.01 0.00 0.00 0.11 0.01
Fe** 0.11 0.11 0.11 0.08 0.13 0.10 0.11 0.12 0.09 0.09
Wo 0.46 0.47 0.44 0.48 0.41 0.48 0.49 0.49 0.42 0.42
En 0.48 0.47 0.50 0.48 0.53 0.46 0.45 0.45 0.54 0.53
FS 0.06 0.06 0.06 0.04 0.06 0.06 0.06 0.06 0.04 0.05
sum 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
ALY 0.08 0.05 0.08 0.06 0.09 0.08 0.09 0.05 0.07 0.08
AlY 0.04 0.05 0.01 0.06 0.05 0.03 0.03 0.08 0.02 0.04
Mgt 0.89 0.89 0.90 0.91 0.88 0.89 0.85 0.88 0.88 0.91
putrika (2008) P 5.19 4.51 0.16 6.76 5.80 2.72 2.92 7.05 0.44 4.34
Nimiss and taylor (2000) C° 951 839 1028 791 1156 801 304 732 746 1116
Putrika(2008) C° 1216 1193 1220 1184 1225 1184 1030 1178 1180 1236
Kretz (1994) K° 1068 1154 1141 1120 1072 1095 1037 906 1235 1120
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Figure 2. Field photographs of the Gowd-e-Howz granitoid with the host rocks. A) Southern border of the Gowd-e-Howz granitoid with the
Upper Paleozoic metamorphic rocks. B) Closed view of intrusive contact of the granitoid with the Upper Paleozoic metamorphic rocks. C)
Intrusion of dioritic dyke into the Upper Paleozoic marbles and its later faulting. D) View of dark gabbroic rocks in the margin and light
dioritic part. E) Closed view of the light dioritic part with pegmatitic structure composed of amphibole and plagioclase. F) Closed view of

intrusion of the granitic dyke into the diorites.
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Figure 3. Field photographs of the intrusive
phase relations in the Gowd-e-Howz granitoid.
A) Existence of the dioritic enclave into
the granodiorite part. B) Existence of the
granodioritic enclave into the granite part.
C) Closed view of the coarse-grained structure
of the granite phase. D) Closed view of intrusion
of the third granitic and aplitic-pegmatitic phase

into the second granodioritic phase.
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Figure 4. Photomicrographs of the rock units of the Gowd-e-Howz granitoid stock in the XPL light. A) Granular texture composed of olivine
(Ol), clinopyroxene (Cpx) and plagioclase (P1) in the olivine gabbro. B) Granular texture composed of clinopyroxene (Cpx), orthopyroxene
(Opx) and plagioclase (P1) in the gabbronorite. C) Granular texture composed of clinopyroxene (Cpx), orthopyroxene (Opx) and plagioclase
(P]) in the diorites. D) Granular texture composed of amphibole (Amp) and plagioclase (P1) in the diorites. E) Granular texture composed
of amphibole (Amp), plagioclase (Pl) and quartz (Qtz) in the quartz diorites. F) Intergranular texture composed of amphibole (Amp) and

plagioclase (P1) in the diorites.
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