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Introduction

Schist and gneiss metamorphic rocks, especially in orogenic belts,
mainly host microcrystalline, amorphous, and flaky graphite deposits in the
Earth’s crust. Due to its modern technological use as graphene source and
commercial lithium-ion batteries, graphite has a growing economic value
and known as critical minerals (International Energy Agency, 2021).
Graphite can be formed through maturation and metamorphism of biogenic
carbonaceous material; as precipitation from C-O-H fluids; mantle-derived,;
and through reduction of carbonates (Simandl etal., 2015). Important
graphite deposits are found in carbonaceous sedimentary rocks subjected to
regional or contact metamorphism and in veins precipitated from fluids.

The Band-e-Cherk district located in the Kuh-e-Dom metallogenic area
and consist of graphite-bearing schists that superposed contact
metamorphism and are associated with Eocene volcanoplutonic suits.
However, the microscopic characteristics, geochemistry, ore genesis,
carbon source, and other features of graphite-bearing schists in the district
have not been thoroughly explored. This study determined the geochemical
features of graphite-bearing schists from the Band-e-Cherk district to
reconstruct the metamorphic protoliths and Palaeo-sedimentary
environment.
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Geology determined based on several internal certified
The study area lies in the Kuh-e-Dom reference samples. For the XRF these are <1% for

metallogenic area at the central Iran zone. This region
forms an important part of the Anarak metallogenic
belt. Magmatic rocks in the Kuh-e-Dom metallogenic
area are Eocene volcanic and granites, whose
extension is controlled by west—east trending faults.
The Kuh-e-Dom metamorphic complex consists of
phyllite and various schist units in contact with
magmatic rocks and with the same trending. The
Kuh-e-Dom metallogenic area is characterized by the
Fe—Cu—Au—Mn-Pb-Zn-Au-Ag mineralization.

Lithologically, the Band-e-Cherk district are
dominated by Permo-Triassic metamorphic units
(including muscovite schist, epidote-hornblende-schist,
muscovite-chlorite schist, biotite-graphite-schist), and
Lower Cretaceous limestones as the oldest unit, as well
as Eocene andesite, andesite-basalt volcanic rocks and
equivalent tuff. Graphite-bearing schists are mostly in
contact with marl, limestone and small amount of
diorite intrusion as well.

Analytical methods

For this research, sampling was carried out on
graphite-bearing schists, and twenty-five thin-
polished sections were prepared and studied with a
Zeiss Axioplan 2 transmission-reflection optical
microscope at the Kharazmi University. Twenty-six
samples of graphite-bearing schists were analyzed for
major elements by XRF and trace elements by ICP-
MS method at Zarazma Mineral Processing Research
Center and lranian Mineral Processing Research
Center (IMPRC). The analytical uncertainties were

SiO, and Al,O3, and <5% for other major and minor
elements. The detection limits were 0.1% for SiO,
and 0.01% for other major elements.

Results

The results show that the SiO, content of the
metamorphic rocks is high (52.98% to 80.68%), while
Na,O is 0.07% to 5.32%, K,0 is 0.33% to 5.61%,
K,O > Na,O, and K,0/Na,0 + K,0 > 0.5. SiO; is
significantly negatively correlated with Al,O3. P,O5
ranges from 0.01% to 4.86% (with average 0.54%,
which is generally low, and MnO is between 0.001%
and 0.61%, with a small variation range. On Harker
diagrams, SiO, is negatively correlated with Al,O3,
Ca0O, K,O0, MnO, Fe,O; and TiO,, reveal that
chemical differentiation of the rocks is constrained by
sedimentary differentiation (Cheng et al., 2023). The
fractionation degree of light rare earth elements
(LREEs) is greater than that of heavy rare earth
elements (HREESs), with LREE/HREE ratios of 3.33
to 34.2; Lay/Yby is 3.58 to 24.98, with a mean value
of 10.44. The rocks have moderate negative Eu
anomalies (0Eu = 0.42 to 1.93, mean = 0.91). Ionic
lithophile elements (e.g., Rb, and K) are relatively
enriched, but Sr is fairly depleted.

Discussion

As the Zr/TiO,—Ni diagram displays (Winchester
et al., 1980; Renmin et al., 1986), graphite-bearing
schists samples were projected into the zone of
sedimentary rocks (Figure 1A).
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Figure 1. A) Ni vs. Zr/TiO, (Winchester et al., 1980; Renmin et al., 1986); B) Composition diagram of sedimentary-
metamorphic rocks in different climatic zones of (Renmin et al., 1986) (1: Terrestrial facies clay compositions in humid
and hot climatic zones; 2: Marine facies, lacustrine and lagoon facies clay compositions in dry climatic zones; 3: Terrestrial
facies clay compositions in cold or moderately cold climatic zones); C) La/Th versus Hf diagram (Floyd and Leveridge,
1987), which shows that the studied samples are in the range of acidic-intermediate states.

Based on Simonen’s diagram (Simonen, 1953)
(Al+fm—C+alk—Si), all samples fall into the

argillaceous sedimentary rock zone, confirming
that the protoliths of the metamorphic rocks were
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sedimentary and that the metamorphic rocks are
para-metamorphic. For determining of Palaeo-
sedimentary environment, we used a ternary
diagram of claystone composition in different
climatic zones, indicating a shallow depth
terrestrial facies zone of a cold or moderately cold
climate for the samples under study (Figure 1B).
Based on Ni-TiO, discriminating diagram (Floyd
et al., 1989), the protoliths of metamorphic samples
plot in the sandstone zone and felsic rocks of the
magmatic zone. All samples, on La/Th—Hf diagram
(Figure 1C; Floyd and Leveridge, 1987), fall into
within the mixed felsic—intermediate source zone,
and on Th-Hf-Co ternary diagram (Taylor and
McLennan, 1985), plot within the upper crust
district.

Conclusion

The lithogeochemical analysis of graphite-
bearing schists shows that the protolith are
sedimentary rocks are of feldspathic sandstone and

clay-rich materials, which are in a paleo-
sedimentary environment of fresh to saline water.
It was formed in a continental environment in a
cold or relatively cold climate. Sediments
originated from the upper crust and the main
components of their origin were argillaceous rock
and sandstone with an acidic-intermediate mixture
composition. The tectonic discrimination diagrams
show that the precursors of metamorphic rocks
were probably deposited in an organic-rich river-
flood facies environment in the continental margin.
Feldspathic sandstone (possibly arkose), clay, and
organic-rich graywacke were deposited over a long
period and metamorphosed during regional
metamorphism, and graphite formed by organic
carbon metamorphism. However, the degree of
metamorphism was not sufficient to obtain flake
graphite, and the graphite is the microcrystalline
amorphous type, which has undergone a weak
degree of graphitization, and the temperatures have
not exceeded 450 °C.
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Figure 3. Lithological section of the graphite-bearing metamorphic sequences at the Band-e-Cherk district (with

modifications from Shahin et al., 2023).
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Figure. 5. Photomicrographs of lithological units in the Band-e-Cherk area. A, B) Graphite-muscovite schist unit;
C) Crystallized limestone unit; D and E) Calc schist unit; F) Siliceous-carbonate alteration unit (All images were
taken in XPL transmitted light. Abbreviations are from Whitney and Evans (2010)).
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Table 1. Chemical composition of the graphite-bearing schists by XRF (in wt.%) and ICP-MS (in ppm) methods
(BD: below detection limit; NA= not analyzed).

Sample No.BC-TR-3 BC-TR-9 BC-TR7-25 BC-TR7-26 BC-TR7-27 BC-TR7-28 BC-TR13-29BC-3-17 BC-3-117
SiO, 55.32 52.98 65.64 63.17 56.54 63.07 55.99 63.29 56.82
TiO, 1.4 2.06 0.72 1.25 1.61 0.97 1.25 14.98 17.08
Al,O4 13.84 16.71 8.55 17.36 16.75 15.38 12.92 0.51 0.13
Fe,O3 6.57 10.04 11.01 4.24 7.05 8.41 11.52 9.59 7.84
MgO 1.2 2.3 1.9 1.32 2.35 1.55 111 4.09 4.63
MnO BD 0.22 0.18 BD 0.11 0.23 0.61 0.39 0.4
CaO 0.1 2.7 3.09 1.01 2.69 0.07 2.89 BD BD
Na,O 1.75 0.39 1.01 0.37 0.32 0.07 0.94 0.33 0.89
K,0 4.76 3.83 1.41 4.9 4.36 5.61 3.78 0.08 0.24
P,0s 4.86 0.32 0.08 0.19 0.29 0.18 0.14 0.32 2.23
SO; 0.65 0.49 151 0.38 0.43 0.39 1.62 2.19 2.68
LOI 9.56 7.95 4.9 5.73 7.37 3.92 7.23 4.23 7.04
As >100 86.5 33.9 47.9 51.2 >100 53.7 25.4 17.8
Ba 432 234 193 293 317 482 175 188 189
Be 2.3 2.1 11 2.2 2.6 2.9 2.3 1.4 13
Co 1.2 42.8 23 11 21.3 77.8 29.8 51 4
Cr 111 104 58 67 80 102 90 77 45
Cs 2.3 5.6 1.8 8.2 5.2 2.2 4.9 1.9 1.9
Cu 16 41 18 19 23 171 40 37 26
Hf 1.5 1.9 11 2.5 2.5 2.8 2.7 1.9 1.5
In BD BD BD BD BD BD BD BD BD

Li 28 117 45 65 58 48 29 28 21
Mo 5.2 2.9 8.8 0.6 1.5 2.7 2.2 1.9 8.4
Ni 191 30.7 8.6 37.9 36.3 111 27.9 15 13
Pb 15059 1055 450 841 1018 748 650 416 337
Rb 6.07 7.63 2.27 9.61 9.54 2.97 7.13 3.65 3.2
Sb 2472 1818 5567 346 1237 748 5683 4890 >3%
Sc 1.7 3 3.2 2.5 2.5 6.3 3.3 2.3 2.3
Se 22.7 18.9 8 11.3 14.6 14.2 154 9 8.4
Sn 1.1 21 1 2.9 2.3 2.6 2.9 13 1.2
Sr 37.9 352.2 81.6 539 273.8 1031 80.5 40.2 140.4
Ta 0.6 0.9 0.6 0.9 1 1.2 1.2 0.8 0.6
Te BD BD BD BD BD BD BD BD BD
Th 13.9 10.8 55 13.3 13.3 8.9 11.3 6.4 4.3
Tl 0.8 0.7 0.2 0.7 0.5 0.8 0.5 0.3 0.4
V) 6.1 1.5 13 231 2 3.1 1.8 2.5 1.4
\Y 311 197 112 102 145 205 143 127 58
W BD BD BD 4.7 BD BD 1.2 BD BD

Y 19.5 18.9 10.7 15.6 17.7 29.6 20.4 9.7 115
Zn 61 50 61 27 1029 61 53 95 96
Zr 143 137 65 130 132 176 154 103 89
La 46 39 11 54 50 17 37 16 15
Ce 80 81 24 107 100 33 76 39 33
Pr 209 41 19 7 48 29 15 493 356
Nd 5.5 191 7.1 17.9 19.2 22.8 19.7 10.3 7.8
Sm 2 55 1.2 6.2 6.8 2.2 4.5 2.1 1.8
Eu 0.41 1.42 0.26 1.17 1.62 0.75 1.06 0.45 0.3
Gd 2.77 4.9 2.34 4.71 5.37 3.23 4.08 2.76 2.59
Tb 0.3 0.5 0.2 0.5 0.6 0.4 0.6 0.2 0.2
Dy 2.7 3.2 1.9 2.8 3.3 3.6 3.4 1.8 2.4
Er 1.6 13 0.6 1.2 1.4 1.4 14 0.7 0.9
Tm 0.4 0.2 0.2 0.2 0.3 0.3 0.3 0.2 0.2
Yb 2.92 211 1.29 1.55 1.78 2.74 2.24 2.06 1.44
Lu 0.4 0.1 BD 0.2 0.2 0.2 0.2 0.1 BD
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Table 1. Continued.

Sample No. BC-7-7 BC-7-22  BC-7-23 HE-01 BC-7-4M BC-7-22M BC-03-117MBC-07-23M BC-TR7-24M

SiO, NA NA NA NA NA NA NA NA NA
Al,O4 14.44 18.90 13.45 5.58 6.31 4.52 3.46 4.55 6.85
CaO 2.04 0.20 1.05 4.86 0.85 0.06 0.46 0.18 3.19
Fe,O3 6.07 3.92 6.84 6.01 4.19 4.8 7.26 9.25 3.6
K,0 4.12 4.57 4.28 2.3 4.7 3.68 1.65 2.81 2.14
MgO 0.71 0.33 1.34 1.33 0.86 0.12 0.17 0.52 1.12
MnO 0.02 0.00 0.12 1021 693 23 95 85 849
Na,O 1.73 0.71 0.66 0.31 1.43 0.64 1.45 1.51 0.53
P,0s NA NA NA 0.07 0.04 0.09 0.04 0.09 0.05
SO, NA NA NA 3.72 0.2 0.23 0.77 3.96 0.55
TiO, 1.45 3.29 0.89 0.19 0.15 0.18 0.2 0.27 0.21
LOI NA NA NA NA NA NA NA NA NA
As 25.8 225 19.6 79 8 37 25 78 7
Ba 409 417 306 251 353 351 203 273 361
Be 2.1 2.1 2.8 1.07 3.59 1.61 BD BD BD
Co 2.7 1.8 16.1 28 15 1 3 2 13
Cr 87 96 96 39 101 92 56 53 72
Cs 3.1 3.2 4.8 3.44 4.74 2.7 1.03 1.92 3.48
Cu 23 12 12 52 23 19 12 12 62
Hf 1.5 2.3 1.7 2.47 1.26 BD 1.48 11 1.24
In BD BD BD BD BD BD BD BD BD

Li 19 23 28 80 37 22 17 40 29
Mo 2.5 2.2 0.7 4 1 2 8 7 BD

Ni 23.9 19.9 23.6 64 33 15 12 9 42
Pb 405 936 387 43 14 11 15 20 20
Rb 6.24 4.98 6.05 74.06 94.06 96.08 41.1 84.13 67.54
Sb 1233 10715 1004 BD BD BD BD BD BD

Sc 1.4 2.2 2.4 11.15 7.86 7.52 5.34 8.64 9.73
Se 23.7 23.6 14.6 4.4 1.42 2.57 2.13 2.04 2.58
Sn 1.6 2 2.6 183 47 48 27 94 55
Sr 62.9 133.3 68.6 BD BD BD BD BD BD
Ta 0.7 1.2 13 BD BD BD BD BD BD
Te BD BD BD 6.62 3.82 2.19 3.5 3.09 5.35
Th 5.9 7.5 11.6 BD BD BD BD BD BD

TI 1.5 1.4 0.5 BD BD BD BD BD BD

U 1.7 2 1.1 154 156 320 101 232 100

\ 375 327 125 BD BD BD BD BD BD
W BD 1.4 BD 9 3 1 3 2 11

Y 11.9 11.7 15.7 2 1 1 2 2 2
Zn 49 66 32 44 29 17 60 40 25
Zr 123 190 103 1.14 1.93 221 1.86 121 35
La 32 31 36 27.5 55 9 15 10.5 16.5
Ce 60 63 70 42 9 16 24 16 27
Pr 322 246 29 6.72 2.46 2.81 3 2.61 3.76
Nd 7 20.1 25.4 21.93 7.79 10.99 10.5 9.71 12.74
Sm 53 3.3 3.9 BD BD BD BD BD BD
Eu 1.54 0.9 0.62 111 BD BD BD BD BD
Gd 4.66 3.37 3.78 3.97 1.75 21 1.48 1.43 2.53
Tb 0.6 0.3 0.4 BD BD BD BD BD BD
Dy 3 2.3 3 2.42 1.14 BD BD BD 2.3
Er 0.8 0.7 1.3 1.38 BD BD BD BD 1.41
Tm 0.2 0.2 0.2 2.47 1.06 0.85 291 1.44 1
Yb 1.97 1.87 1.67 59 39 20 24 44 120

Lu 0.1 0.1 0.1 BD BD BD BD BD BD
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Table 1. Continued.

Sample No. BC-3-118 BC-7-2 BC-7-2M  BC-7-4 BC-20 BC7-7TM  BC-TR7-26M BC-TR7-23M
SiO, NA NA NA NA NA NA NA NA
AlLO; 9.45 6.22 12 14.42 7.14 5.89 7.93 0.62
CaO 0.58 3.39 1.69 0.08 1.11 0.45 1.27 20.49
Fe,O3 14.30 9.14 4.33 4.19 3.82 2.58 4.6 1.12
K,0 2.29 1.60 3.81 5.00 3.73 3.3 3.93 0.33
MgO 0.27 0.33 1.25 1.40 0.94 0.44 0.46 0.24
MnO 0.02 0.00 441 0.01 465 72 95 306
Na,O 1.17 1.41 0.47 0.81 0.49 5.32 1.49 0.12
P,0s NA NA 0.12 NA 0.11 0.02 0.08 0.01
SO, NA NA 0.2 NA 0.25 0.61 2.11 0.09
TiO, 0.65 0.35 0.31 1.61 0.26 0.35 0.42 0.01
LOI NA NA NA NA NA NA NA NA
As 111 32.9 255 21.4 80 13 17 18
Ba 481 342 247 416 379 385 339 69
Be 2.7 2 1.61 2.8 BD 1.3 1.68 BD
Co 1.7 4.4 21 1.9 20 2 4 3
Cr 92 91 45 102 72 71 35 8
Cs 3.1 3.8 6.16 3.6 6.69 3.53 4.45 0.4
Cu 15 37 114 24 40 10 43 18
Hf 45 2.5 2.26 3.3 1.99 1.74 2.08 BD

In BD BD BD BD BD BD BD BD

Li 38 28 152 27 109 32 34 3
Mo 7 2.6 2 7.1 2 2 1 BD

Ni 26.5 23.6 47 27.6 44 9 16 11
Pb 385 743 27 1133 31 18 24 20
Rb 7.23 5.87 105.21 6.85 110.88 98.73 152.79 9.06
Sb 1784 18007 BD 2434 BD BD BD BD

Sc 1.6 2.5 10.81 21 9.8 12.24 175 0.83
Se 20.9 22.9 5.57 31 5.04 4.46 3.94 BD
Sn 2.9 2.4 287 2.6 229 103 481 214
Sr 76.7 495.7 BD 135.4 BD BD BD BD
Ta 0.8 1.4 BD 1.8 BD BD BD BD
Te BD BD 10.41 BD 8.62 6.04 8.15 BD
Th 9.5 7.6 BD 6.4 BD BD BD BD

Tl 1.5 1.6 BD 1.4 BD BD BD BD

U 3.1 1.2 124 2.3 126 99 121 19

\Y 402 141 BD 394 BD BD BD BD

w BD BD 10 2.7 8 3 3 2

Y 17.1 9.9 2 13.9 2 1 1 BD
Zn 97 63 81 68 75 52 42 3
Zr 218 166 1.71 244 2.07 BD BD BD
La 37 31 235 37 20 215 14 5
Ce 78 64 62 73 53 41 25 7
Pr 278 363 8.74 556 7.6 6.57 5.09 BD
Nd 241 20.9 29.44 31.6 26.54 22.93 19.17 2.08
Sm 4 3.7 BD 5 BD BD BD BD
Eu 0.76 0.67 1.26 1.09 1.12 BD BD BD
Gd 3.66 3.17 4.33 4.07 3.69 3.02 2.63 BD
Tb 0.5 0.3 BD 0.5 BD BD BD BD
Dy 3.5 1.8 2.29 2.6 1.88 1.27 1.61 BD
Er 1.6 0.6 13 0.9 1.15 BD BD BD
Tm 0.3 0.2 2.95 0.2 2.93 231 1.82 0.78
Yb 241 1.4 43 2.06 48 64 31 36
Lu 0.2 0.1 BD 0.1 BD BD BD BD
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Figure 6. A, B) Banding of quartz-graphite-muscovite with schistosity (transmitted light); C and D) Schistosity
fabric in quartz and muscovite associated with graphite (transmitted light) (Abbreviations are from Whitney and
Evans (2010)).
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Table 2. X-ray diffraction (XRD) results for the graphite-muscovite schist in the Band-e-Cherk area.

Sample code Lithology Mineral assemblage
BC-TR13-29, BC-03-117, BC-03-118, BC-07-02M, BC-07-04M, BC-07-07,  Graphite- Graphite, Muscovite, Jarosite, Pyrite,
BC-07-07M, BC-07-22M, BC-07-23M, BC-10-04 muscovite Orthoclase, Anhydrite, Quartz, Calcite,
schist Hematite, Illite, 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, Graphite- Graphite, Muscovite, Dolomite, Orthoclase,
BC-Tr7-26M, BC-Tr7-28, BC-Tr13-29 muscovite Clinochlore, Quartz, Calcite, Magnetite,
schist 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, Graphite- Graphite, Quartz, Muscovite, Gypsum,
BC-3-117b, BC-7-4a, BC-7-4b, BC7-22a, BC-7-22b, BC-7-23a, BC-7-23b, muscovite Goethite, Calcite, Dickite, Albite, lllite,
BC-2-4, BC-Tr-01, BC-Tr-03, BC-TR-03-117H, BC-Tr3-10, BC-Tr3-22a, schist Tremolite, Montmorillonite, Jarosite, Rutile,
BC-Tr3-22b, BC-Tr-3a, BC-Tr-3b, BC-Tr7-27a, BC-Tr7-27b, BC-Tr-15A, Natrojarosite, Goethite, Dolomite,
BC-Tr-15B, Trl1, Trl6, Tr20, BC-3-17, BC-7-4, BC-7-23, BC-Tk-3, BC-3- Palygorskite

11, BC-7-22, BC-Tr7-27
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