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The lower Jurassic (180 + 1.5 Ma) Gowd-e-Howz granitoid stock, as a part of the
Sanandaj-Sirjan Metamorphic-Magmatic Zone (SSMMZ), SE Iran, intruded in the
Upper Paleozoic metamorphic and Triassic igneous-sedimentary rocks. It consists of
three main rock units including diorite, granodiorite and granite/alkali feldspar
granite, which accompanied by minor amounts of gabbro. The stock is predominantly
composed of medium to coarse-grained granular granitoids consisting of
clinopyroxene, amphibole, biotite, plagioclase, alkali feldspar and quartz.
Clinopyroxenes exhibit calcic compositions, ranging from diopside to augite and
salite, while amphiboles are primarily calcic with hornblende as the dominant phase.
Feldspar display compositional ranges from orthoclase and oligoclase to labradorite.
Mineralogical and geochemical evidence indicates this I-type calc-alkaline granitic
magma produced in an active continental margin arc setting with potential for Cu-Au
mineralization. Geothermobarometry estimations based on clinopyroxene (T= 800 to
1300°C and P= ~12 to 4.5 kbar), amphiboles (T= 742 to 769°C and P=4.5- 2 kbar)
and biotite (T = 589 to 875°C and P= 0.45- 2.27 kbar), offer three different magma
chamber levels for magma storaging and plumbing at the lower (~45 Km), middle
(~16 Km) and upper (~5 Km) continental crust in an active continental arc setting in
the Late Triassic-Early Jurassic in the southern part of the SSMMZ, SE Iran.

1. Introduction

Mineral chemistry of igneous rocks not only
provides important information about nature of
magma, its mineralization potential and tectonic
setting [1-6], but also gives Key information about
physicochemical conditions of crystallization,
storaging and plumbing of magma systems [7-12].

The Gowd-e-Howz (Siah-Kuh) granitoid stock
(180£1.5 Ma) is located in the southern part of the
SSMMZ in the southeast of Kerman, South Iran
(Figure 1). This stock represents the first magmatic
product of subduction initiation in the Zagros
Neotethyan realm at the Late Triassic-Early
Jurassic [13-15]. Thus, the Gowd-e-Howz stock is
one of the most important keys for understanding
the subduction history of the Zagros Neotethyan
oceanic basin beneath the Central Iran block.

E Corresponding author: h-ghasemi@shahroodut.ac.ir (H. Ghasemi)

Despite some studies on petrology and whole-rock
geochemistry of this stock [16, 14] and its related
dikes [17], =zircon U-Pb dating, mineral
chemistries, mineralization potential and physico-
chemical conditions of magma crystallization and
emplacement are lacking and this paper provide the
first insights into these issues. Here the zircon U-
Pb dates and chemical compositions of the main
rock-forming minerals from the Gowd-e-Howz
granitoid stock (clinopyroxene, orthopyroxene,
amphibole, plagioclase, and biotite) used to
determine the nature of magma, its mineralization
potential, tectonic setting of magma genesis and
physical conditions (T, P) of magma plumbing and
storaging.
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Figure 1. a) Position of the Gowd-e-Howz granitoid stock in the Sanandaj-Sirjan metamorphic-magmatic zone
(SSMMZ), parallel to the Zagros orogenic belt (ZOB) in the structural map of Iran. b) Geological map of the
Gowd-e-Howz granitoid stock based on new data of this research.

2. Geological setting

The Zagros Orogenic Belt (ZOBhich is locate)
w d in the central part of the Alpine-Himalayan
orogenic belt can be divided into five domains [18]
including: (i) the Zagros fold-and-thrust belt,
which extends ~2000 km from southeastern
Turkey, through northern Syria and northeastern
Iraq, to western and southern Iran; (ii) the Outer
Zagros Ophiolitic Belt (OZOB) (Kermanshah—
Neyriz—Hajiabad ophiolites) and associated HP/LT
rocks [19-20], (iii) the SSMMZ, which extends as
a NW-SE trending belt ~1500 km length and
~150-200 km width across south Iran; (iv) the
Inner Zagros Ophiolitic Belt (IZOB) (Naein-Baft
ophiolites), which extends for 500-600 km from

Nain to Dehshir-Shahr-e Babak and Baft; and (vi)
the Urumieh—Dokhtar magmatic arc (UDMA) with
50-80 km width composed of magmatic rocks
formed by NE-dipping subduction of the Neo-
Tethyan oceanic lithosphere beneath the Central
Iran block during the Cenozoic (Figure 1).

The SSMMZ is a belt with 100-150 km width
and extends approximately 1500 km from the Bitlis
area in Turkey to the western end of Makran, SE
Iran [19, 21-25]. This zone was undergone multiple
phases of metamorphism and deformation and is
composed of a variety of magmatic, metamorphic,
and sedimentary rocks belong to the Late
Neoproterozoic to Neogene [19, 24, 26-29]. These
rocks were formed through a complex tectono-
magmatic evolution resulting from initiation of the
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Late Carboniferous rifting, Late Paleozoic-
Mesozoic oceanic spreading, Mesozoic multiphase
subduction (Late Triassic, Jurassic and Late
Cretaceous) and the eventual closuring and
colliding during the Cenozoic [15, 24, 30].
Extensive exposures of metamorphic rocks
(metacarbonate,  slate-phyllite-schist,  gneiss,
amphibolite, glaucophane schist and eclogite) in
the SSMMZ distinguishes it from other Iranian
geo-structural zones [31].

The SSMMZ has various metamorphic and
magmatic rocks belonging to the Late
Neoproterozoic to Mesozoic [24, 30-33]. The Late
Neoproterozoic metamorphic rocks (mainly schist,
gneiss and amphibolite) belong to the Central Iran
continental basement, but the upper Paleozoic
metamorphic rocks consist of medium to high
temperature- low pressure rift type metamorphics
(marble, schist, gneiss, and amphibolite) [30, 34-
35]. The Mesozoic metamorphic rocks, as the main
constituting rocks of this zone include (i) the Upper
Triassic-Lower  Jurassic  slate-phyllite-schist,
amphibolite and marble [30, 33-36], (ii) the Lower-
Middle Jurassic amphibolite, migmatite, eclogite
[19] and various schists, phyllites and slates of the
Hamedan metamorphic complex [37], and (iii) the
Upper Cretaceous blueschists [20, 34-36]. The
metamorphic rocks of the SSMMZ were intruded
by gabbroic to granitic plutons since Late
Paleozoic through Mesozoic to Eocene [14, 19, 21,
30, 38].

3. Field and petrographic observations

The Gowd-e-Howz granitoid stock was
intruded in the Upper Paleozoic Sargaz-Abshour
metamorphic complexes (mainly composed of
amphibolite, schist and marble, Figure 1 and 2a, b)
and the Triassic igneous-sedimentary rocks
(Figurel). The Lower Jurassic rocks mainly
composed of conglomerate, sandstone, siltstone,
shale and fossiliferous dark thin layered limestone
and the Lower Cretaceous thick beded limestone
covered the Triassic rock units and there isn’t
evidence of granite intrusion in the Jurassic and
Cretaceous rock sequences.

The Gowd-e-Howz complex stock has normal
compositional zoning of the granitoids involving of
the intermediate suites in the margins and the
middle parts and the felsic suites in the central part.
The stock mainly composed of granodiorite but it
has a variety of rocks including minor amount of
gabbro, diorite, quartz diorite, quartz monzonite,
monzodiorite, monzonite, granodiorite,
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granite/alkali feldspar granite along with
aplitic/pegmatite veins. Based on the field
observations, the first phase of magma injection in
the margins was of diorite type, which display dark
color and contains diorite, quartz diorite, quartz
monzonite and monzonite (Figure 2c, d). The
second phase of magma emplacement was the
intrusion of granodiorite into the diorites and made
of the main part of the Gowd-e-Howz complex
stock. The granodiorite is gray and has dark mafic
microgranular  enclaves  [39] or  mafic
microgranitoid enclaves (MMEs) [40] with diorite,
monzodiorite to monzonite compositions (Figure
2e, f). The existence of MMEs in the stock
indicates the subsequent injection of the
granodiorite phase into the first diorite phase. The
third phase is a gray to pink, coarse-grained
granite/alkali granite phase that intruded into the
second granodiorite phase. It contains granodioritic
enclaves and traces of Cu-Au mineralized veins
and veinlets (Figure 2g-j). Finally, the middle
Jurassic quartz monzonite dikes cut the whole of
the Gowd-e-Howz granitoid stock and Lower
Jurassic rocks and terminated into the Middle
Jurassic dacitic-rhyolitic lava flows (Figures 1 and
2a).

3.1. Diorites

These rocks have fine to coarse-grained
granular textures with very fine grained to inter-
granular textures in the margins. The diorites
contain orthopyroxene, clinopyroxene,
plagioclase, hornblende and rarely biotite (Figure
3a). Minor minerals are opaque, apatite, titanite and
alkali feldspar. The secondary minerals are
serpentine, tremolite/actinolite, calcite, epidote,
chlorite, sericite and clays. It seems that
tremolite/actinolite formed by retrograde alteration
of pyroxenes. Some hornblendes have replaced by
the biotite along their margins and cleavages due to
latter potassic alteration. The evidence of magma
mixing/mingling process are also seen in the thin
sections as the presence of dark fine-grained parts
(MMESs), rich in amphibole and pyroxene in the
lighter coarse-grained parts, rich in feldspar.
Differentiated vein rocks of quartz
diorite/monzonite have a fine, medium to coarse
grained 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,
chlorite and sericite.
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Figure 2. Field photographs from the Gowd-e-Howz granitoid stock and host rocks. a) Intrusion of the stock in the Upper Paleozoic
metamorphic rocks in the southern and in the Triassic rocks in the northern border. b) Closed view of intrusive contact of the
granitoid with the Upper Paleozoic metamorphic rocks. c¢) View of dark gabbroic and light dioritc parts of the stock. d) Closed view
of pegmatitic structure of dioritc part composed of amphibole and plagioclase. ) Existence of dioritic enclave in granodiorite part. f)
Intrusion of the granitic phase into the diorite part. g) Existence of granodioritic enclave in granite part. h) Closed view of Cu
mineralization (malachite) in the granitic part.

3.2. Granodiorite

Granodiorites normally have coarse-grained
anhedral granular texture, and sometimes shows
micrographic and anti-perthitic textures. The main
minerals are amphibole, biotite, plagioclase, quartz
and alkali feldspar (Figure 3b). The minor minerals

are apatite, zircon, and opaque, and secondary
minerals include sericite, chlorite, epidote and
clays.

3.3. Granites/alkali feldspar granites

Granites generally have coarse-grained granular
texture (Figure 3c). Sometimes perthitic,
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micogranophyric, micrographic and myrmekitic
textures found in theirs fractionated parts. Alkali
feldspar granites mainly include aplite and
pegmatite dykes, veins and veinlets, which have
granular, micogranophyric, micrographic,
myrmekitic, perthitic and poikilitic textures. Their
main minerals include quartz, alkali feldspar,
plagioclase, biotite and muscovite, minor minerals

Figure 3. Photomicrographs of th
granular texture composed of amphibole (Amp), and plagioclase (Pl) in diorites. b. Anhedral granular texture
composed of amphibole (Amp), plagioclase (Pl) and quartz (Qtz) in the granodiorites. c. Anhedral granular
texture composed of alkali feldspar (Afs) and quartz (Qtz) in the alkali feldspar granites. d. Micrographic texture
composed of alkali feldspar (Afs) and quartz (Qtz) in the alkali feldspar granites.

4. Sample selection and analytical methods
4.1. Mineral Chemistry

A total of 200 samples have been collected from
the Gowd-e-Howz granitoid stock, associated dikes
and surrounding host rocks during field works.
Thin and polished thin sections were prepared for
petrographic studies and microprobe analysis in the
labs of the Faculty of Earth Sciences, Shahrood
University of Technology, Shahrood, Iran. Thirteen
samples from diorites, granodiorites and granites
selected for mineral chemistry analysis and more
than 900 points have been analyzed. The in-situ
analyses of minerals on five samples (MH-6, MH-
8, MH-21, MH-40 and MH-43) were carried out at
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are zircon, apatite and opaque minerals, and
secondary minerals include chlorite, epidote,
calcite and clays. Quartz, alkali feldspar and
plagioclase ~were formed very Dbeautiful
micrographic, worm-like  myrmekitic  and
microgranophyric textures (Figure 3d), resulted by
rapid simultaneous intergrowth of these minerals in
a shallow depth [41].

the GFZ Potsdam (Germany) using a JEOL-JXA
8230 microprobe equipped with five WDS. The
operating conditions were as follows: 15kV
accelerating voltage, 20nA beam current and 10s
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 microprobe analyses of eight samples
(MH-6, MH-43, MH-51, MH-53, MH-56, MH-57,
MH-58 and MH-66) conducted using a JEOL JSM-
6390LV scanning electron microscope (SEM), at
the Aristotle University of Thessaloniki, Greece.
The operating conditions were a 20kV accelerating
voltage and 0.4 mA probe current, 80s counting



Arabzadeh Bani Asadi et al.,.

time, and a beam diameter of 1 um. The samples
coated with carbon— average thickness of 200 A-
using a vacuum evaporator JEOL-4X.

The cation numbers of the pyroxenes, feldspars,
amphiboles and biotites were calculated with an
excel spreadsheet based on 6, 8, 23 and 22 Oxygen,
respectively. Fe*" content calculated in pyroxenes
according to [42] and in amphiboles according to
[43]. The data has been processed with specialized
soft wares of Geo-fO, [8], WinAmptb [44],
WinPyrox [45, 46] and excel spreadsheets such as
Amp-TB2.xlsx [10] and the graphs have been
drawn by the Grapher software.

4.2. U-Pb dating

Two granodiorite samples (MH-1 and MH-21)
from the Gowd-e-Howz granitoid stock selected
for SHRIMP zircon U-Pb dating. Zircons were
separated using panning, first in water and then in
ethanol. This was followed by magnetic extraction
of Fe-rich minerals with a Nd magnet. Finally,
zircons handpicked using a binocular microscope.
The zircons cast on “megamounts”, i.e., 35 mm
epoxy discs fixed on the front of a mount holder so
that no metallic parts or surface discontinuities
faced the secondary ions extraction plate. The
minerals were carefully studied with optical
(reflected and transmitted light) and scanning
electronic  microscopy  (backscattering  and
cathodoluminescence) prior to SHRIMP analyses
with the IBERSIMS SHRIMP Ile/mc ion
microprobe at the IBERSIMS laboratory,
University of Granada, Spain. Zircons analyzed for
U-Th-Pb following the method of [47]. The mount
coated with a =12 nm thick gold layer. Each spot
was rastered with the primary beam for 120s prior
to analysis and then analyzed for 6 scans following
the isotope peak sequence '*°Zr,0,*Pb, 204.1
background, *°°Pb, **’Pb, 2**Pb, ***U, **ThO, ***U.

Every peak of every scan was measured
sequentially 10 times with the following total
counting times per scan: 2s for mass 196; 5s for
masses 238, 248, and 254; 15s for masses 204, 206,
and 208; and 20s for mass 207. The primary beam,
composed of 160-160+, was set to an intensity of
about 5nA, with a 120 microns Kohler aperture,
which generated 17 x 20 micron elliptical spots on
the target. The secondary beam exit slit was fixed
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at 80 microns, achieving a resolution of about 5000
at 1% peak height. All calibration procedures were
performed on the standards included on the same
mount. Mass calibration was done on the REG
zircon (ca. 2.5 Ga, very high U, Th and common
lead content). The analytical session started by
measuring the SL13 zircon [48], which used as a
concentration standard (238 ppm U). The
TEMORA zircon (416.8 + 1.1 Ma) [49], used as an
isotope ratios standard, was then measured every
four unknowns. Data reduction was done with the
SHRIMPTOOLS software (available
from www.ugr.es/~fbea), which is a new
implementation of the PRAWN software originally
developed for the SHRIMP. Errors reported at the
95% confidence interval (=2 o). Standard errors
(95% C.I) on the 37 replicates of the TEMORA
standard measured during the analytical session
were 0.18 % for 2“Pb/?*U, and 0.62 % for
207Pb/206Pb.

5. Results
5.1. Mineral chemistry

The chemical compositions of rock-forming
minerals in the Gowd-e-Howz granitoid stock as a
reflection of its constituent magma composition
provide valuable tools to evaluate source and
nature of magma and its mineralization potential
[1, 3, 5-6], tectonic setting of magma genesis [2, 4-
5, 50] and physico-chemical conditions of magma
crystallization, storaging and plumbing (P, T) [8-
12, 51-71].

5.1.1. Pyroxenes

Diorites and minor gabbroic parts of the Gowd-
e-Howz granitoid stock contain pyroxenes (usually
clinopyroxenes and rarely orthopyroxenes). The
orthopyroxenes have high Mg/Fe and low Ca
contents and plot mainly in the field of magnesium
pigeonite in gabbros (Enso_siFsi7-34W00.70-3.35) and
intermediate pigeonite in diorites (Table 1 and
Figure 4b). The clinopyroxenes have different
compositions (Table 2) and plot in the fields of
diopside—augite—salite (En34k§6FS04k1x WO3(k51) in the
pyroxene classification diagram [42] (Figure 4b).
The compositional ranges of clinopyroxenes show
variations between diopside-augite-Mg augite (in
gabbros) to salite (in diorites) (Figure 4b).
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from [42] in the fields of diopside-augite-salite and magnesium pigeonite to intermediate pigeonite.

5.1.2. Amphiboles

The study amphiboles are calcic and
characterized by a large range of Mg#
[Mg/(Mg+Fe*") and TSi between 6.50-7.97 a.p.fu,
(Table 3) classification diagrams [43] plot in the
fields of magnesium hornblende-tschermakite
hornblende (in gabbros), magnesium hornblende-
tschermakite hornblende-tremolite hornblende (in
diorites) and magnesium hornblende-tschermakite
hornblende-ferro tschermakite-ferro tschermakite
hornblende-ferro hornblende to tremolite-actinolite
(in granodiorite/granites)(Figure Sa-e).
Amphiboles with tremolite-actinolite compositions
found in granodiorite/granites is post magmatic
with secondary origin probably formed by
retrograde alteration of clinopyroxenes. The calcic
amphiboles normally are indicators of I-type
granitoids [72]. In the Ca+Na+K versus Si diagram
[73] which separates igneous and metamorphic
amphiboles, the Gowd-e-Howz amphiboles plot in
the field of igneous type (Figure 5f).

5.1.3. Feldspars

The feldspars of the Gowd-e-Howz granitoid
samples have variable main oxide contents ranging
Si0, from 41.20— 68.45 wt%, CaO from 0.07—
20.11 wt%, Na,O from 0.02-11.75 wt%, K,O from
0.00-16.60 wt%, and ALOs; from 18.37— 37.89
wt% (Table4). In the Ab-Or-An feldspar
classification ternary diagram [77], the analyzed
plagioclase is ranged 74 — 98 An% (bytonite-
anorthite) in the gabbros, 1 — 81 An% (albite-
bytonite) in the diorites, and 1 — 61 An% (albite-
labradorite) in the granodiorite/granites (Table 4).

The K-feldspars from the alkali granites have
relatively uniform compositions. They contain high
orthoclase contents (> 98%) and lie in the field
orthoclase on the feldspar classification diagram
(Figure 6).

5.1.4. Biotites

The chemical composition of biotite is
classically used to: (i) estimate the conditions and
geotectonic  setting of magma genesis, (ii)
determining the oxygen fugacity during the magma
crystallization [78-79], (iii) estimate the liquidus
temperature of magmas [8, 80-81], (iv) genetic
classification of the granitoids and theirs
mineralization potential [4, 82-83] and (v) to date
the thermal events and age of its host rocks. The
composition of biotite in igneous rocks varies
between the four end members of magnesium-
bearing (phlogopite), iron-bearing (annite) and
aluminum-bearing eastonite-siderophyllite (Figure
7); so that it is usually of phlogopite type in the
gabbro and diorite and annite type in the
granodiorite and granite) [84]. Biotites of the
Gowd-e-Howz granitoid stock (table 5) have been
plotted in the fields of primary and secondary
biotites [83] (Figure 7) and iron-bearing biotites
(Figures 7-b, c, d, ), which is consistent with their
greenish-brown color in Plan Polarized Light
(PPL) in thin sections.

Ternary diagram developed by [83] with
[(10xTiO2) — (FeO+MnO) — MgO] as coordinates
was used to signify the primary or re-equilibrated
nature of the biotites in the Gowd-e-Howz
granitoid stock. In this diagram, although the
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biotites plotted in the primary magmatic field, but
they placed on the side inclined to secondary
biotites, which is consistent with the petrographic
evidence of the K-alteration of some amphiboles to
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biotite. If the Alyi content of biotite is <1 it denotes
its primary magmatic origin [83], which is
consistent with the studied biotites (0.04 — 0.16).
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6. Discussion

The mineral chemistry of pyroxene, amphibole,
feldspar and biotite from different rock units of the
Lower Jurassic Gowd-e-Howz granitoid stock have
been analyzed for studying the detailed chemical
composition of these minerals, nature of magma,
it’s mineralization potential and tectonic setting,
and physical conditions of crystallization (T, P)
during the final emplacement of the magma
injection in the crust.

6.1. Crystallization conditions
6.1.1. Clinopyroxene geothermobarometry

Clinopyroxene geothermobarometers are the
most commonly used mineral-based igneous
thermobarometers, since this mineral is commonly
present in a wide range of different magmatic rocks
(ultramafic-mafic-intermediate) and  tectonic
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settings (mid-oceanic ridges, oceanic islands,
active continental margins, hot spots and rifts) and
exhibits large compositional variations in each rock
and environment setting [12, 45, 46, 62, 87].
Chemistry of clinopyroxene is sensitive to pressure
and temperature of magma [11-12, 45-46, 50, 63,
70-71, 88-89, 90-92]. It is stable in a wide range of
temperatures (800 to 1500°C) and pressures (1 bar
to 30 kbar) [7, 45]. Here, Excel spreadsheet [62]
and WinPyrox software [92] wused for
thermobarometric calculation. Application of these
thermobarometers for clinopyroxenes of the
Gowd-e-Howz granitoid stock show the gabbros
were crystallized at P= 1.16-7.71 kbar and T=
1030-1244°C corresponding to the temperatures
obtained by [46, 62, 93]. Moreover, the diorites
were crystallized at P= 1.42-9.07 kbar and T=
1176-1184°C (Table 2 and Table 6) and Figures 8.
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Figure 8. Temperature and pressure estimations of clinopyroxene crystallization in gabbro/diorite part of the
Gowd-e-Howz granitoid body in the various diagrams. a. Estimation of temperature by [63] method. b.
Estimation of temperature and c. pressure by [71] method. d. Plot of Mg# of hornblende versus Mg# of

clinopyroxene from [51].

6.1.2. Two-feldspar geothermometry

The distribution of NaAlSi;Og (albite content)
between two coexisting solid solution phases
recognized as a valuable geothermometric tool.
The early calibrations based on binary exchange of

10

albite component. Most recent offer three
calibrations for each feldspar pair based on
exchange of albite, anorthite and orthoclase
components respectively [94]. Two co-existing
feldspars in a rock strongly depend on temperature
but less on pressure. In two-feldspar thermometry,
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the feldspars are characterized by component
exchanges easily reset during slow cooling or later
thermal events; only in shallow emplaced plutons
two-feldspar thermometry yield consistent hyper
solidus results [54]. Multi-thermobarometer excel
sheet calculation prepared by [45] was applied here
for estimating of T values obtained based on the
equation given by [94]. The results gave in Table 4.
The calculated T for the Gowd-e-Howz samples
range from 512 to 750°C (Figure 9). Because of the
low closing temperature of the feldspars, these low
values are re-equilibration closing temperatures,
completely  differing from  crystallization
temperatures.

6.1.3. Amphibole geothermobarometry

Amphibole is an ideal mineral for evaluation of
P-T conditions of calc-alkaline intrusions
emplaced within orogenic belts, due to their diverse
chemical composition and mineral structure. It
observes in a wide range of temperature-pressure
stability (P= 1-23 kbar and T= 400-1150°C). Here
we used the different geobarometer equations of 1
from [59] with uncertainty range of £3 kbars , 2
from [95] with uncertainty range of +1 kbars, 3

Journal of Mining & Environment, Published online

from [61], with uncertainty range of +1 kbars, 4
from [69], 5 from [53] with uncertainty range of
+0.6 kbars, and 6 from [65, 66].

é
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b o el A Gt

Y,
2= S

Figure 9. Plots of feldspar compositions of the
Gowd-e-Howz granitoid stock on the Or-Ab-An
ternary diagram [52] for determining the
equilibrium closing temperatures of the feldspars.

P = —3.92 + 5.03 Alt°t (1)
P =—476+ 5.6 Al 2)
P = —3.46 + 4.23 Alt°t 3)
P = —3.01 + 4.76 Alt°t @)
P=-3.01+4.76 AI°'-{T[°C]-675.85}x{0.53 Al'"'+0.005294x(T[°C]-675)} (5)
P = 19.209¢148341 (6)

Applying these different methods to amphiboles
of the gabbro from the Gowd-e-Howz granitoid
stock represents P= 1.0-6.9 kabr and T= 647-
948-C, while this mineral in diorite represents P=
1.0- 6.9 kabr and T= 665-912°C (Tables 7 and 8).

Moreover, the diagram of tetrahedral aluminum
(Aliy) vs. octahedral aluminum (Al,;) in amphibole
structural formula [9] used to estimate pressures of
amphibole crystallization. In these diagrams,
amphiboles of the Gowd-e-Howz granitoid stock
are plotted in the low-pressure range (Figure 10 a).

The diagram of Fe™/(Fe”+Mg)=Fe# versus total
aluminum (AIV'+A1"Y) [69] applied to estimate
pressure of amphibole formation (Figure 10 b). In
this diagram, amphibole of the Gowd-e-Howz
granitoid stock plot in the pressure ranges between
1 to 4 kbar.

Granodiorite and granite consist mainly of
green hornblende and plagioclase, the required
minerals for thermobarometry. Following equation
[7] presented as an amphibole geothermometer:

T[°C]=1781-132.74XSipmph +116.6XTipppn-69.41X Fetympp +101.62XNapmpn (7)

11
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Applying this method for the amphiboles of the
Gowd-e-Howz granitoid  represents the
temperatures ranges from 725-835°C  for
granodiorites and 632-884°C for the granites
(Table 8). An Excel spreadsheet program, which
operates within Microsoft Excel 10 [10], allows
applicant to calculate the P (pressure) and T
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(temperature) conditions of steady-state magmatic
crystallization of calcic amphiboles from its major
elements composition (e.g. EPMA). Applying this
method to amphiboles of the Gowd-e-Howz rocks
gave the temperatures range from 623-944° C and
736-850°C for granodiorites and granites,
respectively (Table 8).
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Figure 10. a. Plot of the Gowd-e-Howz granitoid amphiboles in the field of low-pressure amphiboles in diagram
of tetrahedral aluminum (Aliv) vs. octahedral aluminum (Alvi) in amphibole structural formula from [9]. b. Plot
of amphibole compositions of the Gowd-e-Howz granitoid stock on the diagram of Fe# vs. Altota from [69].

The amphiboles of the Gowd-e-Howz granitoid
stock plotted in a thermometric graph based on
amounts of Al versus Ti in amphiboles [57]
(Figure 11a). They show temperature ranges of 650
to 900°C in this graph. Naturally, the higher
temperatures are close to the crystallization
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Figure 11. Plots of the Gowd-e-Howz granitoid amphiboles in the: a) graph of A

temperatures and the lower ones correspond to the
closing temperatures. The diagram of Ti versus
(Na+K) from [68] also used as an amphibole
thermometer for the Gowd-e-Howz granitoid
stock, that shows the T values in ranges lower than
750°C (Figure 11b).

750-1200 °C

Na+k 2

1"V vs. Ti in amphibole from [57]

and, b) graph of Ti vs. (Na+K) from [68].

6.1.4. Biotite Geothermobarometry

The Ti content of biotite is sensitive to
crystallization temperature of magma [96]. The

empirical and experimental correlation between
temperature, Ti, and Mg# =[Mg/(Mg + Fe’")] of
biotite (Ti-in-Biotite =~ thermometer) was
acknowledged by several authors [8, 81]. These
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authors by using a set of natural biotite
compositions empirically ~ calibrated  the
relationship between Ti, Mg#, and temperature of
the biotite crystallization. The other empirical
formula presented as follows [81]:

T = (In(T0) — a — c(Xug) 1/5)°3% )

Where, a= -2.3594, b= 4.6482x107, c= -1.728,
and Xum,= Mg/(Mg+ Fe*"). This formula can only
be applied to biotite bearing rocks, having
Xme=0.275 - 1.00; Ti=0.04 - 0.60 (apfu). The
uncertainty of the Ti-in-biotite geothermometer is
estimated to be £12°C at lower temperatures (<
600°C), improving to £12°C at high temperature
(>700°C) [81]. The estimated temperature based on
[81] gives T= 689-751°C +12°C for the
granodiorites from the Gowd-e-Howz stock
(Figure 12). The crystallization pressure of biotites
was calculated using empirical formula as follows
[97]:

P(kb) = 3.03 x Al” — 6.53 (+0.33) ©)

The uncertainty of this formula is £33 MPa.
This geobarometric formula can only applied to
biotite bearing rocks. The calculated pressure
ranges from 0.74 to 4 +0.3 kbar.

6.2. Identification of magmatic series and
tectonic setting

The clinopyroxene composition refers to the
nature of the host magma [98-99]. The
clinopyroxenes of the Gowd-e-Howz samples
contain high SiO, (>50 wt%) and relatively low
ALOs3 (< 4 wt%) point to the subalkaline (calc-
alkaline) nature of the parental magma [50] (Figure
13a). This subject also supported by plotting of the
study clinopyroxenes in the sub-alkaline field of
ALO; versus TiO; diagram [1] (Figure 13b).

The abundances of TiO, and Cr in the
clinopyroxenes of the Gowd-e-Howz stock are low
and they plot in the field of volcanic arc on a Ca
versus Ti+Cr diagram [1] (Figure 13c).
Clinopyroxene chemistry in the form of F1 and F2
parameters [50] used for discriminating the
tectonic setting of magmatic rocks.

These parameters for the Gowd-e-Howz
granitoid samples range between -0.36 to -0.46 and
-2.35 to -2.26, respectively, and the study
clinopyroxenes plot in the field of volcanic arc
basaltic magmas (Figure 13d).
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Figure 12. Plot of biotites of the Gowd-e-Howz
granitoid stock in the Ti vs. Mg# diagram from [81]
to estimate the crystallization temperatures of

biotites.

The presence of calcic amphiboles in granitoid
rocks indicates that these rocks belong to calc-
alkaline I-type granitoids [72, 100], because the
high amount of CaO in these granites, leads to the
crystallization of hornblende. The participation of
Mg, K and Ti in the amphibole structure depends
on the nature of the magma, so that amphiboles of
the sub-alkaline compared to the alkaline systems
have lower amounts of NaxO, TiO,, K»O and ALO;
[6]. Compositions of amphiboles from the Gowd-
e-Howz  granitoid samples on bivariant
discrimination diagrams of K,O, Na,O, A,O; and
MgO versus TiO; [65, 67] confirm the sub-alkaline
I-type nature of theirs parental magma (Figure 14a-
d), supported also by clinopyroxene chemistry
(Figure 13).

The chemistry of amphibole, especially the
magnesium number (Mg#) of hornblende can used
to determine the origin of magma. High values
(>0.7) and low values (>0.5) of this number
indicate mantle and crustal origins, respectively,
and values between 0.5 and 0.7 indicate mixing
with crustal sources. Amphiboles from the Gowd-
e-Howz stock have Mg#= 0.5 - 0.7, indicating a
mixing origin of crustal and mantle magmas
(Figure 7f), confirmed by TiO, versus ALOs3
diagram [3] (Figure 15a). The value of TiO; in
amphiboles from the Gowd-e-Howz granitoid is
less than 2wt% and plot in the field of those
amphiboles crystallized from the subduction zone
magmas on the TiO, vs. SiO; diagram [5-6](Figure
15b, ¢).
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Biotite chemistry depends largely upon the
nature and composition of the parental magma.
Biotites of the Gowd-e-Howz stock are medium
titanium and iron rich pointing to a mixing process
between mantle and crust magmas, confirmed also
by ALLO; vs. TiO, diagram [86] (Figure 7f). FeO,
MgO, and Al>O; contents in biotites can used for
discriminating magma series and tectonic setting
[4, 82]. The study biotites belong to the calc-
alkaline series of the subduction zones (Figure 16)
is consistent also with clinopyroxene (Figure 13)
and amphibole chemistries (Figures 14, 15).

6.3. Mineralization Potential

Regarding the occurrence of mineralization
potential of the Gowd-e-Howz granitoid stock, we
investigated the fertility of this stock through
chemical compositions of its biotite and
plagioclase. Biotite as one of the most important
ferromagnesian minerals of the granitoids also used
to classify the genetic type of granitoids and their
mineralization potential [4, 8, 54, 101-104].
Oxygen fugacity (fO,) is a fundamental
thermodynamic property governing redox potential
in solid earth systems such as magma chambers of

[5-6].
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granitoids. During magma evolution, the fO,
controls valence states of multivalent elements
(e.g., Fe, Cu, Eu, Ay, 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 [8]. In the different
mineral chemistry discriminating diagrams
presented for distinguishing the granites into I, S,
M, H, and A types, the Gowd-e-Howz granitoid
rocks plot into the I-type granitoids. Lithological
association (gabbro-diorite-granodiorite-granite),
presence of MMEs, mineralogical features such as
the dominant association of pyroxene, amphibole
and plagioclase in mafic-intermediate rocks, the
predominance of amphibole, brownish-green color
biotite and plagioclase in felsic samples and the
absence of metamorphic minerals such as
muscovite,  cordierite,  garnet,  corundum,
andalusite, sillimanite and kyanite, along with the
biotite chemical characteristics indicate the I-type
magnetite series nature of the Gowd-e-Howz
granitoid stock along with Cu mineralization
potential (Figure 17).
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Figurel6. Plots of biotite compositions of the Gowd-e-Howz granitoid stock on the field of the sub (calc)-alkaline
orogenic magmas on the diagrams of: a) Al vs. Mg from [82] and b) FeO vs. MgO, ¢) FeO vs. Al:O3, d) MgO vs.
Al:Os and e) MgO-FeO-AlL:O; from [4].

In the granitoids hosting the copper porphyry
deposits, plagioclases from the mineralized
intrusions might have higher alumina contents
relative to the barren ones [107-111]. These authors
argued that the low average of Al contents in
plagioclase is most probably due to low Pmo of
melts. The ratio of Al/(Ca+Na+K) versus anorthite
contents of plagioclase in the Gowd-e-Howz
granitoid samples was used to discriminate
mineralization  potential of  this  stock.
Compositions of the plagioclases mostly plot in the
boundary line between the field of fertile and
barren intrusions (Figure 18a), although, some
samples plot in the fertile intrusion field and are in
the range of the mineralized porphyry systems in
the Urmia-Dokhtar magmatic belt (UDMB). The
plagioclases that plot above 1:1 ratio line (Figure
18b) crystallized in an oxidized condition (close to
the magnetite—hematite oxygen buffer) that is a
common feature for Cu £ Mo porphyry systems
[110-111]. The plagioclases of the Gowd-e-Howz
granitoid samples mostly plot in the boundary line
between the fields of oxidized and reduced
intrusions (Figure 18b), although, some samples
plot in the oxidized field.
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6.4. Magma and
emplacement

The mineral data of clinopyroxene, amphibole
and biotite offer three distinct sets of pressures and
temperatures, which indicates three separate levels
of major crystallization and thus magma chambers
at ~45, ~15 and ~5-7 Km for storaging,
differentiation and crystallization and final
emplacement of magma into the continental crust
(Figure 19b). Olivine, clinopyroxene and
plagioclase are the early crystallized and the main
minerals of mafic-intermediate part of the Gowd-e-
Howz stock. The  geothermobarometric
calculations indicate that the clinopyroxenes
crystallized at two levels (~ 45 and ~ 15 Km
depths). Moreover, the Moho in the study region is
at ~50 km depth [112-114]. Thus, it is assumed that
earlier clinopyroxenes crystallized at T=~1300°C
and P= ~13 kbar, where the parent mafic magma
emplaced in the base of the lower continental crust
(Figure 19b).
Fractional crystallization of the dry minerals of
olivine, clinopyroxene and plagioclase from
parental mafic magma in the lower crust led to
evolve magma from gabbro to diorite in
composition. The diorite evolved magma was

storage, crystallization
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transported and storage into the middle crust (6.5-
5 kbar =~15 Km depth) and crystallized
clinopyroxene, amphibole, and plagioclase to form
the main part of the stock as diorite-granodiorite.
Finally, the more differentiated magma
(granodiorite) migrated to the upper crust (3-1 kbar
=~5 Km depth) to form the granitic part of the
stock. The existence of calcic plagioclase
phenocrysts and MMEs in the granodiorites
provide evidence for magma recharge and

3 I-Type

Fe?

S-Type

0.4 0.8

Ilmentite
Series

0.8

Magnetite
Series
0.4

0.2
2 22 24 26 28 3 3.2 34 3.6
ALAVHVD
(©
4
3.5
No mineralization
3If W AAA
B e s aea . o s ol
= aa
25 Cu, Fe and Sn % %AA AL
2
Pb, Zn and Mo
15
12 1.6 |
AL O/(Ca0O+Na,0+K,0)
(¢

Journal of Mining & Environment, Published online

subsequent magma mixing and mingling processes,
while mineral compositional trends also suggest
crystal fractionation. According to [115], arcs with
young and thin crust are more probable to develop
shallow magma reservoirs (e.g., 3-1 kbar below the
surface) than arcs with old and thick crusts. The
Upper Triassic magmatic arc of the SSMMZ as the
first youngest thin arc of this zone was suitable
candidate to emplacement of the Gowd-e-Howz
stock (Figure 19a).
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Figurel7. Plots of biotites compositions of the Gowd-e-Howz granitoid stock in the biotite chemistry-based different granite
origin and mineralization potential determination diagrams. a) Binary Fe2* vs. Fe’* plot [105]. b) Binary Fe# vs. Al'Y plot
[106]. ¢) Binary Fe# vs. AI'V*V! plot [54]. d) Binary Al O; vs. TiO; plot [101]. ¢) Binary A/CNK of whole rock vs. Al*t of biotite
plot [97]. f) Existence of malachite mineral as an indicator of Cu minerallisation potential of Gowd-e-Howz granitoid body.
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Figurel8. Plots of plagioclase compositions of the Gowd-e-Howz granitoid stock in: a) The Al/(Ca+Na+K) vs.
anorthite contents diagram [107, 110] for determining its mineralization potential. (b) The Al/(Ca+Na+K) vs.
anorthite contents diagram to discriminate oxidized and reduced samples [110].
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melts from subducting oceanic slab, mantle wedge and lower crust. b) How magma plumbing, storaging and
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6.5. Zircon U-Pb dates

One granodiorite (MH-1) and one granite (MH-
21) samples from the Gowd-e-Howz granitoid
stock selected for SHRIMP zircon U-Pb dating.

18

Representative CL images of the analyzed zircon
grains are presented in Figures 20b,d and U-Pb data
are listed in Table 9. The zircon grains are euhedral
to subhedral, mostly prismatic, and larger than 100
um in length. They show oscillatory or sector
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zoning, indicative of a magmatic origin. In total, 24
points in MH-1 and 23 points in MH-21 have been
dated. The U and Th contents of the zircon grains
are 151-1561 and 48—1264 ppm, respectively, with
Th/U ratios of 0.29-0.93 (Table 9), and no
significant differences were observed between the

(©)
Figure 20. a. Concordia diagram for analysed zircons of one granodiorite: 180 + 1.5 Ma (MH-1) and b. its
cathodoluminescence (CL) images of zircon grains. C. Concordia diagram for analysed zircons of one granite:
180 +£ 1 Ma (MH-21) and d. its cathodoluminescence (CL) images of zircon grains.

6.6. Tectonic setting of the Gowd-e-Howz
granitoid stock

The Late Carboniferous rifting event (~
330 Ma) in the Iran plate related to the breakup of
the Gondwana supercontinent and opened the
Zagros Neotethyan Ocean between Iran and Arabia
[15, 30]. Subsequently, during the Mesozoic-
Cenozoic (since 220 Ma), Iran plate was formed
through multiple accreted/subduction/collisional

0.040

206py,/238y
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0.020 T
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0.030 T
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samples. None of the grains has inherited cores
with old age (Table 9). Zircon grains from the MH-
1 and MH-21 granitoid samples yield weighted
mean “*Pb/**U ages of 180 + 1.5 Ma (N = 24;
MSWD =2.3) and 180 £ 1 Ma (N =23; MSWD =
0.99), respectively (Figures 20a,c).
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events [15]. The mineral compositions of the
Lower Jurassic (180 +1.5 Ma) Gowd-e-Howz
granitoid stock represent that the rock types are I-
type calc-alkaline nature, magnetite series that
emplaced in a subduction environment. Based on
the clinopyroxene, amphiboles and biotite source
discrimination diagrams, it seem that the Gowd-e-
Howz granitoid stock is the first magmatic product
of subduction of Neotethyan Oceanic lithosphere
beneath the central Iran plate (Figure 19a). These
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results are in good agreement with whole rock
major, minor and trace element geochemistry
discrimination diagrams [14].

7. Conclusions

According to the fieldworks and petrographic
observations, the Lower Jurassic (180 £1.5 Ma)
Gowd-e-Howz granitoid stock from the SE
Kerman, Iran, includes diorite, granodiorite and
granite with minor amounts of gabbro. The stock
intruded into the Upper Paleozoic-Triassic igneous
and metamorphic rocks of the SSMMZ. Mineral
chemistry of clinopyroxene show that they are
medium to high-pressure calcic type with diopside-
augite-salite composition, and belong to I-type
calc-alkaline subduction zone magmatic series.
Amphiboles are Mg-hornblende-tschermakite
hornblende, ferro tschermakite, ferro tschermakite
hornblende, ferro hornblende and tremolite
hornblende. Some of amphiboles have tremolite-
actinolite composition that probably formed by the
retrograde replacement of pyroxenes. The biotites
are of iron-bearing primary magmatic type. The
mineral chemistry of clinopyroxene, amphibole
and Dbiotite indicate that the calc-alkaline
(subalkaline) magma forming the Gowd-e-Howz
granitoid stock produced in a young thin
continental arc setting during the first phase of
subduction of the Neotethyan oceanic lithosphere
beneath the central Iran micro-plate in the Late
Triassic-Early Jurassic times.
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Appendix
A. Thermometry by [S8] method

A quantitative thermometer applicable to high-
T (>700 °C) amphibole crystalizing in Ti-saturated
calc-alkaline magmas proposed by [58]. Their T
estimates are globally in agreement with those
deduced from the [56] thermometer. Solubility of
Ti in calcic amphibole buffered by a Ti-rich phase
displays an ideal solid-solution behavior. Their
thermometry equation with uncertainty ranges
from £15 to £55 °C is as follows:

In[Ti] gmpnivote = 2603/T —1.70 (10)

Where [Ti] amphibole expressed in atoms per
formula unit (apfu). Applying this equation to the
amphibole-plagioclase data from the Gowd-e-
Howz granitoid stock gave the temperatures range
of 569-771°C (Table 9) for the final replacement of
the stock and the stop of the cations exchange and
final equilibrium of the amphibole-plagioclase
pairs.

B. Thermometry by [115] method

Following equation with an uncertainty range of
+35 to +45 [115], proposed to obtain the
temperature of amphibole crystallization as
follows:

T =479.8(Na+ K)[4 + 643.5 (11)
Applying this method to the amphiboles of the
Gowd-e-Howz  granitoid stock gave the
temperatures range of 646-871°C (Table 9) for the
final replacement of the stock and the stop of the
cations exchange and final equilibrium of the
amphibole-plagioclase pairs.
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C. Thermometry by [7] method

Following equation as an
geothermometer presented by [7]:

amphibole

T[°C]=1781-132.74X Sipmpn+116.6XTix, (12
-69.41X Fetgmpn+101.62XNapmpn )

Applying this method to the amphiboles of the
rocks of the Gowd-e-Howz granitoid stock
represents the temperatures in Table 9 for the final
replacement of the stock and the cessation of the
exchange and the final equilibrium of the
amphibole-plagioclase pairs.

D. Thermometry by [67] method

Geothermometer equation for determining the
amphibole temperature is as follow:

T=25.3xP+645.9 (13)

Temperatures obtained by this method for
amphiboles of the Gowd-e-Howz granitoid stock
range between 667 to 678°C (Table 9), which are
low to amphibole crystallization temperature and
are the closing T for final replacement of the stock
and stopping of the cations exchange and final
equilibrium of the amphibole-plagioclase pairs.

A graphical thermometric based on amounts of
AI'" versus Ti in amphiboles presented by [57]
(Figure 13-a). The amphiboles of the Gowd-e-
Howz granitoid stock plot in temperature ranges of
650 to 900°C in this graph. Naturally, the higher
temperatures are close to the crystallization
temperatures and the lower ones correspond to the
closing temperatures. The diagram of Ti versus
(Na+K) from [68] also used as an amphibole
thermometer for the Gowd-e-Howz granitoid
stock, that shows the T in ranges lower than 750 °C
(Figure 13-b).
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