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Avrticle info Abstract

Article history The Early Jurassic (=180 Ma) Gowd-e-Howz (Siah-Kuh) granitoid stock is located
Received: 17 February 2024 in th th t of the S dai-Siri t hic belt theast of | .
Accepted: 23 February 2024 I the southern part of the Sanandaj-Sirjan metamorphic belt, southeast of Iran in
Keywords: o Kerman Province. This granitoid stock is intruded into the Upper Paleozoic
Biotite chemistry, granitoid, — atamorphic and Triassic igneous-sedimentary rocks and covered by Jurassic rock
Early Jurassic, Gowd-e-Howz, . . . g L
Kerman. units and Lower Cretaceous limestones. The main part of the stock is granodiorite

with medium- to coarse-grained anhedral granular texture and mineral assemblage of
amphibole, biotite, plagioclase, alkali feldspar, and quartz. Biotite, as one of the main
ferromagnesian minerals of this body, has primary igneous origin and iron rich
composition. The different magmatic series and tectonic discrimination diagrams
indicate that the magma was of subduction zone-related I-type calc-alkaline series,
crystallized under medium to high oxygen fugacity, and equilibrated at temperatures
and pressures of 589 to 875 °C and 0.45 to 2.27 kbar, respectively, during magma
emplacement in the crust.

Introduction Using the chemical composition of
The Lower Jurassic Gowd-e-Howz (Siah- minerals to estimate the physicochemical

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 which is considered as one of
the most important magmatic features of Late
Triassic subduction initiation of Neotethys
ocean (Arvin et al., 2007; Jafari et al., 2023).
Despite some studies on this stock and cross-
cutting dikes (e.g., Malekizadeh, 2000; Arvin
et al., 2007; Ghanbarzadeh, 2011), data on
mineral chemistry and physicochemical
conditions of magma emplacement and
crystallization are lacking.

conditions of crystallization of magmatic
bodies and their eventual emplacement in the
crust is one of the important topics in igneous
petrology (Li et al., 2019; Wang et al., 2021;
Wieser et al., 2023). Biotite is one of the most
important ~ ferromagnesian  minerals  of
granitoids, whose chemical composition can
be used to infer magmatic series of parental
melt,  physicochemical conditions  of
crystallization (temperature, pressure and
oxygen fugacity), tectonic setting and
potential of mineralization (Wones and
Eugster, 1965; Deer et al., 1992; Abdel-
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Rahman, 1994; Nachit et al., 2005; Henry et
al., 2005; Anderson et al., 2008; Karimpour et
al., 2011; Li et al., 2019; Azadbakht et al.,
2020; Khosravi et al., 2021; Kumar and
Ashok, 2023). Oxygen fugacity (fO2) is a
fundamental thermodynamic property
governing the redox potential in solid Earth
systems such as magma chambers. In
particular, during magma evolution, the fO,
controls the valence states of multivalent
elements (e.g., Fe, Cu, Eu, Au, V, S, and C),
which in turn controls their crystal/melt
partitioning and solubility in silicate magmas.
This is particularly crucial for ore
mineralization in magmatic-hydrothermal
systems and speciation of volatiles during
magma degassing (Li et al., 2019). In this
paper, the chemical composition of biotites in
the granodiorite part of the Gowd-e-Howz
granitoid stock was used by the Geo-fO;
software (Li et al., 2019) to calculate the P-T-
fO, conditions of magma crystallization. The
data were also used to infer the magma origin
and tectonic setting.
Materials and Methods

More than 200 hand specimens were
collected from the Gowd-e-Howz granitoid
stock, associated dikes and the host rocks
during field surveys. Thin section and polished
thin section preparation and petrographic
examination were carried out in the laboratory
of Faculty of Earth Sciences, Shahrood
University of Technology, Iran. 14 samples
from the different parts of the stock including
2 granodiorite samples were selected for
mineral chemical analysis. The in situ analyses
of biotites and feldspars in granodiorite
sample MH-21 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
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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 biotite and
feldspar was calculated using an excel
spreadsheet. The Fe®* content in biotite was
calculated according to Droop (1987). The
MH-6 sample was also examined 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 wvoltage and 0.4 mA probe
current, 80 s analysis time, and 1 pm beam
diameter. For SEM observations, the sample
was coated with carbon — average thickness of
200 A — using a JEOL-4X vacuum evaporator.
The results were processed and plotted by
excel spreadsheets, Geo-fO, and Grapher
Softwares.
Geology and Petrography

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 (Fig. 1). This elongated and
ellipsoidal intrusion with approximately east-
west elongation is mapped as the Late Triassic
granitoid intrusion on the 1/250000 geological
map sheet of Hadji-Abad (Sabzehei et al.,
1993) and as the post Cretaceous granitoid
intrusion on the 1/100000 geological map
sheet of Dehsard (Bezar) (Nazemzadeh and
Rashid, 2006). Based on the geological map
(Sabzehei et al., 1993), whole rock Rb-Sr
dating (=199 Ma; Arvin et al., 2007) and
zircon U-Pb dating (=180 Ma; Arabzadeh
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Baniasadi et al., 2024), the Gowd-e-Howz
granitoid is Early Jurassic in age. Our detailed
field studies also show that the granitoid body
was intruded into the Upper Paleozoic Sargaz-
Abshour metamorphic complex (mainly
composed of amphibolite, marble and schists)
and the Triassic igneous-sedimentary rocks
while it was covered by the Lower Jurassic
terrigenous rocks and the Lower Cretaceous
limestones.

The Gowd-e-Howz granitoid is mainly
composed of granodiorite associated with
lesser amount of gabbro-diorite, quartz diorite,
guartz monzonite, monzodiorite-monzonite,
alkali feldspar granite as well as aplite and
pegmatite veins. Field relationships show that
the dark-colored gabbro-diorite containing
quartz diorite to quartz monzonite veins was
the first phase of intrusion followed by grey-
colored granodiorite as the main body of the
Gowd-e-Howz  granitoid  stock.  The
granodiorite contains mafic microgranular
enclaves (Didier and Barbarin, 1991) or mafic
microgranitoid enclaves (Vernon, 1984)
(MMEs) with diorite, monzodiorite and
monzonite compositions indicating the
younger age of the granodiorite phase. The
third phase was a gray to pink color granite-
alkali granite that intruded into the
granodiorite (Fig. 2). Finally, the quartz
monzonite dikes cut the entire Gowd-e-Howz
granitoid stock and extend into the Lower
Jurassic rocks. It seems that these dikes were
feeder channels of Jurassic dacitic-rhyolitic
rocks.

The Gowd-e-Howz (Siah-Kuh)
granodiorite is generally characterized by
anhedral granular texture, with a few samples
showing micrographic and antiperthitic
textures. Major minerals include quartz
(~20%), alkali feldspar (~20%), plagioclase
(~30%), amphibole (~20%), and biotite
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(~10%). The minor minerals include apatite,
zircon, and opaque, and secondary minerals
are sericite, chlorite, and clays (Fig. 3).
Discussion

Chemical composition of the rock-forming
minerals have been analyzed to study the
petrogenesis and physicochemical conditions
of crystallization and final emplacement of the
Gowd-e-Howz granitoid intrusion. In this
paper, we presented the biotite data. Biotite as
one of the main ferromagnesian minerals of
the Gowd-e-Howz granodiorite has primary
magmatic origin, mostly with ferrobiotite
composition, oxidant, | (magnetite) type and
belongs to the calc-alkaline volcanic arc
magmatic series. Applying the
geothermobarometric  calculation methods
based on the Ti-Al contents of biotite by Geo-
fO, specialized software (Henry et al., 2005; Li
etal., 2019) and excel spreadsheet (Luhr et al.,
1984), indicate closure temperatures of 676 to
706 °C and 589 to 875 °C, at pressures of 0.45
to 2.27 kbar, equivalent to pressures of 1.7-8.5
km depth for final emplacement of the
granodiorite in the upper crust. Petrographic
evidence and oxygen fugacity estimation
methods also show medium to high oxygen
fugacity ~ conditions  during magma
crystallization.
Conclusion

Biotite as one of the main ferromagnesian
rock-forming minerals of the granodiorites of
the Gowd-e-Howz 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 biotites shows
that they are of primary magmatic type with
ferrous composition and belong to oxidizing
condition, calc-alkaline, | (magnetite) type
subduction zone magmatic arcs.
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Geothermobarometric estimations based on
Ti-Al contents of biotite showed that the
magma crystallization was occurred under the
medium to high oxygen fugacity and final
equilibration temperatures of biotites were 589
to 875 °C at pressures of 0.45 to 2.27 kbar
during emplacement into the upper crust.
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Fig. 2. Field photographs of the intrusive phase relations in the Gowd-e-Howz granitoid. a) The presence of the dioritic

enclave in the granodiorite host rock. b) Intrusion of the granitic phase into the dioritic phase. c) The presence of the
granodioritic enclave in the granite host rock. d) Close-up view of intrusion of the third granitic and aplitic-pegmatitic
phase into the second granodioritic phase.
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from Whitney and Evans (2010).
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Fig. 4. Chemical composition of biotites and feldspars of the Gowd-e-Howz granodiorite in different diagrams. a)
Plot of biotite composition in triangular diagram of Nachit et al., (2005). b) Plot of biotite composition in
classification diagram of Foster (1960). c) Plot of biotite composition in classification diagram of Tischendorf et
al., (1997). d) Plot of biotite composition in classification diagram of Deer et al., (1992). e) Plot of biotite
composition in classification diagram of Deer et al., (1992). f) Plot of biotite composition in discrimination diagram
of Zhao et al., (2012). g) Plot of feldspar composition in classification diagram of Deer et al., (1992).
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Table 1. Results of chemical analysis of biotite from the Gowd-e-Howz granodiorite based on 22 oxygens

and 8 cations and thermobarometry results.

MH-21
Mineral Biotite
SiO, 35.83 35.71 35.91 36.23 35.98 35.69
TiO» 3.47 3.86 3.47 3.64 3.70 3.65
Al,O3 14.68 13.90 14.01 14.62 13.02 13.40
Cry03 0.03 0.00 0.02 0.07 0.00 0.00
FeO 25.20 25.67 24.96 24.65 26.11 26.83
MnO 0.34 0.35 0.31 0.29 1.04 0.75
MgO 9.05 7.78 9.09 9.16 8.04 7.16
Ca0 0.39 0.17 0.10 0.32 0.45 0.28
Na,O 0.02 0.10 0.11 0.22 0.29 0.42
K20 6.74 7.22 7.12 7.13 8.43 7.70
F 0.10 0.09 0.21 0.00 0.00 0.00
Cl 0.05 0.17 0.20 0.02 0.00 0.00
Total 96.17 95.02 95.52 96.35 97.06 95.88
Si 6.58 5.61 5.59 5.16 5.68 5.59
Ti 0.74 0.46 0.41 0.57 0.28 0.47
Al 3.40 2.57 2.57 2.85 2.53 2.52

ARR
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Cr 0.00 0.00 0.00 0.02 0.00 0.00

Fetot 4.29 3.37 3.25 1.89 3.60 1.13

Mn 0.06 0.05 0.04 0.01 0.14 0.10

Mg 2.55 1.82 2.11 3.47 1.89 1.67

Ca 0.54 0.03 0.02 0.05 0.08 0.05

Na 0.01 0.03 0.03 0.07 0.09 0.13

K 0.69 1.45 1.41 1.51 1.70 1.54

Fe3* 0.10 0.10 0.20 0.10 0.11 0.12

Fe2* 4.29 3.37 3.25 1.89 3.45 3.52
AlY 2.38 2.39 241 2.84 2.32 2.41

AlV! 0.06 0.06 0.09 0.06 0.10 0.07
Mg/(Fe+Mq) 0.37 0.35 0.39 0.65 0.35 0.32
Fe/(Fe+Maq) 0.63 0.65 0.61 0.35 0.65 0.68
logfO, -16.88 -16.90 -16.85 -16.58 -16.97 -17.16
Depth(km) 8.56 4.46 4.41 8.20 2.61 3.60
Uchida et al., (2007) P 3.77 1.27 1.26 2.11 1.14 1.11
Henry et al., (2005) T°C 706.15 701.70 689.29 751.73 695.86 692.12
Luhr et al., 1984T °C 700.10 659.69 649.21 875.24 607.51 657.88
Lietal., (2019) P 2.27 1.18 1.17 2.17 0.69 0.95
Sample MH-6

Mineral Biotite

SiO; 35.61 36.74 36.11 35.18 36.70 35.61
TiO, 3.09 3.77 3.79 3.61 3.52 3.47
Al,O3 13.57 13.59 13.49 14.34 13.62 13.31
Cr,03 0.00 0.00 0.00 0.00 0.00 0.00
FeO 24.21 23.59 23.66 23.12 22.15 22.63
MnO 0.33 0.14 0.43 0.91 0.42 0.56
MgO 9.68 9.58 9.63 9.81 11.11 10.52
CaO 0.79 0.76 0.35 0.24 0.47 0.87
Na,O 0.06 0.29 0.04 0.32 0.00 0.34
K20 8.47 8.59 8.26 8.18 8.21 8.55
F 0.00 0.00 0.00 0.00 0.00 0.00
Cl 0.00 0.00 0.00 0.00 0.00 0.00
Total 95.81 97.05 95.75 95.72 96.21 95.86
Si 5.55 5.70 5.60 5.46 5.61 5.53
Ti 0.36 0.44 0.44 0.42 0.40 0.41
Al 3.01 2.47 2.58 2.74 3.50 2.54
Cr 0.00 0.00 0.00 0.00 0.00 0.00
Fetot 1.01 3.20 3.21 3.14 0.91 3.07
Mn 0.04 0.02 0.06 0.12 0.05 0.07
Mg 2.25 2.22 2.23 2.27 2.53 2.43
Ca 0.13 0.00 0.06 0.04 0.08 0.14
Na 0.02 0.09 0.01 0.10 0.00 0.10
K 1.69 1.70 1.63 1.62 1.60 1.69
Fe3* 0.10 0.12 0.20 0.12 0.10 0.11
Fe2* 3.16 3.06 3.07 3.00 2.83 2.94
Al Y 2.45 2.30 2.40 2.54 2.39 2.43
AlV! 0.04 0.06 0.06 0.09 0.06 0.06
Mag/(Fe+Mq) 0.35 0.32 0.42 0.42 0.42 0.43
Fe/(Fe+Maq) 0.58 0.58 0.58 0.57 0.53 0.55
logfO, -16.98 -17.16 -17.05 -16.69 -16.54 -16.44
Depth (km) 2.61 3.60 3.84 3.37 3.37 5.23
Uchida et al., (2007) P 2.59 0.94 1.27 1.79 4.08 1.18
Henry et al., (2005) T°C 695.86 692.12 676.56 703.67 705.62 700.61
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Luhretal., 1984 T °C 638.92 668.51 668.99 665.27 667.87 662.53
Lietal., (2019) P 0.69 0.95 1.02 0.89 0.89 1.39
Sample MH-6

Mineral Biotite

SiO, 36.18 35.04 37.61 37.62 37.05
TiO, 3.66 3.51 341 3.56 3.56
Al,Os 13.25 13.82 12.79 12.92 13.28
Cr,03 0.00 0.00 0.00 0.00 0.00
FeO 23.51 23.52 24.11 23.29 24.95
MnO 0.33 0.38 0.49 0.54 0.26
MgO 9.49 10.18 9.24 8.47 9.97
CaO 0.70 0.54 0.10 0.15 0.15
Na,O 0.21 0.00 0.00 0.25 0.33
K20 8.51 8.70 8.24 8.95 8.23
F 0.00 0.00 0.00 0.00 0.00
Cl 0.00 0.00 0.00 0.00 0.00
Total 95.84 95.68 95.99 95.74 97.79
Si 5.62 5.46 5.82 5.79 5.75
Ti 0.43 0.41 0.35 0.41 0.20
Al 3.09 3.06 2.44 2.46 2.54
Cr 0.00 0.00 0.00 0.00 0.00
Fetot 3.88 0.00 3.26 3.15 3.39
Mn 0.04 0.05 0.06 0.07 0.03
Mg 2.20 2.36 2.13 1.94 2.31
Ca 0.12 0.09 0.02 0.02 0.00
Na 0.06 0.00 0.00 0.08 0.10
K 1.69 1.73 1.63 1.76 1.63
Fe3* 0.10 0.10 0.10 0.10 0.20
Fe2* 3.05 3.07 3.12 3.00 3.24
Al 2.38 2.54 2.18 2.21 2.25
AV 0.04 0.06 0.16 0.13 0.18
Mg/(Fe+Mq) 0.47 0.45 0.42 0.44 0.41
Fe/(Fe+Maq) 0.58 0.56 0.59 0.61 0.58
logfO, -16.35 -16.51 -16.70 -16.54 -16.94
Depth (km) 3.25 3.24 3.07 4.34 1.71
Uchida et al., (2007) P 2.82 2.74 0.86 0.94 1.17
Henry et al., (2005) T°C 700.75 698.98 701.13 698.27 687.31
Luhr et al., 1984T°C 664.50 658.84 637.11 662.00 588.86
Li et al., (2019)P 0.86 0.86 0.81 1.15 0.45

OieST @31 A bl (592355 (sagil F Sginl slaca 525950, 10 S92 50 G PTN leord LT s -Y Joa

095 0 4

Table 2. Results of chemical analysis of plagioclase from the Gowd-e-Howz granodiorite based on 8

oxygens and 5 cations.

Sample MH-21

Mineral Plagioclase

SiO, 65.52 |55.61 [59.23 |59.55 |56.91 |55.76 [56.80 |65.30 64.50 |61.52
TiO, 0.00 0.02 0.00 0.02 0.00 0.02 0.00 0.01 0.00 |0.00
Al,O3 21.81 |27.74 [26.51 |24.31 |28.17 |28.52 [26.91 |21.59 22.72 |25.37
Cr,03 0.02 0.00 0.02 0.00 0.00 0.00 0.00 0.01 0.01 ]0.00
FeO 0.01 0.20 0.17 0.12 0.14 0.20 0.27 0.13 0.15 ]0.18
MnO 0.02 0.00 0.01 0.00 0.01 0.00 0.01 0.00 0.00 |0.00
MgO 0.00 0.00 0.00 0.00 0.00 0.00 0.02 0.01 0.00 ]0.00
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CaO 1.27 8.84 6.05 5.77 7.50 9.33 7.59 2.01 2.62 |4.47
Na,O 10.45 |6.28 7.30 8.12 6.94 5.87 6.97 9.85 9.46 |8.57
K,0O 0.07 0.17 0.45 0.38 0.32 0.18 0.21 0.12 0.44 10.49
Sum 99.18 ]98.86 [99.75 [98.27 [99.98 [99.88 [98.79 99.04 99.89 [100.61
Si 2.90 2.52 2.65 2.69 2.54 2.51 2.57 291 285 (271
Al 1.14 1.48 1.40 1.29 1.48 1.51 1.43 1.13 1.18 [1.32
Ca 0.06 0.43 0.29 0.28 0.36 0.45 0.37 0.10 0.12 [0.21
Na 0.90 0.55 0.63 0.71 0.60 0.51 0.61 0.85 0.81 [0.73
K 0.00 0.01 0.03 0.02 0.02 0.01 0.01 0.01 0.02 10.03
Fest 0.00 0.01 0.00 0.00 0.01 0.00 0.01 0.00 0.00 [0.01
Fe? 0.00 0.00 0.01 0.00 0.00 0.01 0.00 0.01 0.01 [0.00
An 0.06 0.43 0.31 0.28 0.37 0.46 0.37 0.10 0.13 [0.22
Ab 0.93 0.56 0.67 0.70 0.61 0.53 0.62 0.89 0.84 [0.75
Or 0.00 0.01 0.03 0.02 0.02 0.01 0.01 0.01 0.03 [0.03
Sample MH-6

Mineral Plagioclase

SiO; 55.66 | 56.90 |57.38 | 57.43 |62.03 | 63.65 |63.45 |66.63 |62.25 | 65.80

Al;0s3 2772 | 2734 | 26.78 | 26.57 | 23.48 | 2257 |2235 |20.52 | 2294 | 20.93
FeO 0.26 0.28 0.34 0.33 0.46 0.08 0.53 0.39 0.81 0.42
CaO 9.94 9.37 8.87 8.64 4.98 3.66 3.85 1.46 4.69 2.09
Na,O 5.68 6.28 6.45 6.51 8.35 8.97 9.04 10.63 | 8.87 9.91
K20 0.39 0.11 0.24 0.32 0.82 1.01 0.73 0.47 0.23 1.00
Sum 99.65 | 100.28 | 100.07 | 99.80 | 100.13 | 99.95 |99.96 | 100.10 | 99.79 | 100.14
Si 2.51 2.55 2.57 2.58 2.76 2.82 2.81 2.93 2.77 2.90
Al 1.48 1.44 1.42 1.41 1.23 1.18 1.17 1.06 1.20 1.09
Ca 0.48 0.45 0.43 0.42 0.24 0.17 0.18 0.07 0.22 0.10
Na 0.50 0.54 0.56 0.57 0.72 0.77 0.78 0.91 0.77 0.85
K 0.02 0.01 0.01 0.02 0.05 0.06 0.04 0.03 0.01 0.06
An 48.04 4492 |4257 4152 |2362 |1736 |1825 |6.85 2232 |9.84
Ab 49.70 | 5447 |56.04 |56.62 |71.74 |76.96 |77.60 |90.54 | 76.40 | 84.57
Or 2.26 0.61 1.39 1.86 4.65 5.69 4.14 2.61 1.28 5.59
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Fig. 5. Chemical composition of biotite from the Gowd-e-Howz granodiorite in the magmatic series and tectonic

setting discrimination diagrams (Abdel-Rahman, 1994).
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(Jiang et al., 2002). ¢) Binary Fe# vs. Al'V*V! plot (Anderson et al., 2008). d) Binary Al,O3 vs. TiO- plot (Karimpour

etal., 2011).
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