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The Band-e-Cherk exploration area is located in the structural zone of central Iran,
northeast of the city of Ardestan, and the Anarak metallogenic zone. The outcropping
rock units in this area include Kuh-e-Dom metamorphic schist complex and
recrystallized limestone, Cretaceous limestone sediments, Paleocene conglomerate,
Eocene volcanic rocks composed of andesite, andesite-basalt, trachyte, as well as tuff
and diorite intrusions. The Kuh-e-Dom metamorphic complex is of lower Paleozoic
age, and includes muscovite schist to graphite-muscovite schist, epidote-hornblende-
calc schist, muscovite-chlorite schist, calc schist, crystalline limestone and marble.
Graphite mineralization is concentrated along the schistose surfaces of graphite-
muscovite schist units, and quartz, kaolinite, illite, muscovite (sericite), orthoclase
and dickite minerals are other minerals. Comparison of the temperature range for the
formation of high-quality flake graphite, which is formed at temperatures above
450°C, mainly between 470 and 560°C (in the amphibolite facies), with the
temperature obtained by interpreting the results of Raman spectroscopy on high-
quality graphite-bearing samples from the Band-e-Cherk area, shows that
graphitization in the Band-e-Cherk area is of an amorphous type and at a temperature
lower than 450°C (436°C). Therefore, it was formed under the temperature
conditions associated with the greenschist metamorphic facies.

Introduction

technologies, such as semiconductors, fuel
cells, use in lubricants, electronic vehicles,

Graphite, with the chemical formula C, is
an economic mineral formed primarily under
metamorphic and associated hydrothermal
conditions. The main mechanisms of graphite
formation include  deposition  from
carbonaceous fluids and graphitization (Luque
et al., 2012). Graphite's unique physical and
chemical properties make it the key strategic
component of most industrial products and

optical fibers, nanotechnology technologies,
high charge capacity anodes for lithium
batteries, aircraft wings, nuclear, wind and
solar power as well as a source of graphene
(e.g., Luque et al., 2012; Lazzeri and Barreiro,
2014; Rosing-Schow et al., 2017; Al-Ani et
al., 2018, 2020). The formation of graphite is
referred to as graphitization, which represents
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the in situ conversion of organic matter
(Crespo et al., 2006a, b). As the degree of
transformation of carbonaceous materials
increases, they first transform into amorphous
graphite, and with increasing of temperature,
flake graphites were formed. The main
controlling factors in the graphitization
process are the metamorphic temperature and
lithology of the host rock, and pressure plays a
minor role in the graphitization process
(Santosh et al., 2003).

The Band-e-Cherk district, covering
approximately 30 km?, is located in the Kuh-
e-Dom area within the Anarak metallogenic
zone. Mineralization in the Anarak area is very
diverse in terms of mineralogy, origin and the
form of mineralization. Mineralization of iron,
copper, molybdenum, antimony, gold, lead,
zinc, arsenic, nickel, cobalt, manganese,
chromite, and strontium of hydrothermal,
magmatic, and metamorphic origin has been
observed (Ghorbani, 2007). However, despite
the extent of the metamorphic units of the
Kuh-e-Dom complex, the possibility of the
formation of graphite deposits in metamorphic
units has not been investigated, which is the
main objective of this research. Therefore, the
mineralogy of graphite and the estimation of
graphitization temperature in the Band-e-
Cherk district were investigated in this
research.

Materials and Methods

About 300 samples were taken from
different units of the Band-e-Cherk district.
Among which 80 thin-polished and polished
sections of metamorphic units were prepared
and examined using a ZEISS Axioplan 2
microscope at Kharazmi University and
Iranian Mineral Processing Research Centre
(IMPRC). Furthermore, 57 powder samples
were analyzed by X-ray diffraction (XRD)
method using Philips instrument (X'pert
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model) with primary beam CoKal (1.789A°),
single chronometer on secondary optics,
power 40 kV and current 35 milliamperes at
the Sharif University of Technology and also
at IMPRC. SEM studies were carried out by
the FEI ZEISS 650 FEG-ESEM instrument at
Kharazmi University, Tehran. SEM-EDS
analyses and secondary electron (SEM-SE)
images were obtained using beam currents of
510 15 nA and electron acceleration potentials
of 5 to 20 kV for mineral identification and
textural studies. Two polished thin sections
were selected for Raman spectroscopy
analysis. They were examined using a Raman
microscope  manufactured by  Teksan
Company, model Tekram P50CR10, with a
wavelength of 532 nm and a laser power of 0.5
to 70 mW at Shahid Beheshti University.
Results and Discussion

X-ray diffraction (XRD) analysis shows a
variety of minerals including quartz, kaolinite,
illite, muscovite (sericite), calcite, orthoclase,
and dickite. The carbon content of the
graphites ranges from 45.83 to 88.82 wt%. The
use of Raman spectroscopy is a suitable
solution to determine the degree and
temperature of graphitization, which is
calculated by the ratios of R1 and R2, position
and intensity of peaks D1, D2 and G based on
the relationship (1) and (2).
R2 = (D1/G+D1+D2)A (1)
R1=(D1/G)H 2)

The indices A and H indicate the area of the
peak and the maximum intensity of the peak,
respectively (Beyssac et al., 2003). The most
commonly used parameters obtained from
Raman spectra were obtained from two thin-
polished sections of graphite-bearing schist,
which is summarized in Table 1. Based on
these quantitative parameters, it is possible to
evaluate the metamorphic condition of
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graphite-bearing schist according to the
formula TGr (°C ) = -445R2+641.

Table 1. Raman spectrum parameters and
calculated temperature peak, according to the
formula of Beyssac et al. (2002). TGr (°C) = - 445
R2 + 641

Samples T
BC-03-17 | 2O
Parameter 27
Peak D1 1367 1357
Position G 1588 1583
D1 40 40
FWHM
G 18 17
R1 0.86 0.85
R2 0.46 0.46
TGr (°C) 436 436
The application of TGr shows a

temperature of 436°C, which is insufficient for
pure and flaky graphite mineralization. The
low values of R1 and R2 ratios, 0.85-0.86 and
0.46, respectively, indicate the low degree of
graphitization. Flaky crystalline graphite
occurs at temperatures above 450°C, i.e. in the
range of 470-560°C, up to transformation
conditions and 0.1 to 0.4 and 0.2 to 0.38, for
R1 and R2, respectively (Al-Ani et al., 2020).
Therefore, the graphite formed in the Band-e-
Cherk is characterized by amorphous graphite
formed at a temperature below 450 °C. The
temperature obtained is consistent with the
temperature conditions of the greenschist
metamorphic facies.
Conclusions

The Paleozoic east-west trending Kuh-e-
Dom metamorphic complex is host for
graphite mineralization within graphite-
muscovite schist. Comparison of the
temperature range for the formation of high-
grade flake graphite with the temperature
obtained for graphite-bearing samples from
the Band-e-Cherk district indicates that
graphitization in the Band-e-Cherk district
occurs as amorphous graphite at a temperature
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below 450°C (436°C) associated with the

greenschist metamorphic facies.
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Fig. 1. Geological map of the Anarak Metallogenic Complex (AMC), located in the central part of the Urmia-
Dokhtar belt. The Koh-e-Dom district is located in the central part of the Anarak metallogenic complex.
Modified after Nogole Sadat and Almasian, (1993).
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Fig. 2. Simplified geological map of the Bend-e-Cherk district.
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Fig. 3. a) Graphite-muscovite schist with NW-SE trending in the Band-e-Cherk district. b) Widespread
occurrence of muscovite schist rocks in the Band-e-Cherk district. ¢) Exploration trench on the graphite-bearing

schist of the Band-e-Cherk district.
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Fig. 4. a) Outcrop of crystalline limestone associated with the Kuh-e-Dom metamorphic complex in the western
part of the Band-e-Cherk district. b) Occurrence of the conglomerate in contact with the andesitic volcanic unit
in the north of the Band-e-Cherk district. c) Diorite intrusion into the graphite-bearing schists in the western

part of the Band-e-Cherk district. d) A view of the occurrence of tuff and andesitic rocks in the north of the
study area.
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Fig. 5. a, b) Banding of quartz-graphite-muscovite with schistosity (transmitted light). c-d) The presence of
disseminated graphite and hematite along the schistosity (reflected light). Abbreviations are from Whitney and
Evans (2010) (Gr: graphite, Qtz: quartz, Ms: muscovite, Hem: hematite).
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Table 1. Results of X-ray diffraction (XRD) analysis performed on the graphite-muscovite schist in the study
area.

Sample code
BC-TR13-29, BC-03-117, BC-03-118, BC-07-

Lithology Mineral assemblage

Graphite-muscovite schist ~ Graphite, Muscovite, Jarosite, Pyrite,

02M, BC-07-04M, BC-07-07, BC-07-07M,
BC-07-22M, BC-07-23M, BC-10-04

Orthoclase, Anhydrite, Quartz,
Calcite, Hematite, lllite, Gypsum,
Magnetite, Halite, Natrojarosite,
Albite, Alunite, Andradite,

BC-TR7-26M, BC-10-05,BC-Tr7-23, BC-Tr7-
24M, BC-Tr7-25, BC-Tr7-26, BC-Tr7-26M,
BC-Tr7-28, BC-Tr13-29

Graphite-muscovite schist

Graphite, Muscovite, Dolomite,
Orthoclase, Clinochlore, Quartz,
Calcite, Magnetite, Hematite,
Diopside, Gypsum, Kaolinite,
Jarosite, Pyrite, Anhydrite

BC-2-3, BC-2-9, BC-3-11a, BC-3-11b, BC-3-
17a, BC-3-17b, BC-3-117a, BC-3-117b, BC-7-
4a, BC-7-4b, BC7-22a, BC-7-22b, BC-7-233,
BC-7-23b, BC-2-4, BC-Tr-01, BC-Tr-03, BC-
TR-03-117H, BC-Tr3-10, BC-Tr3-223a, BC-
Tr3-22b, BC-Tr-3a, BC-Tr-3b, BC-Tr7-27a,

Graphite-muscovite schist

Graphite, Quartz, Muscovite,
Gypsum, Goethite, Calcite, Dickite,
Albite, Illite, Tremolite,
Montmorillonite, Jarosite, Rutile,
Natrojarosite, Goethite, Dolomite,
Palygorskite

BC-Tr7-27b, BC-Tr-15A, BC-Tr-15B, Trl1,
Trl6, Tr20, BC-3-17, BC-7-4, BC-7-23, BC-
Tk-3, BC-3-11, BC-7-22, BC-Tr7-27
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Table 2. Carbon element values obtained from SEM studies in the Band-e-Cherk area.

K1 K2 K3 K4 K5 K6 K7 K8 K9
C (Wt.%) 7707 7743 7214 8033 4583 6528 8882 7568  77.82
O (Wt.%) 1490 1862  12.03 8.64 7.08 11.28 7.04 1641 2218
Al (Wt.%) 3.37 2.15 02.56 3.45 13.72 4.40 2.15
Si (Wt.%) 4.66 1.79 12.61 4.64 25.43 6.88
Fe (Wt.%) 3.27 5.75
K (Wt.%) 2.93 7.94 2.44
Cl (Wt.%) 2.47 4.14
Total 10000  99.99 10261 9706  100.00  87.84 10000  99.99  100.00
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district. Abbreviations are from Whitney and Evans (2010) (Ms: muscovite, Gr: graphite).
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Fig. 7. a) Orientation and bending of schistosity in epidote, chlorite, and muscovite crystals as a result of
dynamic stresses (transmitted light). b) Rotation of calcitic protomylonites as a result of dynamic stresses
(transmitted light). c-d) The presence of veinlets and disseminated hematite along the schistosity (reflected
light). Abbreviations are from Whitney and Evans (2010). PI: plagioclase, Ser: sericite, Chl: chlorite, Ab: albite,
Clay: clay mineral, Bt: biotite, Ms: muscovite, Hem: hematite.
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Fig. 8. a) Orientation and jagged fabric of schistosity surfaces in quartz and muscovite crystals (transmitted
light). b) Formation of quartz crystals due to silica alteration (transmitted light). ¢, d) Euhedral to anhedral

hematite formed as open space filling and disseminated (reflected light). Abbreviations are adapted from
Whitney and Evans (2010). Qtz: quartz, Ms: muscovite, Op: opaque mineral, Hem: hematite.
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Table 3. Amounts of titanium element obtained from SEM studies in the Band-e-Cherk district.

K1 K2 K3 K4 K5 K6
0 (Wt.%) 20.86 24.85 33.29 30.83 30.81 28.93
Si (Wt.%) 3.61 2.32
Ti (Wt.%) 72.29 71.18 66.71 69.17 69.19 71.07
Al (Wt.%) 1.65
Total 96.76 100.00 100.00 100.00 100.00 100.00
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Table 4. Amounts of Cu, Sn, and W elements obtained from SEM studies in the Band-e-Cherk district.

K1 K2 K3 K4 K5 K6
O (Wt.%) 1.01 2.16 9.83 12.68 2.07 2.92
Sn (Wt.%) 18.63 24.72 77.71 37.96 16.73
Fe (Wt.%) 2.75 7.32 69.17
Ni (Wt.%) 8.68 12.97 19.21
Cu (Wt.%) 68.92 60.14 39.57 78.43
Al (Wt.%) 1.65 2.39
Ca (Wt.%) 16.14
W (Wt.%) 71.18
Si (Wt.%) 1.19
S (Wt.%) 1.92
Total 99.99 101.64 97.25 169.17 100.06 100.00

ol odal G 4 S oy bog0me ;0 SEM clalllas 5l a5 S ,0b jobie polie -0 Jgo
Table 5. Amounts of REEs and some other elements were obtained from SEM studies in the Band-e-Cherk

district.
K1 K2 K3 K4
O (Wt.%) 20.72 18.89 13.21 16.20
Si (Wt.%) 1.36 2.12 1.64
P (wt.%) 14.88 1451 13.31 15.62
In (Wt.%) 2.61
La (wt.%) 5.70 5.03 15.90 18.98
Ce (wt.%) 23.48 21.08 29.01 31.37
Pr (Wt.%) 5.09
V (Wt.%) 0.73
Nd (wt.%) 22.03 21.61 17.52 14.69
Sm (wt.%) 8.47 6.31 3.83
Gd (wt.%) 5.36 2.21 3.14
Al (Wt.%) 3.36
Total 99.98 100.81 99.99 100.00
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Fig. 10. Copper, tin, and tungsten disseminated mineralization in the altered units of the Band-e-Cherk district.
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Fig. 11. Disseminated REE Mineralization in the metamorphosed units of the Band-e-Cherk district.
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Fig. 12. Raman spectrum (sample BC-03-17).
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Table 6. Raman spectrum parameters and calculated temperature peak, according to the formula of Beyssac et

al. (2002). TGr (°C) = - 445 R2 + 641

Peak Position FWHM
I R1 R2 TGr (°
Samples D1 G D1 g Gr (°C)
BC-03-17 1367 1588 40 18 0.86 0.46 436
BC-Tr7-27 1357 1583 40 17 0.85 0.46 436
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