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The Arabshah Fe mineralization is the only known magnetite-apatite
mineralization at the Takab-Takht-e-Soleyman—Angouran subzone in
southeast of Takab. The oldest rock units in the mineralization area
include sedimentary succession of the Qom Formation that was intruded
by the Pliocene Ayoub Ansar volcanic dome. Magnetite- apatite
mineralization at the Arabshah occurs as vein-veinlets with E-W stright
within the Ayoub Ansar dacitic dome. Brecciated zones containing
narrow magnetite vein- veinlets occur at footwall and hanging wall of
the main vein. Hydrothermal alterations include sodic-calcic,
silicification and argillic. Magnetite is the only ore mineral in this
mineralization which is accompanied with apatite, clinopyroxene, albite
and guartz as gangue minerals. Mineralization textures in the Arabshah
deposit include vein-veinlet, brecciated, disseminated, and replacement.
REEs concentration within apatite crystals are more than 1%, and
demonstrate LREE enrichment with high LREE/HREE ratio and
distinctive negative Eu anomalies which is indicative for Kiruna- type
iron ores. The result of fluid inclusion studies indicates the presence of
two-phase and poly-phase inclusions include LV, VL, LVH, LVS and
LVHS fluid inclusions with homogenization between 230-550 °C. The
salinity of halite bearing poly-phase fluid vary between 35-60 wt.%
NaCl equiv. Fluid inclusion data indicates that Arabshah magnetite-
apatite mineralization originated from magmatic fluids. Evidences like
mineral assemblages, hydrothermal alteration, ore structure and
textures, geochemical characteristics and fluid inclusion data, indicate
that the Arabshah magnetite-apatite mineralization can be classified as
Kiruna-type iron ores.
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EXTENDED ABSTRACT

Introduction

Iron oxide-apatite deposits (IOA) are considered to
be Kiruna-type iron ores which have formed between
Protrozoic to Tertiary eras in different parts of the
world. Apatite occurs as a major constituent of these
deposits which is accompanied by magnetite and
some actinolite. Higher concentration of REEs is one
of the important features of these deposits (Frietsch
and Perdahl, 1995). The Arabshah Fe mineralization
is the only known magnetite-apatite mineralization at
the Takab—Takht-e-Soleyman—Angouran subzone
within the Sanandaj-Sirjan zone which is located
about 15 km southeast of Takab. During the past
years, some exploration works were done on the
Arabshah Fe mineralization, but its geological
characteristics, mineralogy, texture, geochemistry,
characteristics of mineralized fluids and genesis have
not been studied yet. Recognition of characteristics
of the Arabshah magnetite-apatite deposit as the first
explored deposit of the Kiruna type mineralization in
the Takab area is useful for exploration of this type
of mineralization in NW Iran.

Materials and methods

This research study can be divided into two parts
including field and laboratory studies. Field work
includes recognition of different lithological units
and ore veins along with sampling for laboratory
studies. During field work, 34 samples were selected
for petrographical, mineralogical and analytical
studies. 10 thin sections and 5 thin-polished sections
were used for petrographical and mineralogical
studies. For geochemical studies, 6 samples from ore
vein were analyzed by ICP-MS methods at the
Geological Research  Center, Karaj, Iran.
Microthermometric measurements were performed
on 2 samples using a Linkam THMS-600 heating—
freezing stage attached to a ZIESS microscope in the
fluid inclusion laboratory of the Iran Minerals
Processing Research Center.

Results

The oldest rock units in the Arabshah area include
Oligo-Miocene sedimentary succession of the Qom
Formation that was intruded by the E-W-trending
Pliocene Ayoub Ansar volcanic dome. Based on
petrographic studies, the Ayoub Ansar volcanic
dome has  porphyritic,  felsophyric  and

glomeroporphyritic textures and it is composed of
plagioclase, amphibole and some quartz and K-
feldspar phenocrysts set in a quartz-felspathic
groundmass, and it is compositionally classified as
dacite-rhyodacite. These rocks have medium-K calc-
alkaline affinity and are classified as metaluminous
I-type granitoids. They have been formed in an active
continental margin to post-collisional tectonic setting
and demonstrate geochemical characteristics similar
to high silica adakites (Sabzi et al., 2018).

Fe mineralization at the Arabshah mineralization
occurs as vein-veinlets of magnetite-apatite within
the Ayoub Ansar dacitic dome. Brecciated zones
occur at footwall and hanging wall of the main vein.
The ore vein has east- west trend and crops out in 50
m length and maximum 1 m width. Coarse-grained
euhedral apatite crystals are mainly present at the
margins of the main vein. Hydrothermal alterations
around the mineralized veins include sodic-calcic,
silicification and argillic alterations.
Mineralogically, the ore minerals include magnetite
along with apatite, clinopyroxene, albite and quartz
as gangue minerals. Goethite was formed during
supergene alteration. Mineralization textures in the
Arabshah deposit include vein-veinlet, brecciated,
disseminated, and replacement form. Apatite crystals
have high concentrations of REEs (about 1%).
Condrite-normalized REE patterns for apatite
crystals, magnetite-apatite ores and magnetite ore
without or with minor apatite demonstrate LREE
enrichment with high LREE/HREE ratio and
distinctive negative Eu anomalies.

Based on phase relationships at room temperature,
three types of fluid inclusion including two-phase
(LV and VL), three-phase (LVH and LVS) and
polyphase (LVHS) are present within the apatite
crystals at the Arabshah  mineralization.
Microthermometric measurements indicate that LV
and VL fluid inclusions have homogenized between
253-550 °C and 363-490 °C, respectively. Tree-
phase LVH fluid inclusions have been homogenized
between 278-508 °C and have salinities between 35-
59.8 wt.% NaCl equiv. Three-phase LVS fluid
inclusions have been homogenized between 240-520
°C. Polyphase LVHS fluid inclusions have been
homogenized between 230-520 °C and have
salinities between 36-59 wt.% NaCl equiv.

Discussion
Similar REE patterns of apatite crystals and
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mineralized samples with samples from host dacitic
dome demonstrate a genetic link between magnetite-
apatite mineralization and dacites. Furthermore, REE
patterns of the Arabshah mineralization is similar to
other iron oxide-apatite deposits from the Tarom—
Hashtjin metallogenic belt (Mokhtari et al., 2018),
and those of Central Iranian iron ores (Mokhtari et
al., 2013). Moreover, REE patterns of the Arabshah
deposit are similar to REE patterns of the Kiruna-
type iron ores (Frietsch and Perdahle, 1995).

Fluid inclusion data indicates that Arabshah
magnetite-apatite mineralization originated from
magmatic fluids. Positive correlations between
salinity and homogenization temperatures indicate
that mineralization at the Arabshah deposit involved

mixing of magmatic fluids and a dilute and cooler
meteoric fluid.

Totally, based on mineral assemblages,
hydrothermal alteration, textures, geochemical
characteristics and fluid inclusion data, the Arabshah
magnetite-apatite mineralization can be classified to
be of the Kiruna-type iron ores.
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Fig. 1. Symplified geological map of the Takab—Takht-e-Soleiman—Angouran region showing location of ore deosits and
occurrences (Daliran et al., 2013). Location of the Arabshah magnetite- apatite mineralization indicated on the southern

part of the map.
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Fig. 2. Geological map of the Arabshah Fe mineralization based on Takab 1:100000 geologic map. Modified after
Fonoudi and Hariri (2000)
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C: View from the Pliocene tuffs whith argillic alteration (looking to the northeast).
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Fig. 4. Photomicrographs (transmitted light, XPL) of Ayoub Ansar dacitic dome in the Arabshah magnetite- apatite
mineralization area. A: Prophiritic texture in Ayoub Ansar dacitic dome, B: Vesicular texture in Ayoub Ansar dacitic dome, C:
Plagioclase phenocryst with sieve texture in Ayoub Ansar dacitic dome, D: Rounded quartz phenocryst along with plagioclase
phenocrysts within fine grained matrix in Ayoub Ansar dacitic dome, E: Rounded quartz phenocryst within fine grained matrix
composed of prismatic hornbelvde and quartz in Ayoub Ansar dacitic dome, and F: Micro-granular enclave composed of
plagioclase, actinolite and biotite in Ayoub Ansar dacitic dome. Abbreviations after Whitney and Evans (2010) (Afs: alakli
feldspar, Bt: biotite, PI: plagioclase, Qz: quartz, Ves: vesicul).
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Fig. 5. Photos from the Arabshah magnetite- apatite mineralization. A: View from the magnetite-apatite vein (looking to
the west), B: Coarse-grained euhedral apatite crystals at the margin of magnetite atite vein, C: Magnetite vein-veinletsin
the brecciated hanging wall of magnetite-apatite vein, and D: Close view from the magnetite vein-veinlets in the hanging
wall of magnetite-apatite vein with brecciated texture. Abbreviations after Whitney and Evans (2010) (Ap: apatite, Mag:
magnetite).
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Fig. 6. Photomicrographs (transmitted light, XPL) from the hydrothermal alterations in the Arabshah magnetite-apatite
mineralization. A: Sodic-calcic alteration around the magnetite-apatite veinlet, B: Silicic and sodic-calcic alterations around the
magnetite-apatite veinlet, and C: Silicic and argillic alterations around the magnetite-apatite veinlet. Abbreviations after
Whitney and Evans (2010) (Ab: albite, Clay: clay minerals, Cpx: clinopyroxene, Opg: opaque minerals, Pl plagioclase,

Qz: quartz).
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Fig. 7. Photomicrographs from textures and minerals of the Arabshah magnetite-apatite mineralization. A: Magnetite
veinlet within host rock (PPL reflected light), B: Brecciated texture containing silicified host rock clasts and magnetite
veinlets (XPL transmited light), C: Disseminated magnetite crystals along the fracture of host rock (PPL reflected light),
D: Supergene alteration of magnetite to goethite along the fracture (PPL reflected light), E: Coarse-grained euhedral
apatite crystals within the magnetite (XPL transmited light), and F: Clinopyroxene and albite around the magnetite

veinlets (XPL transmited light). Abbreviations after Whitney and Evans (2010) (Ab: Albite, Ap: apatite, Cpx:
clinopyroxene, Gth: goethite, Mag: magnetite, Opg: opaque mineral, Qz: quartz).
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Table 1. Geochemical data of trace and rare earth elements for ore samples of the Arabshah magnetite- apatite
mineralization. Data in ppm.

S.N. Ar.l Ar.2 Ar.3 Ar.4 Ar.5 Ar.6 Average
S.Type Mag-Ap Mag-Ap Mag+Ap Mag+Ap Ap Ap da
Ba 4 4.5 10 7 <1 <1 868.1
Co 24.3 23.7 26.2 23.7 3.7 3.5 3.6
Cr 14 14.1 16 15 17 13 47.9
Cu 18 19.4 14 24 42 16 34
Fe 622 (%) 613 (%) 673 (%)  64.6 (%) 5426 6512 14931.7
Hf 0.5 0.6 0.1 0.4 1.7 1.9 1.7
Nb 7.2 6.8 4.0 3.6 7.4 8.7 11.7
Ni 32 31 39 41 7 6 7.1
P 7862 8264 684 847 >3 (%)  >3(%) 5546
Pb 8 9 4 5 14 18 114
Sc 1.4 1.3 1.1 1.2 1.5 1.6 8.3
Sr 54.2 65.4 5.4 6.7 156.2 150.4 442.4
Ta 0.5 0.4 0.1 0.2 0.7 0.6 0.7
Th 30.5 28.4 6 8.4 36.7 24.3 4.7
Ti 4628 4432 8864 8407 12 26 2192.4
U 1.2 1.8 0.3 0.7 13.4 12.1 1.2
\Y% 1284 1178 2814 2346 46 92 30.5
Y 114.7 134.6 27.7 68.2 1423.2 1457.1 7.1
Zn 132 124 172 146 18 14 551.3
Zr 11.2 12.4 3.1 8.7 18 21 66.1
La 267.7 281.4 44.1 64 1468 1542 24.4
Ce 606.1 710.2 102.8 132 3594 3779 39.5
Pr 80 91.2 14.1 16.7 441.2 487.6 4.3
Nd 372.4 391.2 59 76.4 2118.2 2138.4 14.6
Sm 59.4 62.8 10.9 13.7 423.6 434.2 2.3
Eu 2.7 2.9 0.4 1.1 26.4 27.2 0.8
Gd 51.9 57.2 9.8 12.4 396.2 402.1 2.1
Tb 8.4 9.1 1.5 2.4 44.2 48.4 0.3
Dy 33.3 34.2 6.2 13.2 316.4 328.2 1.2
Ho 5.3 5.8 1 2.2 48.4 52.1 0.3
Er 11.2 12.1 2.1 5.6 176.4 182 0.6
Tm 1.3 1.5 0.3 0.6 21.2 20.4 0.1
Yb 5.9 6.4 1.2 3.6 76.4 82.7 0.4
Lu 0.7 0.8 0.2 0.4 18.2 18.6 0.1
REEt 1621.1 1801.4 281.3 412.5 10592.0 11000.0 97.9

Mag-Ap: Apatite-bearing magnetite ore, Mag+Ap: Magnetite ore without or with minore apatite, Ap: Apatite crystals
with minor magnetite accumulation, da: Ayoub Ansar dacitic dome.
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Fig. 10. Microphotographs (plane poloarized light; PPL) from the primary fluid inclusions within the apatite from the
Arabshah magnetite- apatite mineralization, A: LV two-phase fluid inclusion, B: LV and VL two-phase fluid inclusions,
C: LVH three-phase fluid inclusion, D: LVS three-phase fluid inclusion, E and F: LVHS polyphase fluid inclusions (H:

halaite, L: liquid, S: opaque mineral, V: vapor)
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Table 2. Summury of microthermometric data of primary fluid inclusions within the apatite crystals in the Arabshah

magnetite-apatite mineralization

. o o o o Salinit Densit
Incl. type  Size (um) Te(°C) Tmice °C) Tm-h(°C)  Th (°C) (Wt. % NaCquuiv.) (g/cm33)/
LV (n=10)  7-15 - - - 2?;;15)510 ; ;
VL (n=5) 8-10 - - - 36(31;)9 0 - -
_ 255-500 278-508 35-59.8
LVH (n=10)  8-12 - (345) (395) (42.9) 0.87-1.2
LVS (n=17)  5-12 . : . 2‘8;)20 . .
_ 260-500 230-520 36-59
LVHS (n=8)  8-17 - (340) (375) (42.4) 0.89-1.2
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Fig. 11. Frequency histograms for primary fluid inclusions in the Arabshah magnetite-apatite mineralization. A:
homogenization temperature, B: halite melting temperature, and C: salinity
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Fig.12. Ty vs. salinity diagram for LVH and LVHS fluid inclusion data in the Arabshah magnetite-apatite mineralization.
The trends of fluids indicative for isothermal mixing and dilution of fluids during the evolution of mineralized fluids.
Internal schematic diagram indicative for common trends of fluid inclusions during the different processes of fluid

evolution (Wilkinson, 2001).
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Petrographic and mineralogical data indicate the widespread presence of
five generations of apatite, two generations of monazite with minor
xenotime in the Esfordi deposit. The O-H isotopic studies on the 1%- and
2"-generations of apatites and massive fine-grained and vein-type
apatites as well as their Sr and Mn contents, showed that the source of
phosphorous was the sedimentary phosphorites. The ratio of 1*Nd/**Nd
vs 17Sm/M4Nd and eNd vs P;0O, and the difference of Nd isotopic ratios
in the massive fine-grained and vein-type apatites indicate that they are
not reproductively related to the host rhyolite and diorite. The similarity
of Nd/**Nd vs “’Sm/***Nd and eNd vs P,Os in the 1% and 2M-
generations of apatite and the host rocks indicated that recrystallization
of the apatites occurred during the magmatic and hydrothermal fluids
circulation which were derived from the felsic to intermediate
subvolcanic rocks. Difference in the age of the 2"-generation apatites
and the paragenetic- monazites ( 238U/2%Pb and 2°’Pb/?%®Pb dating), the
crystalline apatites and magnetite, the ilmenite exclusions in the
magnetites, the dissolution evidences of different apatites and monazites
generations, the content of Ti vs V, Al+Mn vs Ti+V and Mg+Al+Si vs
Ti, and the O-H isotopes of the magnetite-apatite ores, all indicate the
mixing of high-temperature magmatic and hydrothermal fluids rich in
REE, P with Ca tFe evaporatic brines in different time periods, which
caused a polygenic origin for the Esfordi deposit.
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EXTENDED ABSTRACT

Introduction

The origin of the magnetite-apatite ore deposits in the
Bafqg mining district has been explained by a variety
of mineralization models, including: a) metasomatic-
hydrothermal (IOCG) related to Kiruna-type iron ore
deposits (Mehrabi et al., 2019; Ziapour et al., 2021),
b) orthomagmatic Kiruna-type (Mehdipour Ghazi et
al., 2020; Vesali et al., 2021), and c¢) Ediacarian-
paleoglacial BIF (Aftabi et al., 2021). This study
combines evidence from mineralogy, geochemistry,
stable isotopes, and apatite and magnetite ores from
the Esfordi ore deposit to investigate the origin of
mineralizing fluids for the first time. The results of
this research could be wused to explain the
mineralization mechanisms of magnetite-apatite ore
deposits in the Bafg mining district.

Materials and methods

Twenty samples of crystalline apatite of the first and
second generations, twenty-two samples of massive
fine grained apatite ore, and twenty-three magnetite-
apatite samples were collected from different ores
sections. Petrographic and mineralogical studies
were carried out on 47 microscopic thin sections.
Scanning Electron Microscopy (SEM) (18 samples)
and XRD analyses (7 samples) were used to analyze
the representative samples. ICP-OES and ICP-MS
techniques were used at the Iranian Mineral
Processing  Research  Center to  analyze
representative samples from apatite ores (12
samples), magnetite ores (12 samples), hematite ores
(2 samples), jaspilite (10 samples), rhyolite (6
samples), rhyolitic tuff (5 samples), and
metasomatized host rocks (5 samples). Fluid
inclusion investigations on Twelve apatite crystals
were conducted at Tehran's Zaminriz Kavan
Research Company and the Geological Survey of
Iran. Six samples of apatite ore were submitted to
Hungaria laboratory for O-H isotopic analysis, and
three samples were sent to Queensland University in
Australia for Nd-Sm isotope analysis in order to
conduct the isotopic analysis. Laser Ablation
Coupled Plasma Mass Spectrometry was also used at
Tasmania University in Australia to analyze four
samples of apatite ores.

Results
This research reveals the Esfordi apatite ores are

derived from the sedimentary phosphorites. The O-
H isotopic data and the Sr and Mn content of the first
and second generations as well as the massive fine-
grained apatites, display the role of evaporitic brines
in their formation. According to the contents of
43N d/***Nd vs *'Sm/*Nd and eNd vs P,0s, as well
as the variety in Nd isotopic ratios, the massive fine
grained apatites, which forms the majority of the
apatite mineralization (>95%), lacks a clear genetic
relationship in terms of provenance with the
rhyolitic, dioritic, and microdioritic host rocks. The
similarity of 1“*Nd/***Nd vs #’Sm/*4Nd and eNd vs
P,Os in the first and second generations of apatites
and the host rocks demonstrated that the
recrystallization of apatite rocks occurred under the
influence of magmatic and hydrothermal fluids
originating from the felsic to intermediate
subvolcanic rocks in the area, which resulted in an
increase in eNd values.

The differences in age between the second-
generation apatite and the paragenetically related
monazites, using 2%U/?%Pb and 2°7Pb/?%Ph dating
methods, besides dissolution evidence in different
generations of apatites and monazites, Ti vs V,
Al+Mn vs Ti+V and O-H isotopes of the magnetite-
apatite ores, indicated the role of high temperature
magmatic and hydrothermal fluids along with
evaporitic brines in mineralization in different time
spans. This processes lead to a diversity of
mineralization and a polygenic origin for the Esfordi
apatite-magnetite ore deposit.

Discussion

The Esfordi ore deposit contains three different
forms of apatites mineralization, including vein-type,
fine grained massive and disseminated ores
according to field observations. There were five
generations of apatite, according to petrographic
data. Numerous rare earth element minerals,
including alanite, parisite-synchysite, bastenasite,
and britolite, as well as two generations of monazite
and one generation of limited xenotime, were
identified in the Esfordi ore deposit according to
investigations on the first and second generation
apatites. Stable H-O and radiogenic Nd-Sm isotopic
studies on the first and second generation apatites
and massive fine grained apatite ores along with the
similarity between eNd contents in apatite and
phosphorites in Soltanieh Formation and phosphorite
nodules of the Eastern European platform (Ediacarne
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and Lower Cambrian deposits) as well as Lower
Cambrian sedimentary phosphate deposits in Siberia,
Western Mongolia, Baltic, South Kazakhstan, South
China, Australia, West Newfoundland, North
Greenland and East Greenland confirms that the
investigated apatites were formed from leaching of
old or contemporaneous sedimentary phosphorites of
Soltanieh  Formation while magmatic and
hydrothermal fluids originated from granitoid
masses circulated in massive fine grained apatite
ores. By the way, these crystalline apatites have been
enriched in eNd content under the influence of
magmatic and hydrothermal fluids originated from
deep to sub-volcanic felsic and intermediate
intrusions in this region.

Investigation using the radiometric dating methods
(2%8U/2°¢Pb and 2°"Pb/?°6Pb) on the second-generation
apatite and the paragenetically related monazites
showed that these minerals were formed between
494-528 Ma and 514-556 Ma, respectively. Some
monazites are older than apatites (approximately 28
Ma), which indicates that they were formed before
apatite ore and it has been affected by hydrothermal
fluids in the structure of apatite. The dating, for a
limited number of monazites, indicates a time span

between 23 to 33 and a time span of 104 to 153 Ma.
The age differences between the apatite and
monazite inclusions can be due, not only, to late
alteration of deep to sub-volcanic bodies originated
hydrothermal fluids, but also, to separation of U-Pb
from this system or the formation of young
monazites during orogenesis in different time spans.
The presence of recrystalized apatite and magnetite,
zoning and dissolution evidence in some monazites,
dendritic texture in actinolite, ilmenite exsolutions
and stable isotopes of magnetite and apatite ores
indicates the mixing of magmatic and high
temperature hydrothermal fluids with evaporatic
brines enriched in REE, P, Ca xFe resulting in a
diversity of processes involved in formation of the
Esfordi ore deposit.
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Fig. 1. A, B, and C: Distribution of magnetite-apatite ore depositsin the Kashmar-Kerman volcanic-plutonic belt
(modified after Haghipour and Pelissier, 1977; Ramezani and Tucker, 2003; Mirzababaei et al., 2021), and D: Geological
map of the bafgh-Saghand (modified after Haghipour and Pelissier, 1977; Ramezani and Tucker, 2003).
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generation crystalline apatite in relationship with the massive fine grained apatite, K and L: disseminated mineralization
of the second generation apatite in relationship with the host metasomatite, M: a intergrowit of first and second generation

apatites associated with magnetite ore, and N and O: bipyramidal first and second generation crystalline apatite within
the massive fine grained apatite zones and the metasomatitzed host rock
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Fig. 5. Different generations of the apatites in the Esfordi ore deposit. A: disseminated mineralization of the first
generation apatite associated with magnetite mineralization zones (XPL), B and C: second generation apatite associated
with the host metasomatite (XPL), D and E: third generation apatites associated with brecciated zones (XPL), F and G:
fourth generation jelly apatites on the first generation apatite, and H and I: fifth generation of apatites in the late carbonate
+ quartz vein zones (XPL). Abreviations after Whitney and Evans (2010) (Amp: amphibole, Ap1: first generation apatite,
Ap2: second generation apatite, Ap3: third generation apatite, Ap4: fourth generation apatite, Ap5: Fifth generation
apatite; Cal: calcite, Ep: epidote, Hem: hematite, Mag: magnetite).
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Fig. 6. A and B: Selected XRD patterns of the first-generations of crystalline apatite and massive fine grained apatite ore

in the Esfordi magnetite apatite ore deposit
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Fig. 8. Electron microscope photographs of the second generation of crystalline apatite in the Esfordi ore deposit. Ato L:
thesecond-generation apatites, Dark and light phase are associated with monazite andxenotime inclusions indicating
depletion in (REE+Y) and Si. Abreviations after Whitney and Evans (2010) (Ap2: second generation apatite, Mnz1: first
generation monazite, Mnz2: secondgeneration monazite, Xtm: xenotime, Chr: choromite).
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Fig. 10. Microscopic images prepared from the magnetite ores in the Esfordi magnetite-apatite ore deposit. A and B:
granular texture in the magnetite ores and the presence of apatite and calcite cements in the field of magnetite, C and D:
Massive texture in magnetite ore, E to G: magnetite martitization showing the presence of hematite blades on the surface
of magnetite, and H and I: magnetite martitization and hematite goethitization. Abreviations after Whitney and Evans
(2010) (Act: Actinolite, Ap: apatite, Gth: Goethite, Hem: Hematite, Mag: Magnetite).
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Fig. 11. Selected XRD patterns of magnetite ores in the Esfordi ore deposit
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Fig. 12. A to F: Electron microscopic images of magnetite-apatite ores Associated with first and second generation of
crystalline apatite and the presence of monazite, xenotime, ilmenite, titano-magnetite, rutile and silica minerals
individually and along fractures, in the Esfordi ore deposit. In image E, titano-magnetite has changed to rutile from the
edge. Abreviations after Whitney and Evans (2010) (Ap1: first generation apatite, Ap2: second generation apatite, IIm:
llmenite, Mag: Magnetite, Mnz1: first generation monazite, Mnz2: secondgeneration monazite, Rt: Rutile, Si: silica, Ti-
Mag: Titanomamnetite, Xtm: xenotime).
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Fig. 13. Electron microscopic images of magnetite ore in Esfordi magnetite-apatite ore deposite. A and B: the presence
of ilmenite and titanite blades on the surface of the magnetite mineral, C: amorphous ilmenites on the porous surface of
the magnetite, and D to F: the transformation of titanomagnetite from the margin to rutile and titanite and the presence of
individual inclusions of titanite in the magnetite mineral. Abreviations after Whitney and Evans (2010) (Cal: Calcite, IIm:

limenite, Mnz2: second generation monazite, Mag: Magnetite, Rt: Rutile, Si: silica, Ti-Mag: Titanomamnetite, Ttn:
Titanite).

Jbb))mﬂgaﬁl’-xﬂj@éuywﬂudj.rjé
sos LS i a5l S8 O 4 Clel ks s S
Sosdhe il CxSa gy 5 Cate| S Sl S5 Jpaames

il (gl SIS ol e 4 ST o slatabl ekl glaais

ol Ko nSs szl 5 gl s 5 Lol iyl slaais
‘]awfﬁ)b.@‘b&ﬁ}&))}%@bj‘@\}‘
Sl s B ks S5 5 555 4 bl S S s

sdes Hsb 4 ziebl claars (E s DV Ko sE-VY S2)

8 0953 B SO L 5 o i 022K 5k 5 S5,
2SS Sl 5 sl sep s oo b s Lles S 4 )
Lledd J:QIJ co.l..:'u@:l,g C,.;S..ia Lgl-“‘*’-]‘j = st

DOI: 10.22067/ECONG.2022.76456.1045

jl&}@ld@jﬂf%&&hd)éff&&g):
jléca)lac.::fn&_«dlfp&@\)\jé@@jl{&é\:g

JC—W‘JbuE‘fJ—&u}(x\:éd}"é—é‘«shg\f

¥ oyl AF oy NFe Y (ool wuw‘)


https://doi.org/10.22067/ECONG.2022.76456.1045

e 3 G0l (63 pil LT~ JLils s sl T 5 e slaeSanils” Lie

o3l oy 9 (G

TP R PTG W S 5 U N Y P G P PPN (o
ol ods SonSs s sltzal 53 Cuflige b oy s
Sloss 5 6)ls s lasl il H i (D G AV S2)
syt adsl glad S @ T s Kb o2
SRR NI PN VDN ISP Oyp Ut RCIIV LA PR WP
P il b F sl o (YU il KL el

Ll L8 ST O3y 5 e 1 52 AE 5 02T 5 8

S 3
delis 5L S eSS (63 siul HLilS 03 5uee )3
6:3-’\_3")}: S—) le_lbég_._m)‘ LS'“}? a‘ja.b “ C«.:A}jj:
—Q::;in w3l 5 g (W Kaale c(dfjéjf)
JD&ﬁ@oML&ndﬂy&TQ;ﬂbJ—;}ﬂU—qu
ikt Sl ey SbCow gy gl Iy ol (bl &
UA—\?p)@‘aM&ﬁ)MGLﬁ:)}&ﬁJ%:

j‘v\.‘l‘b}@ﬁ Lf';'f' LSL&‘)E’LM .3‘.»\:.5‘).3 %}9}‘ bﬁ}j&bJ"Lﬂ‘)uKa:}MJJ 6‘.&%‘5(: UA.‘iJ&%

Fig. 14. A to C: Jaspilites from the Esfordi deposite area and the presence of allogist along the permeable and shear

structures
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Fig. 15. A to D: Electron microscopic images of Jaspilites in the Esfordi ore deposit area indicating the presence of
hematite, barite and monazite minerals along the shear structureswhich indicates the role of hydrothermal fluids in their
formation. Abreviations after Whitney and Evans (2010) (Brt: barite, Cal: Calcite, Hem: Hematite, Mnz: monazite, Qz:

Quartz).
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Table 1. Rare earth element analytical results of the metasomatite and rhyolite hosts in the Esfordi ore deposit. The values
are in ppm.

Code KZ1 KZ2 KZ3 KZ4 KZ5 KZ6 Kz7 KZ8

Metasomatite Rhyolite

Rare earth element

Long. 55°38'14" 55°38'10" 55°38'06" 55°38'12" 55°38'17" 55°38'11" 55°38'16" 55°38'01"

Lat. 31°47'42"  31°47'37"  31°47'33"  31°47'39"  31°47'34" 31°4729" 31°47'30" 31°47'32"

La 672.29  2079.25  138.50 81.00 30.54 135.22 16.40 18.00

Ce 117384 218699  264.02  147.92 73.04 240.71 16.24 32.23

Pr 12570  267.14 31.01 11.66 6.26 14.14 1.93 2.23

Nd 661.05 79.09 112.52 65.66 37.21 72.57 10.04 11.54
Sm 90.43 17.56 30.29 19.09 11.01 15.27 2.76 2.75

Eu 9.80 2.05 3.34 1.99 1.54 2.08 0.75 0.65

Gd 45.21 16.08 17.67 11.44 5.64 8.28 1.50 1.34

Tb 5.64 171 2.73 1.81 0.85 1.04 0.22 0.17

Dy 29.31 10.45 17.03 11.35 5.12 5.54 1.20 0.92
Ho 5.85 2.25 3.67 2.43 1.08 1.11 <1 <1

Er 16.10 6.75 10.84 7.29 3.27 3.03 0.62 0.48
Tm 1.65 1.30 1.60 1.09 1.80 <1 <1 <1
Yb 18.96 10.52 17.19 11.47 6.09 3.49 0.93 0.74

Lu 1.26 0.82 131 0.87 0.47 0.23 0.10 0.10

Y 260 99 135 105 39 46 8 7

(La/Yb)n 2391 133.26 5.43 4.76 3.38 26.15 11.84 16.32
(La/Sm)n 4.68 74.50 2.88 2.67 1.74 5.57 3.74 4.11
(La/Gd)n 0.71 0.09 0.84 1.54 2.88 2.76 6.23 7.16

(Ce/lYb)n  16.02 53.78 3.97 3.33 3.10 17.86 4.50 11.21
(Ce/Sm)n 3.13 30.06 2.10 1.87 1.60 3.80 1.42 2.83
(Gd/Yb)n 5.62 2.60 2.79 2.62 3.37 5.04 4.42 5.68
(Eu/Yb)n 1.47 0.55 0.55 0.49 0.72 1.70 2.29 2.47
Ce/Ce* 0.97 0.71 0.97 16 1.27 1.32 0.70 1.22
Eu/Eu* 0.47 0.37 0.44 0.41 0.60 0.57 1.13 1.03
Sum REE 2857.08 468194  651.72  375.07  183.93  502.72 52.68 71.17
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Table 2. Rare earth element analytical results in the rhyolite and rhyolitic tuff host of the Esfordi ore deposit. The values
are in ppm.

Code KZ9 KZ10 KZ11 KZ12 KZ13 KZ14 KZ15 KZ16

Rhyolite Rhyolitic tuff

Rare earth element

Long. 55°38'31" 55°37'55" 55°37'56" 55°38'02" 55°37'53" 55°38'02" 55°37'54" 55°37'33"
Lat. 31°47'36"  31°47'38" 31°47'30" 31°47'59" 31°47'58" 31°48'13" 31°48'09" 31°47'49"

La 20.09 24.64 8.55 12.23 43.69 9.31 11.26 11.75
Ce 40.32 42.70 7.99 13.83 147.14 1.33 12.41 13.87
Pr 248 2.88 0.79 141 1.70 1.01 1.25 1.31
Nd 11.60 14.57 4.12 7.43 7.96 5.21 6.42 6.66
Sm 2.62 3.19 0.98 1.90 2.01 1.32 1.57 1.60
Eu 0.53 0.47 0.29 0.41 0.44 0.27 0.29 0.30
Gd 1.33 1.56 0.53 1.12 1.02 0.73 0.90 0.79
Tb 0.17 0.19 0.07 0.18 0.24 0.11 0.15 0.11
Dy 0.92 1.10 0.35 1.22 0.84 0.75 0.99 0.78
Ho <1 <1 <1 <1 <1 <1 <1 <1
Er 0.51 0.80 0.19 1.04 0.73 0.62 0.88 0.73
Tm <1 <1 <1 <1 <1 <1 <1 <1
Yb 0.67 171 0.26 2.25 1.70 1.34 2.08 1.81
Lu 0.10 0.15 NA 0.19 0.19 0.12 0.17 0.16
Y 8 13 3 15 11 10 14 10
(La/Yb)n 20.10 9.72 21.84 3.66 17.29 4.69 3.64 4.37
(La/Sm)n 4.83 4.86 5.47 4.04 13.66 4.42 4.49 4.63
(La/Gd)n 6.04 9.38 53.27 8.52 21.78 12.92 8.81 7.63
(Ce/Yb)n 15.47 6.46 7.83 1.59 22.35 2.00 1.54 1.98
(Ce/Sm)n 3.72 3.23 1.96 1.75 17.65 1.88 1.90 2.10
(Gd/Yb)n 5.13 4.01 5.11 1.83 2.77 2.13 1.80 2.19
(Eu/Yb)n 2.22 0.78 311 0.52 0.74 0.57 0.40 0.47
Ce/Ce* 1.37 1.22 0.74 0.80 4.11 0.81 0.80 0.85
Eu/Eu* 0.86 0.65 1.22 0.86 0.94 0.83 0.76 0.81

Sum_REE 81.35 93.95 24.12 43.20 207.65 3111 38.37 39.86
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Table 3. Major, minor and rare earth elements analysis using ICP-MS method on magnetite and hematite ores in the
Esfordi ore deposit. The values are in ppm.

Code ES6 ES6 ES8 ES9 ES10
Magnetite Hematite
Long. 55°38'80" 55°38'08" 55°38'10" 55°38'13" 55°38'40"
Lat. 31°47'35" 31°47'37" 31°47'35" 31°47'33" 31°47'38"
Major and minor element
Al_ 1360 2180 909 967 8160
Si 21000 19000 23100 22800 13000
Mg 5010 3050 6010 6460 6620
Mn 458 444 218 210 80
Cr <2 26 15 2 <2
Ni 64 180 192 186 25
Ti 2540 4180 3360 3370 5060
\ 708 2590 2010 2040 757
Rare earth elements
La 148 20.6 58.8 65.5 133
Ce 370 38.2 131 147 405
Pr 14.8 4.45 155 17.3 24.8
Nd 57.8 15.7 54.4 60.4 111
Sm 9.36 2.55 8.19 9.19 24.1
Eu 0.74 0.27 0.76 0.89 2.71
Gd 8.24 2.36 7.39 8.54 21.2
Tb 0.79 0.39 1.11 1.22 2.59
Dy 2.92 2.13 5.82 6.45 11.7
Ho 0.6 0.43 1.13 1.29 2.12
Er 1.04 1.26 3.16 3.47 5.31
Tm 0.15 0.18 0.46 0.49 0.87
Yb 0.67 1.08 2.59 2.94 5.29
Lu 0.13 0.17 0.19 0.73 0.12
Y 30.9 12.3 28.5 31.1 78.8
(La/Yb)n 148.93 12.86 15.31 15.02 16.95
(La/Sm)n 9.95 5.08 4.52 4.48 3.47
(La/Gd)n 15.01 7.29 6.65 6.41 5.24
(Ce/Yb)n 142.84 9.15 13.08 12.93 19.8
(Ce/Sm)n 9.54 3.62 3.86 3.86 4.06
(Gd/Yb)n 9.91 1.76 2.30 2.34 3.23
(Eu/Yb)n 3.14 0.71 0.83 0.86 1.46
Ce/Ce* 1.90 0.96 1.04 1.05 1.7
Eu/Eu* 0.26 0.34 0.3 0.31 0.37
Sum_REE 615.11 89.6 290.31 324.68 749.69
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Table 4. Rare earth elements analysis using ICP-MS method on first generation of crystalline apatite associated with
magnetite oresand second generation of crystalline apatite in the Esfordi ore deposit. The values are in ppm.

Code KH-1 KH-2 KH-3 KH-4 KH-5 KH-6 KH7 KH8
First generation of crystalline apatite associated with magnetite Apatite 2
Long. 55°38'06"  55°38'08”  55°38'07"  55°38'10"  55°38'07"  55°38'70"  55°44'29"  55°38'09”
Lat. 31°47'33"  31°47'34"  31°47'32"  31°47'40"  31°47'37"  31°47'38"  31°47'42"  31°47'41"
Major and minor elements

Mn 358.80 435.6 327.6 222 418.8 195 161 421
Sr 166 126 106 130 150 388 451 211.2
u 251 1.91 1.76 1.53 3.39 15.1 26.4 10
Th 50.80 34.62 27.55 29.03 48.81 79.1 55.4 74
Rare earth element
La 1087.33 915.12 471.22 848.8 1383.3 3650.0 2970 4420.0
Ce 1687.89 1509.7 755.13 1352.3 2501 6630 4600 6920
Pr 175.81 168.01 82.83 152.96 282.27 449.00 318.00 495.00
Nd 903.70 915.06 440.08 840.37 1530.9 1670.00 1120.0 1750.00
Sm 113.93 133.23 59.78 122.19 332.30 196.00 126.00 186.00
Eu 9.85 10.55 5.18 8.10 15.89 18.10 13.20 19.90
Gd 47.30 71.52 25.28 48.80 139.48 197.00 125.00 180.00
Th 4.43 6.26 2.41 4.22 8.56 24.80 14.40 22.20
Dy 16.87 27.61 9.09 14.24 33.54 122.00 64.80 180.00
Ho 2.59 4.76 1.43 1.96 5.49 26.10 12.40 22.80
Er 6.05 12.13 3.09 4.22 13.27 67.60 30.50 60.10
Tm NA 141 NA NA 1.46 10.20 4.17 8.85
Yb 5.43 12.79 2.71 3.30 13.00 50.00 19.90 42.80
Lu 0.35 0.83 0.17 0.21 0.84 412 3.63 5.00
Y 125 248 62 98 234 1810 767 33.8
(La/Yb)n 134.94 48.25 117.19 173.66 71.74 49.22 100.62 69.62
(La/Sm)n 6.00 4.32 4.96 4.37 2.62 11.71 14.83 14.95
(La/Gd)n 19.21 10.69 15.57 14.53 8.29 15.48 19.85 20.52
(Ce/Yb)n 80.37 30.54 72.05 106.16 49.76 34.30 59.79 41.82
(Ce/Sm)n 3.58 2.73 3.05 2.67 1.82 8.16 8.81 8.98
(Gd/Yb)n 8.71 5.59 9.33 14.81 10.73 3.94 6.28 4.21
(Eu/Yb)n 5.15 2.35 5.43 6.99 3.47 1.03 1.89 1.32
Ce/Ce* 0.93 0.93 0.92 0.90 0.96 1.25 1.14 1.13
Eu/Eu* 0.41 0.33 0.41 0.32 0.23 0.28 0.32 0.33
>REE 4061.51 3789 1858.4 3401.7 6261.3 13114.9 9422 14312.6
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Table 5. LA-ICP-MS and ICP-MS analysis data of the second generation of crystalline apatite, massive fine grained and
vein apatite and apatite rich zone in the Esfordi ore deposit. The values are in ppm.

Code KH-9 KH-10 KH-11 KH-12 BE-5 BE-6 BH12.65 108 B39S2  B30S3
Second generation Massive Apatite

of crystalline apatite Apatite rich zone apatite  patches Apatite vein
LA-ICP-MS ICP-MS

Long.  55°38113% 35°38'05™ SISO S\ L iehr. 2020)  (Jami, 2005) (Torab, 2008)

Lat. 31°47'36" 31°47'42" 31°47'39" 31°47'34"
Major and minor elements

Mn 211 100 300 140 200 600 700 600 700 290

Sr 217 183 183 209 327.6 326.9 367.9 381.3 224 383

U 7 6 6 6 22.4 12.1 14.87 8.84 <5.2 20.1

Th 51 51 52 54 96.6 90.5 97.3 51.8 88.5 56.5

Rare earth element

La 1582.2 1738.1 17457 15959 2689.3 29734 2551.6 25824 1600 2700
Ce 3547.6 3818.4 38211 36227 6408.1 68895 6477.6 3469.7 3050 4940
Pr 371.08 383.10 390.16 374.05 711.67 75448 5995 363.7 491 689
Nd 1292.8 1334.9 1331.0 1296.9 2601 2729.5 22822 11481 1300 1760
Sm 192.21 194.37 197.42 19153 407.58 411.1 362 243.7 238 307
Eu 19.41 18.68 19.03 19.38 36.05 38.36 35.1 21.7 18.1 36.6
Gd 163.60 163.05 16486 164.60 356.6  367.16 370 223.6 NA NA

Th 20.05 19.77 20.01 19.94 43.78 47.09 55.9 30.2 285 38
Dy 114,51 111.23 111.32 112.38 230.34 247.79  264.2 134.7 NA NA
Ho 22.15 21.45 21.69 22.18 44.8 48.62 55.2 26.4 NA NA

Er 60.34 58.37 58.48 58.97 1226 13296  148.9 69.4 NA NA
Tm 7.31 6.93 7.13 7.05 14.95 16.88 19.2 8.4 NA NA
Yb 40.13 37.25 37.82 39.49 82.25 93.74 97.8 42.8 493 54.7
Lu 4.75 4.64 4.52 4.65 10.59 12.05 12.6 54 7.34 8.08

Y 686.4 656 658.2 676.4  1336.3 14129 NA NA NA NA
(La/Yb)n  26.58 31.46 31.12 27.25 22.04 21.39 17.59 40.68 21.88 33.28
(La/Sm)n  5.18 5.63 5.56 5.24 4.15 4.55 4.43 6.67 4.23 5.53
(La/Gd)n  8.08 8.91 8.85 8.10 6.30 6.77 5.76 9.65 NA NA
(Ce/Yb)n 2287 26.52 26.13 23.73 20.15 19.01 17.13 20.97 16 23.36
(Ce/Sm)n  4.45 4.74 4.67 4.56 3.79 4.04 4.32 3.44 3.09 3.88
(Gd/Yb)n  4.08 4.38 4.36 417 3.50 3.16 3.05 4.22 NA NA
(Eu/Yb)n  1.38 1.43 1.43 1.40 1.25 1.16 1.02 1.44 1.04 1.90
Ce/Ce* 1.11 1.13 111 1.13 111 1.11 1.26 0.86 0.83 0.87
Eu/Eu*  0.33 0.32 0.32 0.33 0.29 0.3 0.29 0.28 NA NA

YREE 74382 7910.4 7930.3 7529.8 13759.6 14762.6 13331.8 8370.2 67822 10533.4
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Table 6. Rare earth element analytical results by ICP-MS method on the Jaspilites of Esfordi ore deposit and lower
Cambrian phosphatic rocks in the Gorgan-Rasht Zone. The values are in ppm.

Code ES1 ES2 ES3 ES4 ES5 R-1 R-2 R-3 R-4 R-5

Jaspilites Lower combereain phosphate rock

Rare earth element

Long. 55°38'13" 55°3829" 55°42'36" 55°41'47" 55°40'05"

(Abedini and Calagari, 2017)
Lat. 31°48'48" 31°49'02" 31°4826" 31°48'59" 31°47'58"

La 35.72 10.04 18.66 16.28 37.45 268 46.2 372 542 59.9
Ce 44.94 7.52 15.19 12.03 43.46 164 353 291 516 55.2
Pr 2.38 0.56 1.29 0.99 2.25 4.74 738 568 9.88 8.88
Nd 9.38 2.25 6.42 491 8.48 229 36.8 272 457 42.3
Sm 1.57 0.42 1.63 1.26 131 5.07 712 542 7.75 9.01
Eu 0.77 0.21 1.05 0.97 0.69 111 204 165 262 3.05
Gd 0.83 0.21 1.12 0.88 0.64 3.47 6.85 6.15 7.88 8.97
Th 0.10 0.03 0.14 0.11 0.07 512 822 803 949 8.43
Dy 0.53 0.13 0.68 0.54 0.36 774 978 877 1047 11.33
Ho <1 <1 <1 <1 <1 0.99 212 185 237 2.39
Er 0.29 0.07 0.29 0.22 0.17 251 571 523 6.75 6.47
Tm <1 <1 <1 <1 <1 031 076 073 0.85 0.86
Yb 0.43 0.09 0.35 0.25 0.20 105 352 333 392 4.17
Lu 0.04 0.02 0.03 0.04 0.03 011 025 024 026 0.28
Y 4 1 6 5 3 268 563 509 753 70.2
(La/Yb)n 56.46 75.04 35.66 44 124.19 1721 885 753 9.32 9.68
(La/Sm)n 14.33 151 7.21 8.1 17.99 333 408 432 4.4 4.18
(La/Gd)n 36.01 39.04 13.90 15.49 48.72 645 563 505 575 5.58
(Ce/Yb)n 27.25 21.55 11.14 12.48 55.29 4.04 259 226 3.4 3.42
(Ce/Sm)n 6.91 4.34 2.25 2.3 8.01 0.78 1.2 1.3 1.61 1.48
(Gd/Yb)n 1.57 1.93 2.56 2.85 2.56 2.67 157 149 162 1.74
(Eu/YDb)n 5.15 6.46 8.44 11.02 9.7 3.01 165 141 1.9 2.08
Ce/Ce* 1.17 0.77 0.74 0.72 1.14 035 046 048 054 0.58
Eu/Eu* 2.07 2.09 2.37 2.8 2.31 081 081 081 081 0.81

Y>REE 96.99 21.55 46.85 38.48 95.13 98 172 141 214 221
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Fig. 16. A: Chondrite-normalized REE distribution patterns in magnetite, hematite, rhyolite, and metasomatites in the
Esfordi ore deposit, B: Chondrite- normalized REE distribution patterns in the first generation of crystalline apatite
associated with magnetite ,the second generation of crystalline apatite, massive fine grained and vein apatites, apatite rich
zone and apatite patches associated with magnetite ore in the Esfordi ore deposit, and C: Chondrite-normalized REE
distribution patterns in jaspilite close to the Esfordi ore deposit and lower Cambrian phosphatic rocks in the Gorgan-Rasht
Zone (Chondorite REE values from Boynton, 1985)
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Table 7. Results of major and minor element analysis by ICP-OES method on magnetite ores in the Esfordi ore deposit.

The values are in ppm.

Code RH7 RH10 RH11 RH12 RH13 RH14 RH15 RH16 RH17
Major and minor elements
Long 55°38'02 55°38'06  55°38'04  55°38'16  55°38'10  55°38'13  55°38'00 55°38'09  55°38'07
Lat. 31"4%,7’39 31"4%,7’33 31"4”7'43 31"4”7'35 31"4”7’40 31"4%’7’31 41"4%'7’41 31"4%'7’41 31"4%'7'36
Al 2800 800 500 6000 600 100 500 300 100
Si 14200 11500 18300 21000 13000 12500 23000 11100 15400
Ti 600 2300 3900 800 4400 800 2500 1400 1400
Fe 217583 235679 237964 231863 233012 181834 187603 221084 227610
K 7600 1100 1700 7900 1500 1400 1400 1100 1000
Ca 22100 10300 10400 29500 16300 10200 11600 6200 9900
Mg 4500 600 1300 4400 900 2000 4200 900 1400
Mn 1624.7 97.9 216.7 640.2 151.8 320.1 205.7 177.1 279.4
Na 2600 1600 2400 1900 1800 1500 2300 2000 1400
P 800 3400 44200 3200 36000 102700 65900 106800 96300
S 2700 300 600 2600 400 500 800 600 500
Ag <1 <1 <1 <1 <1 <1 <1 <1 <1
As 41 23 42 42 35 92 82 98 78
Ba 963 6 3 1151 5 9 4 5 5
Be <1 <1 <1 <1 <1 <1 <1 <1 <1
Bi <10 <10 <10 <10 <10 <10 <10 <10 <10
Cd <1 <1 <1 <1 <1 <1 <1 <1 <1
Co 31 7 8 31 8 3 6 3 3
Cr 27 17 26 30 20 23 41 21 26
Cu 52 7 11 32 13 15 19 9 14
Hg <10 <10 <10 <10 <10 <10 <10 <10 <10
Li 10 2 3 10 3 2 2 2 2
Mo 48 4 2 86 2 4 3 2 4
Ni 40.7 100.1 61.6 31.9 62.7 275 38.5 23.1 28.6
Pb 28 38 107 159 158 186 146 47 43
Sb 12 4 12 8 6 2 3 4 1
Sn 44 11 12 57 14 11 12 12 13
Sr 113 8 21 136 31 31 35 17 20
\ 39 1028 1397 53 1553 244 654 384 398
w 10 2 3 9 2 3 4 4 3
Y 1 1 1 1 1 3 1 3 7
Yb 3 7 8 3 9 2 4 2 3
Zn 13 5 4 8 4 2 4 2 3
Zr 32 13 13 36 13 2 7 6 3
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Table 8. Results of major and minor elements analysis by ICP-OES method in the jaspilite of the Esfordi ore deposit.
The values are in ppm.

Code Zab6 Zab7 Zab8 Zab9 Zab10

Major and minor element

Long. 55°38'48”  55°39'06"  55°39'16"  55°3921"  55°39'18"
Lat. 31°48'01"  31°47'40"  31°48'16"  31°47'64"  31°47'57"
Al 588 418 1190 585 400
Si 375000 320000 285000 310000 345000
Ti 41 37 60 41 28
Fe 102423 44229 139729 145934 96798
K 1392 729 1602 662 543
Ca 44883.3 34621.4 20427 13645.5 70766.3
Mg 26806 5278 5279 3088 24437
Mn 3247.2 1816.8 2277.6 2230.8 3712.8
Na 1122 872 742 697 1217
P 158 139 579 605 160
S 518 1047 1310 480 1375
Ag <1 <1 <1 <1 <1
As 19 9 5 6 17
Ba 83 283 160 122 126
Be <1 <1 <1 <1 <1
Bi <10 <10 <10 <10 <10
Cd 2 2 1 0 3
Co 7 4 6 5 6
Cr 7 6 16 12 7
Cu 13 10 29 24 18
Hg 1 0 2 3 3
Li 2 3 6 2 3
Mo 11 6 11 10 10
Ni 29 24 37 26 23
Pb 17 83 69 20 36
Sb 4 1 4 8 4
Sn 12 5 12 12 14
Sr 18 135 64 55 38
\Y 12 9 24 23 10
W 7 5 8 6 11
Y 1 3 4 2
Yb 1 1 2 2 1
Zn 77 208 337 66 389
Zr 7 2 7 11 4
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Fig. 17. Determining the origin of magnetite and hematite ore in the esfordi magnetite-apatite deposit using A: (Al+Mn)
vs. (Ti+V) discrimination diagrams (after Nadoll et al., 2014; Deditius et al., 2018), B: V/Ti vs Ni/Ti discrimination
diagrams (modified after Nystrom and Henriquez, 1994), C: Ti vs. V discrimination diagrams (after Nadoll et al., 2015;
Knipping et al., 2015), D: Ti vs. Ni/Cr (modified after Dare et al., 2014), E: (Al+Mn) vs. (Ti+V) Discrimination diagrams
(Nadoll et al., 2014), and F: (Mg+AI+Si) vs. Ti discrimination diagram (modified after Hu et al., 2014)
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Fig. 18. Fluid inclusions of the second generation of crystalline apatite in the Esfordi ore deposit. A to N: three-phase
inclusions, and O and P: three-phase inclusions-two-liquid containing CO»-vapor —solid (L;L,+V+S) (and formation of
clathritis) and double- liquid inclusions containing CO; and solid phase (L1L,+Op)
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Fig. 19. Fluid inclusions of the second generation of crystalline apatite in the Esfordi ore deposit, A to J: Liquid-rich two-
phase inclusions (LV), and K to P: vapor-rich two-phase liquid inclusions (VL)
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Fig. 20. Fluid inclusions of the second generation of crystalline apatite in the Esfordi ore deposit. A to D: One-phase
liquid inclusions individually and sequentially; E to F: One-phase vapor inclusions, G and H: A boiling sequence

consisting of one-phase liquid inclusions and one-phase vapor inclusions shortcuts, and I: One-phase solid inclusions
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Table 9. Oxygen and hydrogen stable isotopic values of the first and the second generation of crystalline apatite and
massive fine grained apatite from the Esfordi magnetite-apatite ore deposit

Sample Lang. Lat. Mineral type H20 (ppm) 8D 8%0
KH-4 55°38'06" 31°47'33" 374 -48.2 -4.8
First generation of crystalline apatite
KH-5 55°38'10" 31°47'40" 234 -48.7 -4.1
KH-9 55°38'09" 31°47'41" 166 -57.7 55
Second generation of crystalline apatite
KH-10 55°38'13" 31°47'36" 135 -625 -55
KH-11 55°38'05" 31°47'42" 289 -56.4 -58
massive fine grained apatite
KH-12 55°38'14" 31°47'34" 437 -49.3 -6.2
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Table 10. Sm and Nd isotopes of the first and the second generations of crystalline apatite and massive fine grained and
apatite, vein-type apatite, magnetite-apatite, and the host rocks of the Esfordi magnetite-apatite ore deposit, Massive fine
grained and vein apatites of Magnetite- apatite Chaghart deposit, diorites of Chadormalu deposit, phosphorites of the
Soltanieh Formation and phosphorite nodules from the East European Platform

Sample  Long. Lat. T;F‘)’é‘ Nd  Sm “ISmA“Nd MNdA“Nd 26 Ep,\sli('jon P2Os
Mineral seperates

KH-4 55°38'06"  31°47'33”  Apatitel 3160 440  0.0841 0.512538 0.000006 5.54 27
KH-9 55°38'09"  31°47'41"  Apatite2 3075 433  0.0850 0.512265 0.000005 0.15 34
KH-12  55938'14"  31°47'34" g':gf‘ﬁgg’:g;ﬁe 3105 428  0.15 0512113 0.000005 -7.15 29

Whole rock (Hosseini et al., 2022)

Fs1-Ch Choghart Massive Apatitel 29515 389.2 0.143254  0.512169 -553 114
Fs2-Ch Choghart Apatitel vien 3032.3 401.1 0.163731  0.512221 4 -6.08 16.6
Whole rock (Torab, 2008)

ES7 Esfordi Rhyolite 22.93 3.642 0.09600 0.512352 3 1.18 0.5
B56-S1 Esfordi Micro-diorite 73.33 1391 0.11465 0.52387 4 0.61 1
B66-S2 Esfordi Doleritic dyke 331.8 59.62 0.10859 0.512299 4 -0.70 7
ES-12 Esfordi Magnetite-apatite 496.7 115.0 0.13994 0.512362 4 -1.58 21
B65-S2 Esfordi Apatite vein 1380 381.2 0.16689 0.512266 6 -5.26 28

CH3 Choghart Magnetite-apatite 892.2 1744 0.11814 0.512258 3 -2.14 22

CH4 Choghart Rhyolite 40.64 6.986 0.10391 0.512380 3 118 0.05

MA2  Chadormalu Diorite 50.39 13.33 0.16223 0.512724 5 4 1

(Felitsyn and Gubanov, 2002)
SP-1 Pﬁgggﬁgiricte Soltanieh Fm. 3527 71.02 012187 0512024 11 690 15
Whole rock of phosphorite nodules from the East European Platform (Felitsyn and Bogomolov, 2020)
Ediacaran
outer edge of
Pod-13 phosphgte Nagoryany Fm 406.2 155.2 0.2317 0.512102+12 -12.9
concretion
internal part of
Pod-13 phosphate Nagoryany Fm 313.0 1119 0.2108 0.512089 + 14 -12.3
concretion
1(?P(h phoisrf’rs‘ﬁitgf::e”t Nepeitsyno Fm 1449 8873 0.3699 0512458 +7 -15.0
Lower Cambrian
GY- _phosphate LezhaFm 3439 1038 0.1824 0.512101 + 10 95

322Ph microconcretions
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Fig. 21. A and B: §'®0 vs 8D variations of the first and the second generation of crystalline apatite and massive fine
grained apatite from the Esfordi magnetite-apatite ore deposit (Huang et al., 2016)
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Fig. 22. A: identification of the origin of the first and the second generationof crystalline apatite, and massive fine grained
apatites, apatite vein and magnetite-apatite ore in the Esfordi magnetite-apatite ore deposit, using Mn and Sr
discrimination diagram (discrimination diagram of Horgarth, 1989), B: **Nd/***Nd versus *’Sm/*4Nd variation diagram,
and C: diagram of eNd relative to P,Os content of the magnetite-apatite ore, first and second generations of crystalline

apatite, massive fine grained apatite, vein-type apatite and the host rocks of the magnetite-apatite ore deposit are Esfordi,
Choghart, Chadormalu and phosphorites of the Soltanieh Formation
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Table 11. Sm-Nd isotopic data for fossil apatite from a variety of early Cambrian reference successions in Siberia,
Western Mongolia, Baltic, South Kazakhstan, South China, Australia, West Newfoundland, North Greenland and East

Greenland
Material Formation (pspr?n) (prﬂ]) 147Sm/M4Nd i;i':fé::!:lri d 143’?'::{2;’\'(1 eNd
Siberia
Aldanella sp. Krasnyi Porog Fm 88.41 427.3 0.12547 0.512033+21 0.511585 6.5
Aldanella sp. Emyaksa Fm 32.07 170.7 0.11392 0.512280+13 0.511873  -15
Aldanella sp. Emyaksa Fm 70.68 364.5 0.11759 0.512057+23 0.511637 6.1
Aldanella sp. Tyuser Fm 120.1 546.1 0.13331 0.512101+22 0.511625 6.1
Aldanella sp. Emyaksa Fm 37.61 188.9 0.12071 0.512092+17 0.511661  -5.6
Western Mongolia
Watsonella sp. Bayan Gol Fm 16.53 63.21 0.13812 0.512267+16 0511774 2.9
Anabarites sp. Bayan Gol Fm 8.855 38.93 0.13794 0.512259+18 0.511766  -3.5
Anabarites sp. Bayan Gol Fm 29.24 146.2 0.13124 0.512178+21 0.511709 —4.1
Barskovia sp. Bayan Gol Fm 15.95 67.23 0.13654 0.512287+21 0.511799 2.9
Baltica
Phosphate concretion Lezha Fm 95.4 542 0.12308 0.511915+9 0.511576 -9.1
Phosphate concretion Lezha Fm 108.4 606 0.13377 0.511985+4 0.511554 -8.6
Phosphate concretion Mazowsze Fm 169.8 450.2 0.22879 0.512410+14 0.512002 -7.6
Southern Kazakhstan (Maly Karatau)

Pellet phosphorite Chulaktau Fm 10.12 50.10 0.12224 0.512014+49 0.511582  -7.0
Pellet phosphorite Chulaktau Fm 10.45 51.53 0.12270 0.512009+14 0.511575 7.2
Australia

Micrina sp. Wilkawillina Fm 24.56 94.42 0.15719 0.511804+14 0.511243 -13.6
Micrina sp. Wilkawillina Fm 53.84 177.9 0.18283 0.511983+9 0.511330 -11.8
Southern China
Hyolithes sp. Yuhucun Fm 29.97 157.6 0.11065 0.511786+13 0.511391 -10.7
Oelandiella sp. Yuhucun Fm 24.79 137.7 0.10883 0.511732+24 0.511343 -11.6
Western Newfoundland
Yochelcionella sp. Forteau Fm 105.9 375.3 0.17085 0.511744+9 0.511134  -15.7
Hyolithes sp. Forteau Fm 75.99 310.3 0.14814 0.511687+12 0.511158 -15.3
Northern Greenland
Biogbe“ic phosphate, - h¢onctierness Fm 601 4550 007986 0.511724+11 0511439 9.9
rachiopods
Biogbe”ic phosphate, - hgonctieness Fm 2635 1344 011859  0511805+12 0511382 —22.4
rachiopods
Eastern Greenland
Discinella micans Ella Island Fm 194.7 934.1 0.12612 0.511248+16 0.510798 -26.2
Eoobolus prisca Bastion Fm 261.1 857.9 0.18412 0.511808+7 0.511151 -154
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Table 12. U-Pb dating results on the second generation apatites and monazites paragenetically associated with the second
generation apatitesof the Esfordi magnetite-apatite ore deposit

Sig:jgle 2062;;(3/2;’% sfelr “*PofU RSié% “*Po/#Th RSié% “'PbP*Pb RSiEl% *HUPPD i(-esrtl(’j
Second generation apatites
KH-9 494 11 0.0809 2.2 0.0464 16 0.0702 4.0 1236  0.27
KH-10 507 11 0.0826 2.2 0.0477 15 0.0644 4.7 1211 0.27
KH11 516 11 0.0841 2.2 0.0492 15 0.0647 4.2 11.89 0.27
KH-12 528 11 0.0861 2.1 0.0471 16 0.0648 3.8 1161 0.25
Monazite
104 16 0.0219 14.0 0.0068 5.4 0.2543 16.9 4561 6.39
144 28 0.0311 105 0.0078 3.6 0.2692 34.8 3216 3.39
e 153 13 0.0265 7.9 0.0066 3.2 0.1206 22.4 37.81 2.98
514 15 0.0832 3.0 0.0259 4.8 0.0594 5.2 1202 0.35
517 12 0.0842 24 0.0346 3.6 0.0643 4.0 11.87 0.29
522 13 0.0855 2.6 0.0259 1.6 0.0691 4.9 11.69 0.30
KH-10 523 13 0.0846 25 0.0284 6.9 0.0576 5.1 11.83 0.29
525 14 0.0847 2.8 0.0268 4.9 0.0570 5.7 11.81 0.33
527 14 0.0852 2.7 0.0256 5.0 0.0586 5.9 11.73 0.32
529 15 0.0863 3.0 0.0237 2.8 0.0652 5.8 1159 0.34
KH11 544 14 0.0890 2.7 0.0280 1.8 0.0667 4.5 11.24  0.30
550 20 0.0890 3.7 0.0291 2.2 0.0590 6.0 11.23 042
556 17 0.0896 3.1 0.0270 2.6 0.0551 6.4 1116 0.34
KH-12 23 1 0.0036 2.3 0.0011 2.1 0.0473 1.2 27787 651
33 1 0.0051 3.2 0.0018 25 0.0462 0.9 19499 6.33
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Table 12 (Continued). U-Pb dating results on the second generation apatites and monazites paragenetically associated
with the second generation apatitesof the Esfordi magnetite-apatite ore deposit

Sample 207pp/206pp 11 206ppy/238 +1 208pp,232Th +1 207pp2%6pp 1 common F_’b
code std err ster ster ster at age of zirc

Second generation apatites

KH-9 0.0702 0.0028 502 11 916 15 935 83 0.870

KH-10 0.0644  0.0031 511 11 942 14 756 100 0.871

KH11 0.0647 0.0027 521 12 972 15 764 88 0.871

KH-12 0.0648  0.0024 532 11 931 15 769 79 0.872

Monazite
0.2543 0.0430 140 20 136 7 3212 267 0.845
0.2692 0.0937 197 21 158 6 3301 546 0.849
KH-9
0.1206 0.0270 168 13 133 4 1965 399 0.847

0.0594  0.0031 515 15 518 25 581 114 0.871

0.0643  0.0026 521 13 688 25 751 84 0.871

0.0691 0.0034 529 14 517 8 902 100 0.872

KH-10 0.0576  0.0029 523 13 566 39 516 112 0.871

0.0570  0.0033 524 15 534 26 490 126 0.872

0.0586  0.0034 527 14 512 25 551 128 0.872

0.0652 0.0038 533 16 473 13 780 122 0.872

KH11 0.0667 0.0030 549 15 558 10 827 94 0.873

0.0590  0.0035 550 21 580 13 566 130 0.873

0.0551 0.0035 553 17 538 14 417 143 0.874

KH-12  0.0473  0.0006 23 1 23 0 63 28 0.837
0.0462  0.0004 33 1 36 1 6 21 0.838
DOI: 10.22067/ECONG.2022.76456.1045 Fosled OF 055 OF ) (bl ulid e

\24


https://doi.org/10.22067/ECONG.2022.76456.1045

e 3 G0l (63 pil LT~ JLils s sl T 5 e slaeSanils” Lie

a:‘jb’e-))w

&35 sl CbT- e LS

Table 12 (Continued). U-Pb dating results on the second generation apatites and monazites paragenetically associated
with the second generation apatitesof the Esfordi magnetite-apatite ore deposit

Siglipele Sp((:fnii)ze R?ggiﬂgn (F‘]I::Jr?]rig 204pp  206pp  207pp  208pp  232Th 238
Second generation apatites
KH-9 29 5 2 <0.0074 0 0 1 51 7
KH-10 29 5 2 <0.0056 0 0 1 51 6
KH11 29 5 2 <0.0059 0 0 1 52 6
KH-12 29 5 2 <0.0072 0 0 1 54 6
Monazite
9 5 2 <0.436 2 0 15 2583 85
9 5 2 <0.2998 1 0 8 1156 24
KH-9
9 5 2 <0.3147 2 0 18 2933 85
9 5 2 <0.436 12 1 110 3930 136
9 5 2 <0.436 21 1 16 460 243
9 5 2 <0.436 22 2 136 5202 267
KH-10 9 5 2 <0.436 17 1 32 1077 199
9 5 2 <0.436 14 1 107 3759 156
9 5 2 <0.436 12 1 111 4012 132
9 5 2 <0.436 12 1 19 720 137
KH11 9 5 2 <0.436 18 1 100 3740 201
9 5 2 <0.436 8 1 26 885 96
9 5 2 <0.436 11 1 63 2401 124
KH-12 9 5 2 <0.436 954 47 640 617002 267003
9 5 2 <0436 3785 177 1760 512115 347931
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Fig. 23. Concordia plot for U-Pb ages of second generation of crystalline apatite and monazites paragenetically associated
with the second generation apatites in the Esfordi magnetite-apatite ore deposit
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EXTENDED ABSTRACT

Introduction

Sediment-hosted disseminated gold deposits with high
gold grade (> 1000 g/t) are known to contain gold as
participating in chemical bounded (Au* and Au*®) or
nanoparticle inclusions (Au®)in the pyrite composition
(Deditius et al., 2014). The Zarshuran gold deposit (155
t @ 2.63 g/t Au; Madan-Zamin Company, 2020) is
situated 35 km north of Takab in the Takab-Angouran
metallogenic district, NW Iran. According to Mehrabi
etal. (1999) and Asadi et al. (2000), gold mineralization
in the Zarshuran deposit is in many respects like the
Carlin-style and Carlin-like gold deposits, respectively.
Gold substitution has been reported to be below
detection limit to a maximum of 0.64 wt.% and 3 wt.%
in arsenian pyrite and arsenopyrite lattice, respectively
(Voute et al., 2019). Here, we examine the relationship
between geochemistry and textures of pyrite, with a
view to constraining the mechanism of gold
precipitation. We use electron probe microanalysis
(EPMA) to study the composition of different pyrite
types. The results show that distribution of ferrous iron
(Fe?") is controlled by the initial diagenesis of Fe-C-S
systems.

Materials and methods

During field studies, mineralization outcrops and their
associated host rocks were identified. After preparing
thin and thin-polished sections, mineralogical studies
were carried out by transmitted and reflected polarizing
ZIESS Axioplan2 microscope. To identify and classify
different pyrite types and investigate the possibility of
presence of gold and trace minerals, eight thin-polished
sections were prepared, and carbon coated. This study
was carried out by scanning electron microscope (SEM)
with EVO MA15 model in the Central Laboratory of
Kharazmi University (Tehran, Iran). Then, to achieve the
chemical composition of different types of pyrite, 104
points were examined by EPMA (model JEOL JXA-
8530F) in the Laboratory of Geo Forschungs Zentrum
(GFZ). Spot analysis was performed with a voltage of 20
kV, electron beam current of 10 nA, X-ray diameter of 2
p and radiation time of 5 to 20 seconds. The standard
examples used to calibrate the various elements in this
experiment were as follows: FeS; (for Fe and S), CoAsS
(for As and Co), and free gold (for Au). The detection
limits of the elements are Fe (300 ppm), As (200 ppm),
S (300 ppm) and Au (200 ppm). To identify rare
minerals such as mackinawite (FesSs), HR microscopic

confocal Raman technique was used in the Central
Laboratory of Shiraz University (Shiraz, Iran). The
experiment was performed with an X50 laser, a
wavelength of 785 nm with a power of 100 mw and a
radiation time of 20s.

Results and discussion

Based on SEM and optical-microscopic studies, six
types of pyrite have been identified in the Zarshuran
deposit. They are (1) framboidal pyrite (Py0) (avg. = 30
um in diameter), (2) fine-grained disseminated pyrite
(Pyl) (< 20 pm in diameter), (3) coarse-grained
euhedral pyrite (Py2) (avg. = 100 um in diameter), (4)
porous/sponge pyrite (Py3) (avg. = 300 um in
diameter), (5) colloform pyrite (Py4) (avg. = 550 um in
diameter), (6) vein pyrites (PyS) (avg. = 55 um in
thickness). Decalcification and sulfidation of host rocks
are two important mechanisms in genesis of sediment-
hosted gold deposits, and the importance of sulfidation
depends on the reactivity of Fe?* and H.S rocks (Voute
et al., 2019). The interaction of H,S-rich hydrothermal
fluids with reactive iron originating from the host rocks
(Cail and Cline, 2001) or through hydrothermal fluids
added to the environment (Reich et al., 2005) which
results in formation of Au(-As)-rich pyrite. Arsenic in
pyrite can occur in various oxidation states that
correspond to different crystallographic sites in the
lattice and different substitution mechanisms. As~
substitution for S*~ is found in reducing conditions and
often in sediment-hosted gold deposits; while As
cations (As?*, As**, As>*) replace Fe?* under oxidation
conditions (Reich et al., 2005; Deditius et al., 2014).
The diagram of arsenic versus sulfur in the Zarshuran
deposit shows that the concentration of As in the
formed pyrites is strongly related to the decrease in
concentration of S. Based on this, it can be concluded
that As replaces S in the pyrite structure and in the form
of As™; Moreover, As species are common in pyrites
of gold deposits with sedimentary host rocks. In the
Zarshuran deposit the occurrence of gold in As-Hg-Sb
sulfides in late drusy quartz veins (Daliran et al., 2018)
is more important than the presence of gold in various
pyrites. Finally, all evidence suggest that gold
mineralization in the Zarshuran deposit occurs well in
response to sulfidation process of Fe-bearing carbonate
rocks. The correlation between gold content and degree
of sulfidation in the Zarshuran deposit indicates that
sulfidation process is a much more important
mechanism to gold precipitation relative to addition of
pyrite (pyritization).
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Fig. 1. A: Structural map of Iran and location of the Zarshuran deposit, B: Geological map of the Zarshuran deposit (modified after

Kavoshgaran Consulting Engineers, 2013) and location of various faults. Based on map, the mineralization zone (Mz) were formed
between Chaldagh and Zarshuran units.
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Fig. 2. Photographs of hand samples of host rock and mineralization in the Zarshuran deposit. A: Powdered limestone from the
Zarshuran deposit, B: Purple fluorite gangue, C: Cinnabar red crystals within black siltstone, D: Pyrite veins within Chaldagh
limestone, E: As-sulfide within the Zarshuran black shale, and F: As-sulfide veins within siltstone. Abbreviations after Whitney
and Evans (2010) (As-Sulfide: Arsenic sulfide, Cin: Cinnabar, FI: Fluorite, Py: Pyrite, Qz: Quartz).
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Fig. 3. Representative figures from various hydrothermal alterations at the Zarshuran deposit. A: Photomicrographs (transmitted cross
polarized light, XPL) of silicification with As-sulfide veins, B: Outcrops of argillic alteration (looking to northeast), C: Outcrops of
sericitic alteration (looking to north), and D: Outcrops of decalcification alteration (looking to southwest). Abbreviations after Whitney

and Evans (2010) (As-Sulfide: Arsenic sulfide, Qz: Quartz).
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Table 1. Petrographic and textural characteristics of different pyrite types at the Zarshuran deposit (Heshmatnia, 2021; Tale Fazel, 2022)

Mineralization —
Environment Symbols Texture range Figure
stage
(um)
Sedimentary Py0 Framboidal 10—-60 Fig. 4A
Fine-grained .
Pyl disseminated <20 Fig. 4B
Early Coarse-
Py2 grained 50—150 Fig. 4B
disseminated
Hydrothermal Py3 Porous 200-500  Fig. 4C
Middle
Py4 Colloform 300-800  Fig. 4D
Late Py5 Vein-type 10—-100 Fig. 4E
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Table 2. EPMA results of major and trace elements in pyrite types of the Zarshuran deposit (Heshmatnia, 2021; Tale Fazel, 2022).

. Py0 Pyl Py?2 Py3 Py4 Py5
SN (n=8) (n=22)  (n=24)  (n=20) (n=17) (n=13)
Fe 45.01-46.10 PT346. 4334747 A3T6746. s 09 4768 45.80-47.51
@verage) " 547 76 15 1 (47.08) (46.61)
: (45.64) (45.96) (45.78) ' '
s wiop 52395404 50'476;53' 51.02357 S 1'826£ S 5137-5336  50.94-53.67
(average) (53.11) (53.21) (53.27) (53.27) (52.06) (52.73)
As wto  bdF049  bdl399  001-365  001-086  bdi-0.21 bdl-3.13
(average) 70 (0.16) (0.30) (0.53) (0.10) (0.06) (0.48)
Au o bdl=0.03  bdl-004  bdl-0.05  bdi-0.03  bdl-0.06 bd1-0.03
(average) PP (0.01) (0.02) (0.03) (0.02) (0.04) (0.01)

bdl= below detection limit, n= point of analysis.
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Fig. 4. Photomicrographs (reflected polarized light, PPL) and BSE images of various minerals in the Zarshuran deposit. A: BSE
images of framboidal pyrite (Py0), B: fine-grained disseminated pyrites (Py1) with coarse-grained disseminated pyrites (Py2), C:
sponge or porous pyrite (Py3), D: colloform pyrite (Py4), E: vein-type pyrite (Py5) with framboidal pyrite (Py0), F: orpiment, G:
realgar with quartz, H: arsenopyrite with porous pyrite, I: sphalerite with dolomite, J: intergrowth of magnetite with coarse-grained
pyrite, K: chalcopyrite inclusions in porous pyrite, and L: pyrrhotite inclusions in coarse-grained disseminated pyrite. Abbreviations
after Whitney and Evans (2010) (Asp: Arsenopyrite, Ccp: Chalcopyrite, Dol: Dolomite, Mag: Magnetite, Orp: Orpiment, Po:
Pyrrhotite, Py: Pyrite, Qz: Quartz, RIg: Realgar, Sp: Sphalerite).
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Fig. 5. A: Photomicrographs (reflected polarized light, PPL) of mackinawite with carbonaceous material and magnetite in the
Zarshuran deposit, and B: Raman laser spectroscopy pattern from mackinawite. Abbreviations after Whitney and Evans (2010)
(CM: Carbonaceous material, Mak: Mackinawite, Mag: Magnetite).
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Fig. 6. Photomicrographs (reflected polarized light, PPL) and BSE images of various mineral stages in the Zarshuran deposit.
A and B: lamination of framboidal pyrite (Py0) associated with nodular mackinawite, magnetite, and carbonaceous material, C:
BSE images of Fe-dolomite with EDS pattern, D: fine-grained disseminated pyrite (Py1) which from their aggregations the
coarse-grained disseminated pyrite (Py2) were formed, E: BSE images from sponge pyrite (Py3) which enclosed by colloform
pyrite (Py4), F: vein-type late stage pyrite (Py5). Abbreviations after Whitney and Evans (2010) (Cal: Calcite, CM: Carbonaceous
material, Dol: Dolomite, Mak: Mackinawite, Mag: Magnetite).
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Fig. 8. A and B: BSE images of Fe-dolomites with fine-grained pyrite (Py1) and coarse-grained pyrite (Py2) in Zarshuran
gold deposit, and C: EDS pattern of dolomites shows Fe content about 4 wt.% in their composition. Abbreviations after

Whitney and Evans (2010) (Dol: Dolomite, Py: Pyrite).
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Table 3. Representative whole rock data from UU-38 drill hole (location in Fig. 1) in Zarshuran deposit. Based on ppm.

no Elements Elements Elements
Fe Al S Au o Fe Al S Au o Fe Al S Au
1 19701 1181 1290 0078 38 30872 2057 17176 0005 75 13302 986 5966 0489
2 23382 1207 1693 0217 39 14555 13A 208 0008 76 11230 504 32 0971
3 1779% 1262 871 0037 40 3038 223 400 0005 77 6845 247 144 1534
4 16236 843 703 0051 41 19779 339 360 0005 78 3687 179 193 1097
5 24064 1541 664 0046 42 22265 4528 256 0009 79 3942 231 148 074
6 22045 851 821 0051 43 16460 1853 246 0027 8 6300 131 1% 1621
7 16857 1781 252 0112 44 21720 1537 451 0011 8 3063 1711 227 0775
8 23436 2667 203 0108 45 17201 1746 414 0011 82 4442 266 181 0936
9 29793 8053 297 013 46 20434 1736 229 0026 83 9837 308 149 138
10 22432 3229 239 0142 47 53343 3306 769 0146 8 16125 169 234 2016
11 16028 2158 181 0104 48 8505 776 173 002 8 2209 116 249 0177
12 16038 2589 187 0144 49 8577 502 213 0031 8 3205 141 362 0168
13 14252 2197 211 0148 50 17160 635 1005 0005 8 904 250 294 1287
14 20642 2965 208 0218 51 21401 1230 581 0044 8 9271 B2 309 1455
15 21228 1980 401 0077 52 9589 443 408 0049 89 7538 M1l 30 0955
16 24760 1606 364 0052 53 11640 1148 1667 0087 90O 3H20 165 273 039
17 31538 1348 8752 0015 54 12479 516 581 0062 91 8919 333 391 067
18 20971 1280 529 0005 55 23126 586 8671 0005 92 2374 102 167 0123
19 26011 2911 11967 0261 56 11771 488 6219 0011 93 3967 170 264 0141
20 63118 2782 55669 0075 57 12408 4% 9303 0013 94 1307 102 193 0063
21 18269 736 872 0013 58 83 360 417 0013 95 2203 140 188 0078
2 7053 36 126 0005 59 9685 358 A7 0012 9% 48649 3B7 54760 0017
23 9719 546 121 0005 60 12941 @ 783 370 0032 97 1947 182 154 0155
24 14238 1236 119 0011 61 9143 603 525 0413 98 2970 253 247 0321
25 14879 699 167 0013 62 4387 217 1216 0118 99 25300 291 4273 002
26 8641 468 146 0022 63 10286 656 356 0195 100 26317 392 3348 0011
21 7582 832 769 0026 64 7421 608 662 0067 101 2425 188 139 0203
28 10243 596 434 003 65 5562 253 461 0023 102 484 2719 173 039
29 7639 417 186 0005 66 23179 958 10183 0067 103 2388 193 444 01%
30 6023 233 136 0005 67 15035 635 74 0134 104 2939 246 668 0276
31 8757 489 149 0018 68 12301 718 6520 0036 105 1621 263 167 0148
32 25303 2929 194 0226 69 10578 532 4505 0031 106 2874 175 243 0232
33 938 659 214 0041 70 13781 687 3182 0082 107 12711 404 6379 0451
34 15926 1030 783 0024 71 8166 366 3688 007 108 6181 235 2243 0126
3B 9%B76 M8 1530 0058 72 14160 661 2622 0079 109 7687 452 11718 2171
36 20021 2003 176 0054 73 4374 234 1761 0074 110 5715 410 84%4 197
37 18072 1103 127 0013 74  40% 223 1490 0103 111 6515 453 9674 1472
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Table 3 (Continued). Representative whole rock data from UU-38 drill hole (location in Fig. 1) in Zarshuran deposit.
Based on ppm.

Elements Elements Elements

TR A s A ™ TR A s A YTR A s A

112 12841 861 1489 0011 124 10551 350 4812 065 136 1397 162 1808  05%4
113 3855 210 500 0139 125 8291 385 597 044 137 384 141 10236 0519
114 7899 52 3% 035 126 4014 179 269 0588 138 6031 184 15957 0406
115 8310 402 731 0309 127 1355 107 184 0479 139 4548 227 6189 1243
116 8782 575 374 0745 128 31910 666 39791 0484 140 6809 432 9881 1618
117 13720 615 6203 1% 129 4801 312 293 0192 141 25629 1049 39802 761

118 9773 542 617 0467 130 4386 172 490 0406 142 30225 1089 42971 3008

119 11463 607 4127 0251 131 7914 701 706 0508 143 69225 574 97574 1112
120 13646 583 155 0083 132 8269 326 521 0871 144 13146 798 21994 3144
121 2558 909 105 0026 133 5039 221 476 0355 145 4823 34 7730 1517
122 7666 467 126 1031 134 12712 492 12327 0641 146 5264 472 8296 1341
123 5615 356 144 0023 135 33429 701 41624 1685 147 2141 206 2801 0991
1000 ~
O Au<1 ppm
A Au>1 ppm Addition of Fe2*
Se?;r?ent-fglosited > ©)
gold (Nevada 0
100 - O@
S °
10 -
Addition
of sulfur
1 T T T T 1
0.01 0.1 1 10 100 1000

Fe/Al
5 0lys5 LS IUU-38 4l S 6K (gl gos 33 O 2w 5 O smoleledd goo (Slacl b gl slaie & FRIAL laa y3 STAL obss i pe5 4 JKS
Gap o) M e 2ol 355 o odalie SOl (Ye et al., 2003) (K ol) 1515 55 g3y Objpo UMb 153 SlaaT s a0 (loosls b 0T auslis
(5 0208V 3 M 515 5icml laske (04b ) Jases &y OAs S 5 Col Lo 53 (O gl o 01 3) sl 131 Gl
sl 0kl (Kesler et al., 2003) 01y Kan 5 S 5l 15 505 .ok Jlo i Al s s S s F l 503 5l 55 1355 0 w50

Fig. 9. Binary diagram of S/Al vs. Fe/Al to compare the processes of sulfidation and pyritization in UU-38 drill hole of
the whole rock samples from Zarshuran deposit and comparison with data from the sediment-hosted gold deposit in
Nevada (America) (Ye et al., 2003). Based on, the increase of gold grade (red triangle) corresponds to the increase in
sulfur (sulfidation process) in the environment, and the addition of pyrite to the environment (pyritization) causes lower
grades of gold (< 1 ppm). Note: Fe and S are normalized to Al. The base diagram from Kesler et al (2003).
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Fig. 10. A: Binary diagram between gold content and degree of sulfidation (DOS) in whole rock samples of Zarshuran deposit, and
B: Box diagram of gold grade changes in different pyrite types by microprobe analysis
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Fig. 11. Photomicrographs (reflected polarized light, PPL) of pyrite formation in the Zarshuran deposit. A: Pyrite formation through
conversion of Fe-monosulfide phases such as Mackinawite, and B: The formation of fine-grained disseminated pyrite in Fe-rich
dolomites without Fe-monosulfides. Abbreviations after Whitney and Evans (2010) (CM: Carbonaceous materials, Dol: Dolomite,

Mak: Mackinawite, Py: Pyrite, Mag: Magnetite).
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Fig. 12. A: Fe-As-S ternary diagram (Deditius et al., 2014) from distribution of various pyrites of the Zarshuran deposit
(reduced As™ species) compared to other pyrites of Carlin deposits (cross sign) (yellow arrow shows divalent metals Me?*
for Fe), and B: The negative correlation between As and S elements in different pyrites of the Zarshuran deposit indicates
that the pyrite composition is Fe(AsxSi.x)2 in which As™ is substituted in sulfur.
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Fig. 13. A: Photomicrographs (reflected polarized light, PPL) of the coarse-grain pyrite, and B: BSE images of pyrrhotite
inclusions in coarse-grained disseminated pyrite (Py2) of the Zarshuran deposit. Abbreviations after Whitney and Evans (2010)

(Po: Pyrrhotite, Py: Pyrite).
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ARTICLE INFO ABSTRACT

The study area is located about 30 km south of Ramsar, in the central

Avrticle Histor o - .
Y Alborz zone. In addition to the Nusha granitoids (with an age of about

Received: 09 December 2022 56 million years), the outcrops in this area, mainly include Paleozoic and
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Accepted: 21 January 2023 Mesozoic rock units. Petrographically, the Nusha granitoids have
diorite, syenite, monzonite, monzodiorite, granodiorite and quartz
monzonite compositions. Moreover, mineralogically, feldspar is the
principal mineral, and the texture superiority in them belongs to the
Keywords granular type. In terms of magmatic series these rocks are metaluminous
granitoid and range from high K calcalkaline to shoshonitic. The geochemical
Nusha ) characteristics of the major and rare elements, as well as the petrographic
high temperature | type granites ones indicate that these granitoids are | type granites, and at the same

Central Alborz

active continental margin time they belong to high temperature ones based on the behavior of Ba,

Ce and Y elements. Enrichment in LILE and LREE and low
concentrations of heavy rare earth elements HREE and high field
strength elements HFSE, together with Nb and Ti negative anomaly in
the spider diagrams are signs of magmas related to the subduction zone.
The high temperature nature and characteristics such as Y/Nb, Rb/Sr and
Rb/Ba ratios show that the Nusha granitoids have the geochemical

*Corresponding author properties of both crustal and mantle origin materials with different
Saeed Taki ratios. Based on tectonomagmatic discrimination diagrams and trace
S taki@liau.ac.ir element compositions, these granitoids belong to an active continental

margin environment. The parental magma has originated from melting
of an enriched mantle source and contaminated with continental crust
during ascent.
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EXTENDED ABSTRACT

Introduction

The study area is part of the Alborz-Azerbaijan
magmatic belt. Many of the intrusive masses present
in this area are high potassium calc-alkaline to
shoshonite and are of | type granitoids (Aghazadeh,
2009; Aghazadeh et al., 2013; Nabatian et al., 2014;
Taki, 2011). In this research study, we seek to
determine the nature of the granitoids of the Nusha
region by using geochemical characteristics and
determine their origin and tectonomagmic setting.
Exposed rock units in the study area, in addition to
intrusive igneous rocks, include sedimentary
carbonate and detrital rocks belonging to the
Mobarak (Carboniferous), Dorood (Lower Permian),
Ruteh (Upper Permian), Nesen (Upper Permian),
Elika (Lower-Middle Triassic), Shemshak (Upper
Triassic-Lower Jurassic) Formations and Cretaceous
sedimentary and volcanic rocks. In this area, the
granitoid intrusive masses have northwest-southeast
trends and have intruded during the Eocene (56+2
million years ago) (Axen et al., 2001). The outcrop
of the Nusha granitoids starts from the western slope
of Sehezar Valley and extends north-westward to the
south-west of Nusha. The granitoid unit is separated
into two masses by a dextral fault. The southern
border of this mass is completely faulted. This has
resulted that the Upper Paleozoic assemblage has
been thrusted onto the granitoids. Its northern border
is also mainly faulted. The only normal contact
present in the western part with Lower and Middle
Jurassic sediments.

Research method

After sampling of intrusive rocks and petrographic
studies of the study area, 10 samples of rocks related
to intrusive masses were sent to the Zarazma
company in Iran for chemical analysis and 7 samples
were sent to the Actlabs company in Canada. In the
laboratory of these companies, the ICP-OES method
is used to measure the major elements and some
minor elements, and the ICP-MS method is used to
evaluate the abundance of rare and trace elements. In
this research study, since iron is reported
unseparated, the Irvine and Baragar method (1971)
was used to calculate divalent and trivalent iron.

Results and discussion
The granitoids of the study area are petrographically

composed of diorite, syenite, monzonite
monzodiorite, granodiorite and quartz monzonite.
Mineralogically, feldspar is the principal mineral and
the granular is superior texture. Based on several
geochemical characteristics such as aluminum
saturation [the molar (Al203/(CaO+Na.O+K:0)) or
ASI] and agapiitic [A.l.=molar (Na+K)/Al] indices,
Na,O/K;0 ratio, range of SiO, content, Na,O weight
percentages in acidic terms, average values of NazO,
Zr, Y, Ce and Rb/Sr, and diagrams of ANK-ACNK,
normative corundum and P2Os versus Rb, (A/CNK-
Fe203+Fe0O), Th-Rb and P,0s-SiO; as well as
petrographic ~ features  like,  petrographical
composition ranges and the nature of enclaves and
ferromagnesian minerals in the studied samples all
confirm the | type nature of the Nusha granitoids. At
the same time, the variations of Ba, Ce and Y
elements in the Nusha granitoids are such that they
firstincrease and then decrease with increase of silica
content. Thus, they are high temperature | type
granite and must have been originated from the
melting of mafic rocks of crust or evolved mantle.
These rocks have high K calc-alkaline to shoshonite
magmatic series nature. REE patterns of all the
studied samples are parallel and similar (so they have
a common origin) and relatively highly enriched
(than primitive mantle) and have no Eu anomaly (due
to the participation of feldspar in the magma during
partial melting of the source rock or lack of
differentiation of this mineral during the fractional
crystallization of the parental magma). Like many
other active continental margin calc-alkaline rocks,
these rocks have negative slope on the LREE side
and are flat on the HREE side. Enrichment in LILE
and LREE and low concentration of HREE and
HFSE, along with negative anomaly of Nb and Ti in
the spider diagrams are indicators of magmas related
to the subduction zone. The very distinct Nb-Ta
trough in the arc systems spider diagrams is due to
crustal contamination or retention of these elements
in the source during partial melting. Positive Pb-K
anomalies and overall enrichment of LILE are also
indicators of crustal contamination. The extreme U
and Th enrichment in the spider diagrams indicate
addition of pelagic sediments or altered oceanic crust
in the melting process.

The high Th/Ta and relatively low Nb/Th ratios
indicate formation of magma in an arc environment,
and the tectonomagmatic discrimination diagrams
show continental arc one as well and according to
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their age, like many Cenozoic igneous rocks in the
Alborz, Western Alborz-Azerbaijan and South
Caucasus must have resulted from subduction of the
Neotethys oceanic crust. In the Nb versus Rb/Zr
diagram, the Nusha granitoids are in the range of
normal to mature continental arcs. On the Sm/Yb-
La/Sm and Rb-Sr diagrams, the continental crust is
about 45 km and shows enriched mantle at the
parental magma generation source. The wide range
of variations in Y/Nb ratios indicates that the study

area granitoids have the geochemical characteristics
of both crustal and mantle origin materials.
According to the Rb/Sr versus Rb/Ba diagram, the
mantle to crust materials ratios are between 20 and
50%. The low Tb/Yb ratio and the multiple
concentration of rare earth elements compared to the
primitive mantle in the Nusha granitoids indicate a
mantle source with the composition of spinel bearing
peridotite without garnet origin.
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Table 1. Whole rock chemical analysis results of the Nusha area samples by Zarazma company in Iran (in which major
oxides are in wt.% and trace elements are in ppm).

No. 3 4 5 7 12 15
Rock Quartz - - Quartz - .
type Monzonite Diorite Monzodiorite Monzonite Granodiorite Syenite

Long. 50°41'38"E 50°41'38'E  50°41'36'E  50°41'27'E 50°41'22"E  50°41'18"E
Lat. 36°36'32'N 36°36'32'N  36'36'31'N  36°36'29°'N 36°36'29'N  36°36'27"N

SiO2 68.23 60.99 55.9 63.17 64.39 55.55
TiO2 0.28 0.93 0.65 0.54 0.53 0.86
Al03 15.05 15.94 19.28 17.12 16.22 18.71
Fe2Ost 2.75 6.2 6.11 4.8 5.57 7.31
MnO 0.06 0.15 0.13 0.16 0.17 0.2
MgO 0.56 1.88 2.8 1.09 1.02 1.06
CaO 1.96 4.93 6.33 3.21 4.06 3.81
NaO 3.98 3.45 4.11 4.37 3.6 3.57
K20 5.32 2.81 2.26 4.18 2.79 7.23
P20s 0.06 0.28 0.36 0.17 0.24 0.2
LOI 1.64 2.37 2.01 1.1 1.28 1.32
Total 99.89 99.93 99.94 99.91 99.87 99.82
Co 2.4 6.8 15.6 7 3.9 10
Sc 2.7 14.2 5.1 4.3 8.1 3.4
Vv 18 46 80 38 10 40
Cu 24 12 26 15 14 15
Pb 4 3 5 7 4 9
Zn 29 68 50 64 73 79
Sn 3.9 4.8 3.6 5 2.8 43
W 3.1 1 1 2 1.2 1
Mo 1 0.1 0.1 1 0.1
As 7.5 7.3 5.5 6.5 8.6 6.9
Rb 257 107 85 152 62 252
Sr 191 238 491 248 277 447
Cs 2.5 0.6 0.5 2.1 1.2 15.6
Ba 399 584 626 702 550 730
Be 3.2 1.4 1.3 1.7 15 1.3
Ta 1.75 0.82 0.44 1.59 0.78 3.32
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Table 1 (Continued). Whole rock chemical analysis results of the Nusha area samples by Zarazma company in Iran (in
which major oxides are in wt.% and trace elements are in ppm).

No. 3 4 5 7 12 15
Rock Quart; Diorite Monzodiorite Quartz_ Granodiorite Syenite
type Monzonite Monzonite

Long. 50°41'38'E 50°41'38'E  50°41'36'E  50°41'27'E 50°41'22'E  50°41'18"E
Lat. 36'36'32'N 36'36'32'N  36'3631'N 36°36'29°'N 36°36'29'N  36°36'27"N

Nb 21.3 13.7 10.8 26 10.2 78.3
Hf 2.48 2.45 1.12 1.52 1.6 7.98
zr 29 31 6 11 16 221
Y 21.1 26.6 10.9 19.2 26.7 18.9
Th 24.9 10.89 9.29 13.98 10.37 8.07
U 3 11 1.2 2.7 0.9 1
Sb 0.5 0.5 0.5 0.5 6 5
Bi 0.1 0.1 0.1 0.1 0.1 0.1
Ag 0.2 0.2 0.1 0.2 0.3 0.7
In 0.5 0.5 0.5 0.5 0.5 0.5
La 41 28 21 30 22 53
Ce 71 54 34 53 46 107
Pr 8.82 7.68 6.49 8.06 7.59 10.73
Nd 31.3 31.2 23.5 28.8 31.3 39.9
Sm 6.1 7.62 5.77 6.42 7.51 8.36
Eu 1.43 2.32 2.3 2.14 2.24 2.57
Gd 4.35 45 3.25 3.97 4.48 5.55
Tb 0.73 0.85 0.49 0.66 0.88 0.91
Dy 3.39 3.96 2.28 3.19 3.76 3.34
Er 2.52 2.9 1.68 2.33 2.8 2.37
Tm 0.41 0.4 0.2 0.36 0.37 0.29
Yb 2.1 2.2 1.1 2 2.1 18
Lu 0.5 0.44 0.31 0.48 0.42 0.41
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Table 1 (Continued). Whole rock chemical analysis results of the Nusha area samples by Zarazma company in Iran (in
which major oxides are in wt.% and trace elements are in ppm).

No. 16 18 22 27 30 31
Rock . . Quartz . Quartz Quartz
type Monzonite Monzonite Monzonite Diorite Monzonite Monzonite

Long. 50°41'16"E 50°41'11'E 50°41'1"E  50°40'32'E 50°40'20'E  50°40°20"E
Lat. 36°36' 27" N 36°36'26'N  36°36'12'N  36'3550'N 36°3550°'N 36 3550"N

SiO2 61.87 60.33 68.69 57.7 65.63 70.05
TiO2 0.68 0.71 0.36 0.5 0.51 0.31
Al20; 16.91 17.18 14.99 16.23 16.6 14.74
Fe2Ost 5.58 5.76 3.23 8.93 3.72 2.71
MnO 0.13 0.22 0.06 0.15 0.09 0.07
MgO 1.57 2.05 0.67 0.15 1.02 0.51
CaO 3.69 4.46 1.92 12.19 2.04 1.74
Na.0 4.22 3.88 4.14 1.3 4.63 3.49
K20 3.36 3.79 4.92 1.16 4.63 5.41
P.Os 0.25 0.16 0.11 0.14 0.13 0.08
LOlI 1.63 1.3 0.87 1.32 0.87 0.83
Total 99.89 99.84 99.96 99.77 99.87 99.94
Co 10.2 13 43 3.9 5.7 4.3
Sc 6.5 8.2 3.2 4.4 5.8 3.1
V 54 78 24 90 38 22
Cu 15 32 14 18 11 63
Pb 11 43 7 9 6 13
Zn 49 133 23 24 68 65
Sn 5.5 46 4.1 3.3 1.7 3.8
W 1.7 1.9 1.1 1.2 1 1.3
Mo 0.1 0.1 1 0.1 0.1 0.1
As 7.6 8.1 7.7 6.1 9.4 9.4
Rb 130 125 196 22 85 193
Sr 333 350 160 1401 307 228
Cs 2.1 1.6 3 0.5 1 2.5
Ba 381 632 415 114 671 544
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Table 1 (Continued). Whole rock chemical analysis results of the Nusha area samples by Zarazma company in Iran (in
which major oxides are in wt.% and trace elements are in ppm).

No. 16 18 22 27 30 31
Rock : : Quartz - Quartz Quartz
type Monzonite Monzonite Monzonite Diorite Monzonite Monzonite

Long. 50°41'16" E 50"41'11"E 50°41'1"E  50°40'32'E 50°40'20'E  50°40'20"E
Lat. 36°36' 27" N 36°36'26'N  36°36'12'N  36°3550'N 36°3550'N 36°3550"N

Be 2.2 1.7 3.3 1.7 2.4 1.8
Ta 1.6 1.29 0.79 0.91 1.05 1.5
Nb 26.2 22.9 19.1 15.7 16.6 215
Hf 1.28 1.33 1.6 1.34 1.19 1.3
Zr 10 13 17 16 12 8
Y 23.2 194 21.9 20 25.1 17.6
Th 17.46 13.86 21.24 10.12 14.41 15.89
U 3.3 2.1 4.8 1.9 2.6 3.2
Sb 0.5 4.8 1.2 1.4 15 3.5
Bi 0.1 0.1 0.1 0.1 0.1 0.1
Ag 0.1 0.2 0.1 0.2 0.1 0.1
In 05 0.5 0.5 0.5 0.5 0.5
La 47 31 32 23 41 24
Ce 80 51 58 40 71 40
Pr 10.54 7.1 7.09 5.96 6.1 6.47
Nd 40.5 25.8 24 20.7 21.6 241
Sm 7.86 5.75 5.09 3.96 4.87 5.34
Eu 1.82 1.83 1.13 1.39 1.27 1.77
Gd 5.65 3.33 3.29 2.96 3.18 3.19
Th 0.92 0.54 0.56 0.44 0.49 0.56
Dy 4.01 2.5 2.74 2.33 2.33 2.55
Er 2.98 1.97 2.29 1.7 1.76 1.88
Tm 0.4 0.29 0.36 0.26 0.24 0.31
Yb 2.2 1.9 2.3 2.2 2.5 1.8
Lu 0.54 0.35 0.48 0.32 0.33 0.38
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Table 2 (Continued). Whole rock chemical analysis results of the Nusha area samples by Actlabs in Canada (in which

major oxides are in wt.% and trace elements are in ppm).

No. 23(H2) 24(H6) 25(H11) 26(H12) 34(H9)
Wps  Mowonte  Momonte  Monsonge | Monzonite  Syenite
Long. 50°40093'E  50°40'82'E 50°40'69'E 50°40'51'E  50°38'59'E
Lat. 36°36'9°N 36"'36'2'N  36°3550'N 36°3550'N  36°3549°N
SiO; 64.5 63.61 68.93 61.78 60.51
TiO2 0.582 1.124 0.394 0.757 0.762
Al,03 16.87 16.19 14.62 17.24 6.08
Fe20st 4.34 5.42 3.2 5.7 4.24
MnO 0.115 0.07 0.072 0.131 0.081
MgO 0.86 157 0.78 153 1.61
CaO 2.68 353 2.03 3.91 433
Na.O 4.63 3.8 4 4.66 3.68
K20 4.65 36 4.65 3.56 7.29
P20s 0.18 0.29 0.1 0.21 0.23
LOI 0.93 1.03 0.69 112 1.78
Total 100.3 100.2 99.47 100.6 100.6
Co 6 12 9 17
Sc 5 9 4 8 7
v 24 96 34 70 52
Cu 30 60 30 20 120
Pb 10 7 7 10 33
Zn 60 60 30 80 90
Sn 2 2 2 2 2
w 2 1 1 1 3
Mo 2 2 2 2 4
As 5 5 5 5
Rb 95 120 186 89 155
Sr 286 393 220 396 319
Cs 1 2.7 2.3 1 1.9
Ba 904 427 504 740 1225
Be 2 3 4 3 2
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Table 2 (Continued). Whole rock chemical analysis results of the Nusha area samples by Actlabs in Canada (in which
major oxides are in wt.% and trace elements are in ppm).

No. 23(H2) 24(H6) 25(H11) 26(H12) 34(H9)
Rock Quartz Quartz Quartz : .
type Monzonite Monzonite ~ Monzonite  Monzonite Syenite

Long. 50°40' 93" E 50°40'82"E 50°40'69'E 50°40'51"E 50" 38'59"E

Lat. 36°36'9'N 36°36'2'N  36°3550'N  36°3550'N  36°3549'N
Ta 2.5 3.7 4.3 2.4 2.8
Nb 27 37 34 31 38
Hf 5.1 3.9 4.1 6.2 7.3
zr 262 137 175 303 366
Y 21 23 24 28 319
Th 15.8 20.8 26.7 15.5 12.3
U 3.1 5.5 6.1 3.7 3.6
Sb 0.5 0.5 0.5 0.5 15
Bi 0.4 0.4 0.4 0.4 0.4
Ag 0.5 0.5 0.5 0.5 0.7
In 0.3 0.3 0.2 0.2 0.2
La 41.2 44.6 435 40 36.1
Ce 71.3 81.3 75.6 75.6 68.9
Pr 6.88 8.33 7.09 7.92 7.16
Nd 24.7 29.9 235 29.8 25.4
Sm 4.4 5.4 4.1 5.9 4.7
Eu 1.59 1.41 0.82 1.46 1.36
Gd 3.8 5 35 4.8 4.1
Tb 0.6 0.7 0.5 0.8 0.6
Dy 35 4.3 3.3 4.4 3.8
Er 2 2.3 2.1 2.6 2.5

Tm 0.31 0.33 0.34 0.41 0.36
Yb 2.3 2.4 2.4 2.8 2.4
Lu 0.36 0.38 0.41 0.46 0.42
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Fig. 2. A: The Nusha area satellite image and sampling locations, B: A perspective of the Formations outcrops in the

eastern part of the study area (view to the south), and C: Nusha granitoid intrusive mass outcrop (quartz monzonite) about
3 km east of Nusha village
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Fig. 3. Microscopic images of: A: Diorite with relatively fine-grained anhedral granular texture, B and C: Syenite with
trachytoid and anhedral granular textures respectively, D: Monzonite with relatively coarse-grained anhedral granular
texture, E: Monzodiorite with medium grained anhedral granular texture and F: Granodiorite with porphyroid texture,
from Nusha area. Abbreviations after Whitney and Evans (2010) (PI: Plagioclase, Or: Orthoclase, Qz: Quartz, Hbl:
Hornblende Opq: Opaque, Bt: Biotite, Cpx: Clinopyroxene).
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Fig. 4. Microscopic images of quartz monzonite with textures of A: monzonitic texture, B: rapakivi, C: micrographic, D:
anti-rapakivi, E: myrmekitic, and F: porphyry with relatively fine-grained mesostasis (perthitic orthoclase phenocrysts in
a groundmass composed of plagioclase, quartz and other minerals) from Nusha area. Abbreviations after Whitney and
Evans (2010) (PI: Plagioclase, Or: Orthoclase, Qz: Quartz, Hbl: Hornblende).
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(Peccerillo and Taylor, 1976), C: Ce/Yb vs. Ta/Yb (Pearce, 1982), and D: ANK-ACNK (Maniar and Piccoli, 1989)
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Table 3. Comparison of the average elemental compositions of different types of granites (Whalen et al., 1987) with

granitoids of Nusha region ones

Al Rb/Sr Ce Y Zr Na:O  Element/Ratio
Granite type

0.62 0.61 64 28 151 3.13 |

0.59 1.81 64 32 165 2.41 S

0.52 0.06 16 22 108 3.97 M

0.95 3.52 137 75 528 4.07 A

0.33 0.27 61.01 2110 98.9 3.58 Nusha
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Fig. 10. Study area granitoids data on the tectonomagmatic discrimination diagrams of A: Pearce et al. (1984), and B:
(Muller and Groves (1997). As can be seen, the Nusha area data are located in the field of continental arcs. S.z: Subduction
Zone, Lcc: Lower crust composition, Bec: Bulk crust composition, UCC: Upper Crust Composition

s:subduction zone’enrichment
c:crustal contamination
vrv:fwuh_ln plate c{\r;_chn)cnl
:fractional crystalization
1 x;ailolﬁlcry B M

Ta/Yb
)b}g..,U|4;'9Jf6l?6!4:‘2;411)leQ}Jﬁ)sjélajléouf?t)sl‘ijjdk;ﬁéhd}AQT):fTa/Yb Ao ThIYD Hls s VY IS

11111
10

50l 5l gV a gy L e 5 (Pearce and Peate, 1995) &y 5 o 5 (Pearce, 2008) .,y 3l lazw sy 5 slacs S ol b Conige

.l (Sun and McDonough, 1989) _st ss¢$s

Fig. 11. Th/Yb versus Ta/Yb diagram in which the Nusha area samples are located in the continental arc field and outside
of the mantle array. The diagram and positions of mantle and crustal members are from Pearce and Peate (1995); Pearce
(2008) and the average upper crust is from Sun and McDonough (1989).
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Fig. 12. The position of Nusha granitoids on diagrams of A: the volcanic arcs maturity rate based on Nb versus Rb/Zr
ratio (Brown et al., 1984), B: continental crust thicknesses in active continental margin environments using Sm/Yb vs.
La/Sm (Kay and Mpodozis, 2002), C: Rb-Sr (Condie, 1989), and D: Rb/Sr vs. Rb/Ba (Koprubasi and Aldanmaz, 2004)
to evaluate the contribution of felsic melts derived from the crust (C) and mafic melts derived from the mantle (M)
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EXTENDED ABSTRACT

Introduction

The Masjeddaghi porphyry-epithermal Cu-Au
deposit is located in the margin of the Arasbaran
Belt, in the Alborz-Azarbaijan structural zone in the
NW of Iran. The host rock of mineralization is diorite
porphyry, which has been intruded into the andesitic
volcanic rocks. Paleocene andesitic and lavas crop
out in the southeastern and eastern parts of the area.
Paleocene andesitic rocks, including lavas, dikes,
pyroclastic, and epiclastic rocks overlying on the
Permian-Triassic rocks. The mineralized host rocks
composed of the dioritic stocks that have formed the
main mass of Masjeddaghi and is dated at 54 Ma
(Hassanpour and Alirezaei, 2017). The Middle
Eocene diorite porphyry includes granular to
porphyry texture and with some dikes extending with
east - west trend in the northern and eastern parts of
the Masjeddaghi district. It is called the main
Masjeddaghi Porphyry. This magmatic sequence and
associated Cu-Mo-Au mineralization and alterations
have been dated at about 54 Ma (Hassanpour and
Alirezaei, 2017).

The hydrothermal alteration types consist
dominantly of potassic, phyllic, argillic, propylitic
and locally of silicification around the wveins
(Ebrahimi et al., 2021; Hassanpour and Alirezaei,
2017; Ebrahimi et al., 2017). The chemical
composition of biotite is sensitive to chemical and
physical factors which are related to magmatic and
hydrothermal activities such as halogens (e.g., F and
Cl) and metals compositions, elemental distributions,
water concentrations, temperature and pressure.
Geological and geochemical features of porphyry-
epithermal Cu-Au Masjeddaghi ore deposit have
been studied in detail by Ebrahimi et al., 2021;
Hassanpour and Alirezaei, 2017; Ebrahimi et al.,
2017. In this research study we attempt to
characterize the physicochemical attributes of
causative magma in the Masjeddaghi porphyry ore
deposit, by using biotite mineral chemistry.

Material and methods

All samples are from the least altered diorite
intrusion and from potassic alteration zone were
collected from the surface and drill cores (up to

700m) in the Masjeddaghi area. More than 150 thin
and thin-polished sections were studied and
subsequently, four samples were selected for EMPA
(Electron Micro-Probe Analyses) analysis. Twenty-
six points of biotite grains were selected and
analyzed by using a Cameca SX-100 instrument in
czechoslovakia (central European laboratory). The
analyses were conducted with 15 kV accelerating
voltage and 10 nA beam current. The results were
processed by using the MICA* software.

(Yavuz, 2003).

Results

On the basis of petrographic studies, diorite porphyry
consists of plagioclase, hornblende, biotite and
quartz minerals. Biotite phynocrysts are within fine
grained matrix and biotite chemistry can be used as
an important indicator to evaluate magma
crystallization condition (Selby and Nesbitt, 2000).
Three kinds of biotites have been recognized in the
samples: magmatic, re-equilibrated and
hydrothermal type. On the basis of Mg, (Mn+Fe?*)
vs. (AIV'+Fe®*+Ti), Fe?*/(Fe**+Mg) vs. Al'V & (Mg-
Li) vs. Fer + Mn + Ti-AlIV") diagrams all plotted in
the phlogopite field. The samples in the MgO-
10%(TiO,) -(FeO+MnO) diagram fall into the field of
re-equilibrated primary biotite (Nachit et al., 2005).
The temperature of biotites in diorite samples varies
between 417-522 °C (Bean, 1974) and 516-641 °C
(Henry et al., 2005).

Discussion

Biotites in the Masjeddaghi Cu-Au porphyries are
mainly Plogopite and are dominantly from the
samples taken from potassic alteration zone and
situated in the re-equilibrated biotites field. The ore
deposit tectonically is related to the calk-alkaline
magma. Generally, biotites are calk-alkaline, with
high content of MgO and reducedAl>Os which refers
to Al and Mg replacements in an ochtahedral setting.
This ore deposit has a Magnesium rich calk-alkaline
magma. The oxygen fugacity of biotites is in the
range of hematite-magnetite (HM) and nickel-nickel
oxide (NNO), which indicates high oxygen fugacity
of the magma in this ore deposit. In the Masjeddaghi
biotites, there is no linear/parallel trend between
halogen fugacity and log (fH.O/fHF), log

Journal of Economic Geology, 2022, Vol. 14, No. 4

DOI: 10.22067/econg.2023.79377.1056


https://doi.org/10.22067/econg.2023.79377.1056

Hassanpour et al.

Determination of physicochemical conditions of causative intrusion in the Masjeddaghi Cu-Au ...

(fH20/fHCI) and log (fHF/fHCI) lines. Therefore,
it is possible that biotites have not formed under the
same conditions and were in equilibrium in a wide
range of temperatures and compositions with
hydrothermal fluids. Halogen ratios of the

Masjeddaghi biotites with other porphyry deposits in
the world show similarity with Bingham and Santa
Rita ore deposits. Moreover, these biotites indicate
the calk-alkaline signature and mantle source for the
magma.
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Fig. 1. A: Arsabaran- Caucasus porphyry copper belt on the geology map of Iran (after Nabavi, 1976), which the
Masjeddaghi deposit is shown, and B: Geological map of the Masjeddaghi area in 1:1000 scale (Hassanpour and Alirezaei,
2017)
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Table 1. Chemical composition of re-equilibrated biotites from the Masjeddaghi deposit

Sample M1 M2 M3 M4 M5 M6 M7 M8 M9 M10 M1l M12 M13
SiO2 37.99 43.07 4212 402 39 381 415 419 42 377 383 3795 381
TiO2 3.74 2.26 228 332 234 432 25 308 237 445 407 411 4.33
Al203 13.67 1118 1158 134 113 143 116 12 114 141 135 1405 131
FeO 12.1 8.71 9.0r 122 99 939 95 101 921 124 124 128 12.5
MnO 0.34 0.27 024 025 023 014 024 028 021 033 038 012 0.09
MgO 1758 2199 2056 181 17 19 206 206 20 171 175 1691 17.2
CaO bdl bdl 002 001 001 0.01 0.02 0.01 bdl 0.01 bdl 0.01 0.01
Na:O 0.36 0.11 018 022 02 034 017 023 016 043 026 049 0.32
K20 9.18 9.06 873 954 824 936 932 897 835 9.05 925 865 9.21
Cr203 0.01 bdl 001 005 048 001 001 001 007 0.05 0.02 0.04 0.3

F 1.18 1.79 162 063 166 076 156 168 154 117 118 0.49 1.52
Cl 0.25 0.16 018 025 019 024 018 021 012 022 022 0.23 0.24
TOTAL 96.4 986 9659 982 906 959 972 992 955 97 97 9585 96.9
Si 2.81 3.05 3.04 289 304 278 3 297 3.06 278 282 2.8 2.82

Al(1V) 1.19 1 1 1.11 1 1.22 1 1.01 1 122 1.17 1.2 1.15

Al(VI) 0.01 bdl 0.03 0.03 007 001 bdl bdl 0.04 bdl bdl 0.03 bdl
Ti 0.21 0.12 012 018 014 024 014 016 013 025 023 0.23 0.24
Fe¥* 0.4 0.21 015 025 002 042 019 031 015 046 043 043 0.42
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Table 1 (Continued). Chemical composition of re-equilibrated biotites from the Masjeddaghi deposit

Sample M1 M2 M3 M4 M5 M6 M7 M8 M9 M0 M1l M12 M13

Fe? 0.35 0.3 04 048 062 015 039 029 041 031 033 036 035
Fe3*(T) bdl 0.02 bdl bdl bdl bdl 001 0.02 bdl bdl 0.01 bdl 0.04
Fe3*(M) 0.4 019 015 025 0.02 042 017 029 015 046 042 043 039

Mn 002 005 002 002 002 001 002 002 001 002 002 001 o001
Mg 194 232 221 194 197 207 222 218 217 187 192 1.86 1.9
Ca bdl bdl  0.001 bdl bdl bdl  bdl  bdl  bdl bdl bdl  0.001  bdl
Na 005 002 003 003 003 005 002 003 002 006 004 007 0.05
K 0.87 082 08 088 082 087 08 081 078 08 087 082 087
OH 169 158 161 183 157 179 162 16 163 1.7 1.7 186 161
F 0.28 0.4 037 014 041 018 036 038 036 027 028 011 036
Cl 003 002 002 003 003 003 002 003 002 003 003 003 0.03
I-site 092 083 083 091 08 092 089 084 08 091 091 08 092

M-site 313 335 33 319 313 311 327 329 329 31 313 311 3.1
IMTA-sitess  10.04 10.18 10.13 10.1 9.98 10 102 101 101 10 10 10 10

Mgli 174 192 18 165 172 187 187 183 181 168 171 166 1.69
Feal 097 065 066 09 072 081 073 078 067 103 101 1 1.02
IL.E. 028 0.19 02 028 025 022 021 022 021 03 0.29 0.3 0.29
Mg# 0.72 0.89 08 073 075 078 079 078 08 071 0.72 0.7 0.71
XPh 062 069 067 061 063 067 067 066 066 061 0.61 0.6 0.6
XAn 011 009 012 015 02 005 012 009 013 0.01 011 012 011
XPdo 019 018 019 017 0.1 02 016 02 016 021 0.21 0.2 0.21
XMn 001 001 0004 001 001 bdl bdl 001 bdl 001 0.01 0.002 bdl
XAl 0.002  bdl 001 001 0.02 bdl bdl bdl 001 bdl bdl 0.01 bdl
XTi 0.07 0.04 004 006 0.04 008 004 005 0.04 0.08 0.07 o0.07 0.08
XMg 062 067 067 061 063 067 067 066 066 061 0.61 0.6 0.6
XSid 0.14 bdl bdl 01 007 014 bdl 001 bdl 016 013 016 0.12
XAnn 024 031 033 029 035 019 033 033 034 023 026 024 027
XFe 028 018 021 028 027 022 021 022 022 029 028 031 0.29
XPhl 0.72 0.82 08 073 075 078 079 078 08 071 0.72 0.7 0.71

Aan) 0.001 0.001 0.002 bdl 001 bdl bdl bdl bdl bdl bdl  0.002  bdl
XMg* 069 08 078 07 071 073 078 076 077 067 068 066 0.67

A(ph) 024 033 03 023 025 03 031 029 029 022 023 021 022
X(OH) 085 079 08 091 078 09 081 08 08 08 08 093 081
X(F) 014 02 019 007 02 009 018 019 018 014 014 006 0.8
X(Cl) 002 001 001 002 001 002 001 001 00l 001 00l 00l 002

Fe/(Fe+tMg) 0.28 0.18 02 028 025 022 021 022 021 029 0.28 0.3 0.29
Fe*/Fe*+Fe* 047 059 073 066 097 026 067 048 074 04 043 046 046
Fe/Mg+Fe 015 012 015 02 024 007 015 012 016 014 015 016 0.16
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Table 1 (Continued). Chemical composition of re-equilibrated biotites from the Masjeddaghi deposit

Sample M1 M2 M3 M4 M5 M6 M7 M8 M9 MI10 M1l M12 M13
Al/(Al+Si) 042 031 032 039 034 044 033 034 032 044 041 044 041
Mn/(Mn+Fe) 0.03 003 003 002 002 0.02 0.03 0.03 002 003 003 001 0.01
Phlogopite 2485 4455 5314 435 593 19 517 293 497 129 16.1 159 147
Ti-phlogopite 2082 12.02 1238 18 13.7 238 136 164 13 246 225 228 241
Ferri-eastonite 3959 21.12 15.03 251 213 424 187 311 148 46 433 427 423
Muscovite 6.6 5.59 25 418 036 7.07 446 754 246 771 863 7.12 106
Eastonite bdl bdl bdl bdl 943 bdl bdl bdl bdl bdl bdl bdl  bdl
Talc 8.14 16.72 1695 927 151 7.79 115 156 202 8.76 943 114 8.29
F/(F+OH) 0.14 0.2 019 007 021 0.09 018 019 018 0.14 014 0.06 0.18
Cl/(CI+OH) 0.02 001 001 002 002 002 001 0.02 001 002 002 0.02 0.02
1IV(F) 186 1.77 1.8 217 169 213 182 177 181 184 185 225 171
IV(CI) -448 -442 -444 -44 -44 45 -45 -45 -43 -44 -44 -44 45
IV(F/CI) 6.34 6.2 6.24 658 6.13 6.65 6.26 6.25 6.05 6.23 6.25 6.61 6.16
logXCl/XOH -1.73 -192 -186 -18 -18 -18 -19 -18 -2 -18 -18 -18 ~-17
logXF/XOH -0.79 -06 -064 -11 06 -1 -07 -06 -07 -08 -08 -12 -0.7
logXF/XCl 095 132 123 067 121 077 121 117 138 1 1 06 107
log XMg/XFe 035 058 051 033 038 048 051 048 049 032 033 029 032

logf(H.0) f(HF)fluid 478 467 469 508 458 506 471 466 47 476 477 517 4.62
logf(H,0)/f(HCDfluid 415 438 431 419 422 423 432 424 449 4.2 42 421 4.14
log f(HF)/ f (HCI)fluid -142 -118 -124 -17v -12 -17 -13 -13 -11 -13 -14 -17 -13

logf(HO)/f(HF) 431 422 424 462 414 458 427 422 428 429 43 47 416
logf(H,0)/f(HCl) 153 158 156 16 157 149 156 153 176 162 161 165 156
logf(HF)/f(HCI) 278 264 268 3.02 257 309 271 269 25 267 269 305 26
T Beane, 1974 481 590 561 463 495 553 566 538 543 458 466 449 457
T Henry etal., 2005 618 540 539 587 542 656 560 589 544 626 628 626 637

S0, 37 3804 3795 39 39 402 379 392 365 36 371 38 36
TiO, 405 214 404 319 244 247 28 303 245 246 352 3.15 3.13
AlLO; 142 1202 1361 14 12 13 144 133 136 141 131 14 13
FeO 129 1359 1357 124 106 11 126 11.7 119 126 115 13 122
MnO 0.18 0.08 023 007 009 016 014 014 021 0.17 019 028 043
MgO 16.8 19.21 1657 20.1 181 195 181 187 209 216 18 17.1 20.1
cao 001 003 002 005 007 011 003 001 03 0.16 002 0.03 001
Na,0 033 025 047 043 014 021 017 015 0.15 011 028 0.13 0.13
K,0 9.03 942 876 966 906 895 912 904 496 467 958 865 9.24
Cr05 002 012 001 0.16 003 003 009 001 001 002 006 0.05 0.06
F 047 074 036 121 054 088 064 085 069 072 048 0.73 0.69
cl 025 027 029 025 015 029 026 024 022 021 027 024 0.18
TOTAL 953 9591 9588 957 922 968 962 963 91.9 928 94 953 952
Si 276 285 281 277 296 292 279 287 276 27 28 283 271
AI(IV) 124 106 119 117 104 1.09 121 113 121 124 116 117 1.16
Al(VI) 0.02 bdl 0003 bdl 004 003 005 002 bdl bdl bdl 0.06 bdl
Ti 023 012 023 017 014 014 016 017 014 014 02 0.18 0.18
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Table 1 (Continued). Chemical composition of re-equilibrated biotites from the Masjeddaghi deposit

Sample M1 M2 M3 M4 M5 M6 M7 M8 M9 M10 Mi1i1 M12 M13
Fe® 047 045 043 049 013 027 041 036  bdl bdl 0.4 0.4 bdl
Fe 034 04 042 024 055 04 037 035 075 079 033 041 0.77

Fe**(T) bdl  0.09 bdl  0.05 bdl bdl bdl  bdl bdl bdl  0.04  bdl bdl

Fe**(M) 045 036 043 044 013 027 041 036  bdl bdli 036 04 bdl
Mn 001 001 001 bdl 001 001 001 001 001 001 001 002 0.03
Mg 187 214 183 213 204 211 199 205 236 241 203 19 225
Ca bdl  0.002 0.002 bdl 001 0.01 bdl bdl 002 0.01 bdl bdl bdl
Na 0.05 004 007 006 002 003 002 002 002 002 004 002 0.02

K 086 0.9 083 088 083 083 08 08 048 045 092 082 087
OH 186 1.79 188 17 18 176 182 177 181 18 18 18 181
F 0.11 0.18 01 027 013 02 015 02 017 017 012 0.17 0.6
cl 003 003 004 003 002 004 003 003 003 003 004 003 0.02
I-site 091 0.94 0.9 1 09 087 088 087 052 048 1 084 091
M-site 3.09 324 312 323 316 324 316 3.2 3.4 347 31 316 334
IMTA-sites 10 1017 10.010 10.2 101 1011 101 101 989 989 10.1 10 10.1
Mgli 171 194 163 189 179 182 18 18 221 23 18 169 213
Feal 1.03 098 108 091 o078 078 089 087 09 094 094 094 0.97
ILE. 031 029 032 026 025 024 028 026 025 025 027 03 0.26
Mg# 07 072 069 074 075 076 072 074 076 075 074 07 0.5
XPh 06 064 059 065 065 065 063 064 0.69 07 065 06 067
XAn 011 012 013 o0.07 017 012 012 011 022 023 011 013 0.23

XPdo 0.2 0.2 02 022 012 017 019 019 004 003 018 019 0.04
XMn bdl  0.002 001 bdl bdl 0.003 bdl bdl 0.004 bdl bdl 001 0.01
XAl 0.01 bdl 0001 bdl 001 0.01 0.02 0.01 bdl bdl bdl  0.02  bdl
XTi 0.07 004 007 005 004 004 005 005 004 004 006 007 0.05
XMg 06 064 059 065 065 065 063 064 069 07 065 06 067
XSid 018 006 015 013 005 008 017 01 013 014 012 016 0.12
XAnn 022 029 026 022 03 027 021 026 018 016 023 024 02
XFe 031 028 032 026 026 025 029 026 024 025 026 031 025
XPhl 07 072 069 074 075 078 072 074 076 075 074 07 075
A(an) bdl  0.002 0.002 bdl 001 0.002 bdl bdl 001 0.01 bdl bdl  0.01
XMg* 066 071 065 072 073 074 069 072 073 073 077 066 0.71
A(ph) 022 0.27 02 027 027 028 025 026 033 034 027 022 031

X(OH) 093 09 094 08 093 088 091 08 09 09 093 09 091
X(F) 006 009 004 012 007 01 008 01 008 006 006 009 0.08
X(CI) 002 002 002 002 001 002 002 002 001 001 002 002 0.01

Fe/(Fe+Mg) 03 028 032 026 025 024 028 026 024 025 026 03 025

Fe?*/Fe?*+Fe’ 042 047 05 033 081 06 048 049 1 1 0.45 051 1
Fe/Mg+Fe 015 016 019 01 021 016 016 015 024 025 014 018 0.25
Al/(Al+Si) 045 037 042 042 036 038 045 04 044 046 042 044 043
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Table 1 (Continued). Chemical composition of re-equilibrated biotites from the Masjeddaghi deposit

Sample ML M2 M3 M4 M5 M6 M7 M8 M9 MI10 M1l MI12 M13
Mn/(Mn+Fe) 001 001 002 001 001 001 001 001 002 001 002 002 0.04
Phlogopite 137 1951 177 6 614 4206 256 277 3841 336 263 203 725
Ti-phlogopite 227 1204 2253 171 139 1349 155 167 1391 139 20 176 177
Ferri-eastonite 46.6 4525 4247 492 129 267 406 363 bdl  bdl 399 397 bdl
Muscovite 777 17 708 135 216 445 6.77 6.05 bdl  bdl 104 6.62 bdl
Eastonite bdl  bdl  bdl  bdl bdl bdl bdl bdl 007 014 bdl bdl 0.33

Talc 9.16 623 1022 6.08 96 1323 116 133 4762 525 341 158 945
F/(F+OH) 006 0.09 004 014 001 01 008 01 008 009 006 009 0.8
Cl/(CI+OH) 002 002 0.02 002 001 002 002 002 002 002 002 002 001

IV(F) 227 212 238 1.9 228 206 216 205 219 218 231 206 218
IV(CI) 4_;11 -453 -443 -45 -43 -457 -45 -45 -454 -45 -45 4.'39 -4.4
IV(F/CI) 6.68 6.66 681 6.41 655 6.63 663 652 673 67 684 646 6.59
logXCI/XOH 1_'77 -1.72 -171 -18 -2 -169 -18 -18 -181 -18 -1.7 1.'77 -1.9
logXF/XOH 1_'22 -101 -135 -08 -12 -094 -11 -1 -104 -1 -1.2 1.62 -1
logXF/XCI 055 071 037 096 083 075 066 082 077 081 052 075 0.86
log XMg/XFe 03 035 027 04 04 042 033 038 046 045 039 028 042

logf(H20)f(HF)fluid 519 503 529 482 518 497 508 497 512 511 523 498 51

logf(H20)/f(HCDfluid  4.18 415 411 419 442 413 417 42 427 43 416 418 435

logf(HF)/f(HCI)fluid 1_'79 -1.7 -194 -15 -16 -167 -17 -16 -1.74 -1.7 -19 1.:57 -1.6
logf(H-0)/f(HF) 472 457 483 435 472 451 461 45 464 462 476 451 463

logf(H20)/f(HCI) 16 147 157 149 173 143 153 154 147 148 1.47 161 1.59
logf(HF)/f(HCI) 312 31 326 28 3 307 307 297 318 314 329 29 303
T Beane, 1974 457 514 436 522 521 525 489 507 443 420 520 451 417

T Henryetal,2005 627 516 641 593 552 546 565 585 574 574 621 580 610
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Fig. 2. Photomicrographs of different biotite in the diorite porphyry from potassic alteration of the Masjeddaghi deposit,
A: Magmatic biotite converting to re-equilibrated biotite, B: Re-equilibrated biotite converting to the hydrothermal biotite,
and C: Amphibolite altered to hydrothermal biotite. (M-Biotite: Magmatic biotite, R-Biotite: Re-equilibrated Biotite, H-
Biotite: Hydrothermal Biotite)
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Fig. 3. MgO-(FeO+MnQ)-10xTiO, diagram (Nachit et al., 2005), all samples from Masjeddaghi plotted in the re-
equilibrated area.
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Fig. 4. Biotite chemistry composition of the Masjeddaghi deposit on the classification diagrams, A: Fe/(Fe+Mg) versus
Al' diagram that the samples is plotted in the phlogopite domain (Rieder et al., 1998), B: Mg-Li versus Fer+Mn+Ti-AlY!
diagram, samples plotted in the phlogopite and Mg-Biotite area (Tischendorf et al., 1997), C: Mg-(Al'V+Fe+Ti)-
(Fe*2+Mn) diagram, samples situated in the phlogopite and Mg-Biotite area (Foster, 1960), and D: 10xTiO,—FeO+MnO-
MgO diagram which the samples located in the reequilibrated biotite (Nachit et al., 2005).
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Fig. 5. Tectono-magmatic situation of the Masjeddaghi intrusion on the basis of biotite chemistry (Abdel-Rahman, 1994),
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plotted in the mantle source.
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Fig. 6. Masjeddaghi biotite composition on the Fe**—Fe**~Mg?* ternary diagram, HM (hematite-magnetite), NNO (nickel-
nickel-oxide) and FMQ (phayalite-magnetite-quartz) buffers.
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In the Shourestan area, 14 kilometers west of Sarbisheh city, in South
Khorasan province, volcanic rocks with pyroxene-andesite composition
belonging to Eocene-Oligocene are exposed. The constituent minerals of
these rocks include plagioclase and pyroxene. The composition of
plagioclases have range from Absz, Angs to Absg, Ans, and are andesine-
labradorite type. Clinopyroxene and orthopyroxene have diopside-like
augite and enstatite composition, respectively. The crystallization
temperature for clinopyroxene and orthopyroxene were about 1175 and
1200 °C respectively and the pressure (for both types) was 2 to 5 kb. The
geochemical data of whole rocks show that the andesitic lavas of Shourestan
have high potassium calc-alkaline nature and the amount of Mg# in them
varies from 40.97 to 60.97, which indicates the role of mantle components
in their formation. These rocks show signs of differentiation including
LREE/HREE ((La/Yb)n) between 9.95 to 12.42, LREE/MREE ((La/Sm)n)
between 3.53 to 6.55, MREE/HREE ((Sm/Yb)n) between 1.89 to 2.99. High
ratios of Zr/Nb (9.81-22.10), Th/Nb (0.68-1.79), Th/Ta (7.29-24), and
Nb/Ta (9.69-15.66) along with the pattern of LIL elements, support the
possibility of different degrees of crustal contamination-assimilation of
magma during its ascent to the earth's surface. The studied rocks have low
ratios of Cel/Y (2.44-3.48), (Th/Yb)n (1.17-1.39), Sm/Yb (1.92-2.78), and
relatively flat MREE-HREE pattern that confirms the melting of the
subcontinental lithospheric mantle in the field of spinel stability and at a
depth of fewer than 75 kilometers.
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EXTENDED ABSTRACT

Introduction

Calc-alkaline magmas are commonly active in
convergent plate margins and their petrogenesis is
crucial for understanding the origin and evolution of
the andesitic continental crust. The generation of
calc-alkaline magmatic series in oceanic subduction
zones has been primarily attributed to the partial
melting of enriched mantle sources with the
involvement of fluids and/or melts from the
subducted oceanic lithosphere or the partial melting
of metasomatized sub-continental lithospheric
mantle that had been modified by previous plate
subduction (Cheng et al., 2020). Andesite is the
second most common volcanic rock type on earth
and provides abundant information about the
interaction between the mantle and crust in the
subduction zones. However, the petrogenesis of
subduction-related andesite is being debated, since
andesite can form via different processes, such as (1)
magma mixing between felsic and mafic/ultramafic
melt; (2) fractional melting or assimilation fractional
crystallization from basaltic composition; (3) partial
melting of the hydrated mantle wedge peridotite (Li
et al, 2013). Experimental investigation
demonstrates that plagioclase and clinopyroxene
composition can be used to estimate the P-T
condition of volcanic rock crystallization. The
chemical composition of pyroxene in volcanic rocks
shows the nature of the host lava and is used to
determine  the  magmatic  series, tectonic
environment, and origin of the igneous rock (Putirka,
2008).

In the Shourestan area, 14 kilometers west of
Sarbisheh city in South Khorasan province, Eocene-
Oligocene volcanic rocks with pyroxene-andesite
composition are exposed. Based on the results of
previous studies, the Tertiary lavas in the Sarbisheh
area have calc-alkaline nature and are related to
active continental margins (Mohammadi and
Nakhaei, 2022). In this research, the chemical
composition of minerals has been used to determine
the nature of magma, tectonic setting and evaluation
of the temperature and pressure conditions for the
crystallization of andesitic lavas. Also, by using the
geochemical data of the whole rock, the geochemical
characteristics, tectonic setting, and origin of these
rocks have been investigated.

Materials and Methods

Microprobe analysis of pyroxene and plagioclase
minerals was done at the institute of Earth sciences
in Academia Sinica, Taipei, Taiwan. A scanning
electron microscope (JEOL SEM JSM-6360LV) was
used to observe micro-scale texture. Identification of
mineral phases was done by an energy dispersive
spectrometer equipped with SEM, under the beam
conditions of 15 kV, and 0.2 nA for the acceleration
voltage, and beam current, respectively.
Mineralogical investigation was carried out by an
electron probe micro analyzer (JEOL EPMA JXA-
8900R) equipped with four wave-length dispersive
spectrometers. For geochemical investigations, 8
samples were analyzed in Acme laboratory in
Canada by ICP method (for major elements) and
ICP-MS (for trace and rare earth elements) and 3
samples in ZarAzma Company (Tehran, Iran) by
alkaline melting method (for major elements) and
ICP-MS (for trace and rare earth elements).

Results

The constituent minerals of these rocks include
plagioclase and pyroxene. The composition of
plagioclases changes from Abs, Anss to Abss ANy
and are andesine-labradorite type. Clinopyroxene
and orthopyroxene have diopside-like augite and
enstatite composition, respectively. The
crystallization temperature for clinopyroxene and
orthopyroxene were about 1175 and 1200 °C
respectively and the pressure was 2 to 5 kb. The
geochemical data of whole rocks show that the
andesitic lavas of Shourestan have high potassium
calc-alkaline nature and the amount of Mg# in them
varies from 40.97 to 60.97, which indicates the role
of mantle components in their formation. These
rocks show signs of differentiation including
LREE/HREE ((La/Yb)n) from 9.95 to 12.42,
LREE/MREE ((La/Sm)n) from 3.53 to 6.55,

MREE/HREE ((Sm/Yb)x) from 1.89 to 2.99. High

ratios of Zr/Nb (9.81-22.10), Th/Nb (0.68-1.79),
Th/Ta (7.29-24), and Nb/Ta (9.69-15.66) along with
the pattern of LIL elements, support the possibility
of different degrees of crustal contamination-
assimilation of magma during its ascent to the earth's
surface. The studied rocks have low ratios of Ce/Y
(2.44-3.48), (Tb/Yb)n (1.17-1.39), Sm/Yb (1.92-
2.78), and relatively flat MREE-HREE pattern that
confirms the melting of the subcontinental
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lithospheric mantle in the field of spinel stability and
at a depth of fewer than 75 kilometers.

Discussion

Petrographic studies show that the volcanic rocks of
the Shourestan area have pyroxene-andesite
composition. After plagioclase, pyroxene is the most
abundant mineral in Shourestan andesitic lavas. The
values of Mg# in clinopyroxene and orthopyroxene
are 72-78 and 71-77, respectively. High values of
Mg# in pyroxenes indicate the role of mantle
components in the magma source. Based on the
chemistry of clinopyroxene, andesitic lavas of the
Shourestan area have sub-alkaline nature and are
located in the field of volcanic arc basalts. The
anorthite content of plagioclases in andesitic lavas of
Shourestan (52-66%) and Mg# of clinopyroxenes
(72-78) indicate the low amount of water during the
formation of these minerals from primary magma.
The formation temperature of investigated
clinopyroxene and orthopyroxene was about 1200 °C
and the calculated pressure at the time of their
crystallization was determined 2 to 5 kb. The
volcanic rocks of Shourestan were located in the
range of andesite with high potassium calc-alkaline

nature. The amount of Mg# in these rocks varies
from 40.97 to 60.97, which indicates the role of
mantle components in their formation. The presence
of negative Ti, Nb, and P anomalies in trace element
diagrams of the studied samples, confirms the
formation of these rocks in subduction zones.
Relatively low values of Yby in the samples (8.42 to
10.05 ppm) indicate low amounts of garnet in the
source. Geochemical characteristics of the
Shourestan andesitic rocks such as K>O/P,Os ratio >2
along with high Al.Os; and Th enrichment can be
related to crustal contamination or magma formation
from a heterogeneous metasomatized mantle source.
In addition, Th/Ta (7.29-24), Nb/Ta (9.69-15.66) and
Ta/La (0.02-0.05) ratios also indicate different
degrees of the crustal contamination-assimilation of
magma during the ascent to the surface of the earth.
Based on various element ratios, the Shourestan
andesitic lavas originated from a subcontinental
lithospheric mantle that evolved during subduction.
The geochemical characteristics of the investigated
rocks, such as the high ratio of LILE/HFSE and
LREE/HREE, as well as the different tectonic
discriminant diagrams, confirm active continental
margin tectonic setting.
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Fig. 1. Geographical location and geological map of the Shourestan area, modified and redrawn based on 1:100000
geological map of Sarbisheh (Nazari and Salamati, 1999)
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Fig. 2. Field images of rock units in the Shourestan area. A: Brown sandstone, B: Pyroclastic units under the lavas (view
to the northwest), C: Sheared tuffs (view to the southwest), D: Alteration of tuffs to bentonite (view to the southwest), E:
Fresh samples of andesite in gray, and F: Dome structure of andesite (view to the north).
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Fig. 3. Microscopic characteristics of pyroxene andesites in the Shourestan area. A to D: Porphyric texture with microlitic
groundmass, A, B and D: Plagioclase phenocrysts with zoning and sieve texture, A to D: Clinopyroxene, and D:
Orthopyroxene. Abbreviations after Whitney and Evans (2010) (Cpx: Clinopyroxene, Opx: Orthopyroxene, PlI:
Plagioclase).
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Table 1. EPMA results of representative plagioclases from the Shourestan andesitic lavas with structural formula
recalculation based on 8 oxygen atoms.

Sample 16-10-1 16-10-5 16-10-6 16-10-7 16-10-8 16-10-12 16-10-14 16-10-15 16-10-16
SiO2 54.01 5211 5114 5198  52.46 53.00 57.12 53.82 54.68
TiO2 0.02 0.05 0.09 0.06 0.03 0.15 0.14 0.18 0.03
Al203 29.27 30.26 3042 2994  29.60 28.71 26.70 28.00 28.74
Cr20s 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.03 0.00
FeO 0.41 0.30 0.33 0.26 0.27 0.71 0.87 1.25 0.28
MnO 0.00 0.00 0.04 0.05 0.00 0.00 0.00 0.01 0.00
MgO 0.05 0.07 0.15 0.06 0.06 0.06 0.03 0.33 0.08
CaO 12.01 1266 1315 1273  12.07 11.34 8.57 11.14 10.46
Na:O 4.44 4.02 3.70 3.70 4.29 5.01 5.51 4.67 5.12
K20 0.32 0.24 0.19 0.27 0.26 0.36 0.59 0.51 0.40
Total 100.53 99.71  99.20 99.05  99.04 99.32 99.53 99.95 99.79

Si 2.43 2.37 2.34 2.38 2.40 2.42 2.58 2.45 2.47
Ti 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.01 0.00
Al 1.55 1.62 1.64 1.62 1.60 1.55 1.42 1.50 1.53
Cr 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Fe** 0.02 0.01 0.01 0.01 0.01 0.03 0.03 0.05 0.01
Mn 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Mg 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.02 0.01
Ca 0.58 0.62 0.65 0.62 0.59 0.56 0.41 0.54 0.51
Na 0.39 0.35 0.33 0.33 0.38 0.44 0.48 0.41 0.45
K 0.02 0.01 0.01 0.02 0.02 0.02 0.03 0.03 0.02
Total 4.99 5.00 5.00 4.98 5.00 5.03 4.97 5.01 5.00

Xab: Na/(Na+K+Ca) 0.39 0.36 0.33 0.34 0.39 0.44 0.52 0.42 0.46
Xor: K/(Na+K+Ca)  0.02 0.01 0.01 0.02 0.02 0.02 0.04 0.03 0.02
Xan:Ca/(Na+tK+Ca)  0.59 0.63 0.66 0.64 0.60 0.54 0.45 0.55 0.52
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Table 1 (Continued). EPMA results of representative plagioclases from the Shourestan andesitic lavas with structural
formula recalculation based on 8 oxygen atoms.

Sample 16-10-17 16-10-18 16-10-20 16-10-23 16-10-24 16-10-26 16-10-27 16-10-28 16-10-31
SiO2 53.16 52.43 53.79 53.33 52.19 55.61 51.16 52.05 51.84
TiO2 0.02 0.07 0.04 0.03 0.07 0.19 0.06 0.06 0.10
Al203 29.79 29.62 28.60 29.51 30.38 26.97 30.52 29.95 30.65
Cr20s 0.00 0.00 0.00 0.00 0.00 0.04 0.02 0.01 0.00
FeO 0.26 0.34 0.33 0.27 0.29 0.94 0.33 0.34 0.41
MnO 0.00 0.00 0.00 0.00 0.00 0.05 0.03 0.00 0.00
MgO 0.06 0.03 0.09 0.07 0.06 0.03 0.03 0.10 0.05
CaO 12.21 12.07 11.23 12.04 12.45 9.48 13.15 12.54 12.69
Na:O 4.28 4.35 4.89 4.48 4.12 5.79 3.84 3.97 3.94
K20 0.25 0.32 0.34 0.27 0.26 0.51 0.56 0.26 0.29
Total 100.03 99.22 99.31 99.99 99.81 99.61 99.39 99.27 99.97

Si 241 2.40 2.45 2.42 2.37 2.52 2.34 2.38 2.36
Ti 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00
Al 1.59 1.60 1.54 1.58 1.63 1.44 1.65 1.61 1.64
Cr 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Fe** 0.01 0.01 0.01 0.01 0.01 0.04 0.01 0.01 0.02
Mn 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Mg 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.01 0.00
Ca 0.59 0.59 0.55 0.58 0.61 0.46 0.65 0.61 0.62
Na 0.38 0.39 0.43 0.39 0.36 0.51 0.34 0.35 0.35
K 0.01 0.02 0.02 0.02 0.02 0.03 0.02 0.02 0.02
Total 4.99 5.01 5.01 5.00 5.00 5.02 5.01 5.00 5.00
Xab: Na/(NatK+Ca)  0.38 0.39 0.43 0.40 0.37 0.51 0.34 0.36 0.35

Xor: K/(Na+K+Ca) 0.01 0.02 0.02 0.02 0.02 0.03 0.02 0.02 0.02
Xan: Ca/(Na+K+Ca)  0.60 0.59 0.55 0.59 0.62 0.46 0.64 0.63 0.63
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Table 2. EPMA results of clinopyroxenes from the Shourestan andesitic lavas with structural formula recalculation based
on 6 oxygen atoms

Sample 16-10-39 16-10-40 16-10-41 16-10-42 16-10-43 16-10-44 16-10-45 16-10-51 16-10-52
Sio, 51.26 5156 5227 5149 5156 5019 5170  50.81  51.05
TiO, 1.03 0.98 0.71 0.74 0.87 0.96 0.86 0.87 0.98
AlO3 2.99 2.77 2.73 2.93 2.88 3.72 2.93 2.97 2.78
Cr:0s 0.06 0.00 0.00 0.04 0.00 0.05 0.03 0.03 0.00
FeO 8.38 7.77 9.04 8.64 9.78 8.93 7.90 7.85 7.97
MnO 0.20 0.18 0.26 0.11 0.19 0.22 0.18 0.14 0.18
MgO 1554 1542 1503 1515  14.02 1528 1537  16.02 1595
CaOo 1979 2034 1958 1991  19.34 1956  20.34 2017  19.85
Naz0 0.29 0.30 0.37 0.32 0.42 0.44 0.33 0.32 0.30
K20 0.00 0.00 0.00 0.00 0.03 0.00 0.00 0.00 0.01
Total 9953  99.32  99.99  99.34  99.10  99.34  99.68 9920  99.07
Si 1.91 1.92 1.94 1.92 1.92 1.89 1.92 1.90 1.91
Ti 0.03 0.03 0.02 0.02 0.02 0.03 0.02 0.02 0.03
Al 0.13 0.12 0.12 0.13 0.13 0.16 0.13 0.13 0.12
Cr 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Fe?* 0.26 0.24 0.28 0.27 0.31 0.28 0.24 0.25 0.25
Mn 0.01 0.01 0.01 0.00 0.01 0.01 0.01 0.00 0.01
Mg 0.85 0.86 0.83 0.84 0.78 0.85 0.85 0.89 0.89
Ca 0.79 0.81 0.78 0.80 0.78 0.78 0.81 0.81 0.79
Na 0.02 0.02 0.03 0.02 0.03 0.03 0.02 0.02 0.02
K 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Total 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00
Mg#: Mg/(Mg+Fe?")  0.77 0.78 0.75 0.76 0.72 0.75 0.78 0.78 0.78
Fe2*/(Fet°t) 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
En 0.45 0.45 0.44 0.44 0.42 0.44 0.45 0.46 0.46
Fs 0.14 0.13 0.15 0.14 0.16 0.15 0.13 0.13 0.13
Wo 0.41 0.42 0.42 0.42 0.42 0.41 0.43 0.42 0.41
Jd 0.02 0.02 0.03 0.02 0.03 0.03 0.02 0.02 0.02
Ac 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Aug 0.98 0.98 0.97 0.98 0.97 0.97 0.98 0.98 0.98
Xpr 37.94 3813 3838 3802 37.85 37.09 3814 3783  37.93
Yer 2792 -2823  -27.87 -27.90 -26.79  -27.47  -28.34  -28.34  -28.17
F1 083 -083 -082 -082  -084  -082  -083  -0.81  -0.82
F2 249  -248  -251  -246  -249  -245 248 244  -2.46
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Table 2 (Continued). EPMA results of clinopyroxenes from the Shourestan andesitic lavas with structural formula
recalculation based on 6 oxygen atoms

Sample 16-10-54 16-10-55 16-10-56 16-10-57 16-10-58 16-10-59 16-10-60 16-10-61
SiO2 50.88 5157 5054 5154 5060 5101 5122  51.36
TiO2 1.03 0.94 0.84 0.96 0.99 1.02 0.98 0.99
Al,O3 2.74 2.83 3.08 2.88 3.23 2.98 3.02 3.09
Cr0s 0.09 0.02 0.03 0.03 0.02 0.00 0.00 0.05
FeO 7.97 8.00 8.86 8.22 8.52 8.28 7.91 7.90
MnO 0.15 0.17 0.26 0.17 0.19 0.17 0.18 0.19
MgO 1571 1613 1534 1515 1569 1579 1567 1561
CaO 2041 1968  19.89 2042  20.17 2038 2033  19.76
Na.0 0.33 0.35 0.43 0.36 0.42 0.34 0.36 0.32
K20 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00
Total 99.30 9969  99.27  99.75  99.84  99.98  99.67  99.27
Si 1.90 1.91 1.89 1.91 1.88 1.89 1.90 1.91
Ti 0.03 0.03 0.02 0.03 0.03 0.03 0.03 0.03
Al 0.12 0.12 0.14 0.13 0.14 0.13 0.13 0.14
Cr 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Fe?* 0.25 0.25 0.28 0.26 0.27 0.26 0.25 0.25
Mn 0.00 0.01 0.01 0.01 0.01 0.01 0.01 0.01
Mg 0.85 0.87 0.85 0.81 0.86 0.84 0.85 0.85
Ca 0.82 0.78 0.80 0.81 0.80 0.81 0.81 0.79
Na 0.02 0.02 0.03 0.03 0.03 0.02 0.03 0.02
K 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Total 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00
Mg#: Mg/(Mg+Fe?*)  0.78 0.78 0.76 0.77 0.77 0.77 0.78 0.78
Fe2*/(Fel®) 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
En 0.45 0.46 0.44 0.44 0.45 0.45 0.45 0.46
Fs 0.13 0.13 0.14 0.13 0.14 0.13 0.13 0.13
Wo 0.42 0.41 0.41 0.43 0.41 0.42 0.42 0.41
Jd 0.02 0.02 0.03 0.03 0.03 0.02 0.03 0.02
Ac 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Aug 0.98 0.98 0.97 0.97 0.97 0.98 0.97 0.98
Xpr 3803 3811 3763 3816 3775 3810  37.97  37.77
Yer -28.05  -28.46  -2755 -28.01  -27.90 -28.11  -2827 -28.21
F1 -0.83 -0.82 -0.82 -0.84 -0.83 -0.84 -0.83 -0.82
F2 -2.45 -2.45 -2.49 -2.45 -2.48 -2.46 -2.49 -2.45
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Table 3. EPMA results of orthopyroxenes from the Shourestan andesitic lavas with structural formula recalculation based
on 6 oxygen atoms

Sample 16-10-86 16-10-87 16-10-88 16-10-89 16-10-90 16-10-91 16-10-92 16-10-93 16-10-94
SiO, 5244 5308 5324 5276 5338 5237 5202 5176 5277
TiO> 0.39 0.37 0.38 0.41 0.47 0.41 0.37 0.43 0.34
Al.Os 2.42 1.59 1.53 1.64 1.80 3.03 1.26 1.66 1.65
Cr:0s 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
FeO 1700 1657 1683 1662 1594 1750 1847 1713  16.27
MnO 0.40 0.30 0.28 0.31 0.34 0.34 0.23 0.39 0.36
MgO 2536 2581 2524 2597 2629 2398 2576 2605  26.23
CaO 1.63 1.54 1.64 1.57 1.65 1.65 1.64 1.56 1.64
Na.0 0.07 0.05 0.01 0.03 0.05 0.01 0.03 0.02 0.02
K20 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Total 99.71  99.27 9914 9930 9991 9930  99.77  99.01  99.28
Si 1.92 1.94 1.95 1.93 1.94 1.93 1.92 1.91 1.93
Ti 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01
Al 0.10 0.07 0.07 0.07 0.08 0.13 0.05 0.07 0.07
Cr 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Fe2+ 0.50 0.51 0.52 0.51 0.48 0.54 0.57 0.53 0.50
Mn 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01
Mg 1.38 1.40 1.38 1.40 1.41 1.31 1.38 1.40 1.41
Ca 0.06 0.06 0.06 0.06 0.06 0.07 0.06 0.06 0.06
Na 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
K 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Total 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00
Mg#: Mg/(Mg+Fe?*)  0.73 0.74 0.73 0.74 0.75 0.71 0.71 0.73 0.74
Fe2*/(Fet°t) 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
En 0.70 0.71 0.70 0.71 0.72 0.69 0.69 0.71 0.72
Fs 0.26 0.26 0.26 0.26 0.25 0.28 0.28 0.26 0.25
Wo 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03
XpT 36.85 3742 3751 3737 3749 3636 3779 3711  37.35
Yer 2769  -28.05 -27.72  -27.99  -2864 -2698 -26.95 -27.48  -28.29
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Table 3 (Continued). EPMA results of orthopyroxenes from the Shourestan andesitic lavas with structural formula

recalculation based on 6 oxygen atoms

Sample

16-10-107 16-10-109

SiO2
TiO2
Al203
Cr20s3
FeO
MnO
MgO
CaO
Na.O
K20
Total
Si
Ti
Al
Cr
Fe2+
Mn
Mg
Ca
Na
K
Total
Mg#: Mg/(Mg+Fe?*)
Fe?*/(Fe')
En
Fs
Wo
Xpt
Yer

53.98
0.45
1.62
0.00

14.74
0.24

27.00
1.70
0.06
0.01

99.80
1.95
0.01
0.07
0.00
0.45
0.01
1.44
0.07
0.00
0.00
4.00
0.77
1.00
0.74
0.23
0.03

37.64
-29.60

52.67
0.52
3.86
0.09

16.35
0.25

25.30
1.33
0.03
0.00

100.40
1.90
0.01
0.16
0.00
0.49
0.01
1.36
0.05
0.00
0.00
4.00
0.73
1.00
0.71
0.26
0.03
36.05

-28.32
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Fig. 5. The position of clinopyroxenes and orthopyroxenes of the Shouresta andesitic lavas in A and B: Q-J diagram
(Morimoto et al., 1988), C and D: Pyroxene classification diagram (Morimoto et al., 1988; Morimoto et al., 1989)
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Fig. 6. A: BSE image, and B: Variation of Mg and Fe values in clinopyroxene of the Shourestan area andesites
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Table 4. Geochemical analyses of major (wt.%) and rare (ppm) elements for volcanic rocks of the Shourestan area

Sample No. 2 3 16 18 19 74
Rock type Andesite Andesite Andesite Andesite Andesite Andesite
Long. 59°38'08"  59°37'30" 59°38'17" 59°38'10" 59°37'57"  59°39'58"
Lat. 32°32'02" 32°32'22" 32°31'49" 32°30"43" 32°31'29"  32°30'30"
SiO: 61.91 61.67 62.19 62.40 62.36 62.14
TiO:2 0.68 0.67 0.73 0.87 0.85 0.73
Al20s 16.38 16.18 15.58 15.48 15.45 15.55
Fe20st 441 4.48 4.77 4.75 4.73 4.87
MnO 0.18 0.17 0.18 0.18 0.18 0.18
MgO 2.98 2.95 3.38 3.67 3.61 3.2
CaO 4.8 4.77 491 5.01 4.89 4.94
Na.O 3.28 3.43 3.37 3.09 3.01 3.46
K20 2.85 2.68 2.89 3.29 3.29 2.92
P20s 0.27 0.27 0.29 0.29 0.28 0.31
LOI 1.9 24 1.3 15 19 14
Sum 99.85 99.84 99.84 99.83 99.83 99.84
Ba(ppm) 533 508 474 537 596 486
Cs 4.1 4.4 4.6 4.5 4.9 4.7
Hf 4.5 4.1 4.4 4.5 4.4 4.6
Nb 9 9.4 10.6 11.3 11 10.7
Rb 94.1 96.3 94 106.1 108.5 90.8
Sr 355.5 3352.6 377.9 3535 360.5 400.8
Ta 0.8 0.6 1 0.8 1 0.8
Th 14.6 144 14.3 14.1 14.3 13.8
Co 13.2 12.6 14.5 16 17.4 13.9
U 35 3.7 3.1 3 3.2 2.9
Vv 68 71 79 86 84 74
Zr 177 176.6 191 176.8 176.3 187.7
Y 17.3 17.4 17.4 18.8 18.1 18.3
La 30.5 30.7 315 30.5 311 317
Ce 55.2 51.9 56.1 53.9 55.7 55.5
Pr 5.64 5.57 5.87 5.96 5.92 5.88
Nd 20.3 21.2 20.9 21.7 20.3 215
Sm 3.7 3.77 3.8 4.15 3.74 3.76
Eu 0.92 0.97 0.97 0.94 0.95 0.89
Gd 3.57 3.53 351 3.72 3.79 3.46
Th 0.55 0.52 0.56 0.56 0.54 0.52
Dy 3.29 3.06 3.47 3.32 3.45 3.29
Ho 0.69 0.66 0.69 0.66 0.62 0.62
Er 1.95 191 1.94 2.02 2.01 1.77
m 0.26 0.28 0.29 0.27 0.30 0.26
Yb 1.90 1.96 1.97 1.90 1.90 1.77
Lu 0.28 0.29 0.29 0.28 0.27 0.27
Mgt 57.24 56.61 58.40 60.49 60.19 56.55
(La/Yb)n 10.82 10.56 11.18 10.82 11.85 12.14
Eu/Eu* 0.77 0.81 0.81 0.73 0.77 0.7
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Table 4 (Continued) Geochemical analyses of major (wt.%) and rare (ppm) elements for volcanic rocks of the Shourestan
area

Sample No. 10 16-10 M-020-74 M-020-75 M-020-76
Rock type ;?;sri?e ;::lecslgé Andesite Andesite Andesite
Long. 59°38'42"  59°38'16"  59°38'19"  59°37'43" 59° 37" 39"
Lat. 32°32'04"  32°32'18"  32°32'14"  32°32"' 25" 32°32" 24"
SiO2 57.65 59.34 58.46 62.41 62.28
TiO2 0.88 0.72 0.70 0.62 0.63
Al203 16.97 16.39 16.84 16.16 16.40
Fe20st 6.83 6.24 6.45 4.26 4.36
MnO 0.2 0.08 0.09 0.08 0.09
MgO 2.93 2.37 2.26 3.36 3.39
CaO 6.14 6.67 6.66 4.60 4.76
Na20 3.84 401 3.80 3.13 3.34
K20 24 2.09 1.93 2.66 2.75
P20s 0.33 0.30 0.29 0.29 0.28
LOI 1.7 11 2.05 2.37 1.77
Sum 99.87 99.31 99.53 99.94 100.05
Ba(ppm) 544 432 444 529 498
Cs 4.1 3.7 3 5.2 4.5
Hf 4.5 3.7 4.74 4.84 4.8
Nb 135 13.8 15.6 8.8 8.1
Rb 75.9 63 56 111 93
Sr 461.3 461 472 407 406
Ta 1.2 1.01 161 0.76 0.76
Th 11.1 9.42 11.74 15.79 14.53
Co 17.8 19 185 15.3 15.1
U 2.3 2.04 2 3.3 2.8
Vv 144 153 155 81 83
Zr 185.5 158 153 187 179
Y 21.9 23 20.7 18.3 17.5
La 31.9 29.2 31 35 33
Ce 60.2 56.2 59 63 61
Pr 6.61 6.6 6.43 6.33 5.97
Nd 25 25.9 204 24.7 20.9
Sm 4.89 5.2 5.06 3.36 3.7
Eu 0.99 0.93 0.94 0.95 0.92
Gd 3.90 3.98 4,12 3.59 411
Tb 0.54 0.52 0.59 0.60 0.55
Dy 3.22 3.21 3.47 3.27 3.57
Ho 0.65 0.63 - - -
Er 2.08 2.04 2.02 1.72 1.87
Tm 0.32 0.32 0.28 0.32 0.25
Yb 1.76 1.93 2.10 1.90 1.80
Lu 0.32 0.28 0.33 0.27 0.32
Mao# 45.94 42.93 40.97 60.97 60.64
(La/Yb)n 10.92 10.20 9.95 12.42 12.36
Eu/Eu* 0.87 0.75 0.63 0.84 0.72
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Fig. 7. A: classification of volcanic rocks of Shourestan area based on total alkalis versus SiO; (Cox et al., 1979), and B:
Determining of magmatic series using KO versus SiO, diagram (Peccerillo and Taylor, 1976; Le Maitre, 2002)
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Fig. 8. A: Primitive mantle-normalized trace elements diagram (Sun and McDonough, 1989), and B: Chondritenormalized
REE diagram (Boynton, 1984) for andesitic lavas of Shourestan
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Fig. 10. A and B: Determining the temperature, C and D: Determining the pressure for crystallization of pyroxenes in
andesitic lavas of the Shourestan area using YPT versus XPT (Soesoo, 1997) (circle: clinopyroxene; square:

orthopyroxene)
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Table 5. Results of thermobarometry calculations of plagioclase, and water content for the Shourestan area andesites

based on plagioclase-liquid thermobarometr (Putirka, 2005; Putirka, 2008)

Temperature Pressure (kbar) ~ Water content (weight
(degrees Celsius) Based on percent) Based on .
Analyzed eqifggnozg equation25a equation25b (Putirka, <C(AN-AD)
point (Putirka, 2008) (Putirka, 2008) 2008)
1 1184 7.8 0.8 0.22
5 1187 7.1 0.7 0.19
6 1189 6.6 0.7 0.16
7 1189 6.8 0.7 0.17
8 1184 7.6 0.7 0.21
12 1179 8.7 0.9 0.26
15 1170 8.4 1.3 0.38
16 1182 8.7 0.8 0.24
17 1176 8.7 1 0.29
18 1184 7.5 0.7 0.20
20 1184 7.7 0.7 0.21
23 1179 8.6 0.9 0.25
24 1183 7.8 0.8 0.22
27 1186 7.3 0.7 0.19
28 1191 7.2 13 0.36
31 1187 7.1 0.6 0.17
1200 10
A A
AAAAAAAAAAAAAA 9- N
8 A A ’ A
& 1150 ) K A,
= o 4] A A A
& A
6
5§ 7 12 16 18 23 27 31 5 7 12 16 18 23 27 3]
].].OO i : 1 . T . I . 1 . 1 . T . 1 . 5 . | | : I : | . | I I ! I :

1 6 8 15 17 20 24 28 6 8 15 17 20 24 28

Analyzed points Analyzed points

(Putirka, 2008) 5,54 o5, 4 Ol g (sl 35T 53 39S 555 awiw;lid B 5 owisles AN U
Fig. 11. A: Results of thermometry, and B: barometry of plagioclase in andesites of Shourestan by the Putirkamethod

(Putirka, 2008)
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Fig. 12. Diagram of variation of Mg# in clinopyroxene versus plagioclase An% (Kvassnes et al., 2004) show dry
fractionation for genesis of the Shourestan area andesitic rocks.
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