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The metamorphosed Gohar Zamin iron deposit (643 Mt @ 54.3 % Fe, 2.04 % S, 0.12 % P) is hosted
by mica schist, quartz schist, calc-schist and meta-basite. of greenschist facies that formed during
Cimmerian orogeny. The presence of coarse-grained quartz dropstones and garnet-bearing schist
clasts in the schistose rocks and CIA values (41.83 to 95.42) suggests a syn-glaciomarine pelitic
with basaltic eruptions. > REE+Y patterns display slight LREE enrichment, low-moderate Y/Ho
ratios, flat HREE patterns and negative Eu anomaly during pelitic rocks deposition. As a result of
metamorphism, the magnetite-hematite ores display coarse grained texture (> 0.2 mm) that is an

advantage for mineral separation, mineral processing and milling of the ore.

1. Introduction

The Gol-e-Gohar iron mining district is located at 53 km southwest
of Sirjan city at 55¢ 15'- 55¢ 24" E and 29 3'- 29> 7'N and includes
about 13 iron anomalies (1.2 Gt @ 57.2 % Fe, 1.85 % S, 0.16 %
P), of which anomaly #3 or Gohar Zamin mine (643 Mt@ 54.3 %
Fe, 2.04 % S, 0.12 % P) is the largest anomaly. The main objectives
of this paper are to reconstruct the protolith of the schistose-
meta-basite rocks and to study the effects of metamorphism on
the magnetite- hematite ores for mineral separation and mineral

processing of the ore.

2. Research methodology

A total of 250 samples were collected from the exposed
outcrops in open pit and 30 drillholes that include schistose
rocks and meta-basite. For chemical analysis, 50 samples of
host rocks were powdered to minus-200 mesh size and about
50 g were submitted to the Chemical Laboratory of Kerman
Geological Survey, Iran, where major oxides were analyzed by
XRF. For determination of trace elements, samples were sent
to ALS Laboratory of Izmir, a presentative of global ALS Lab

in Turkey. Decomposition of powdered samples was adjusted
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by aqua regia digestion and 60 elements were analyzed by ICP-
MS method.

3. Results and discussions
The most significant host rocks at the Gohar Zamin are mapped
in open pit and drill core as quartz schist, mica schist (muscovite
schist, biotite schist and chlorite schist), actinolite schist (meta-
basite), talc- serpentine schist (meta-ultrabasite) and calc-schist
of greenschist facies. Mineral assemblages are composed of
quartz, muscovite, biotite, chlorite, actinolite, sericite, tourmaline,
serpentine and talc. EMPA data show low values of aluminum in
the amphiboles, thus the chemical composition suggests actinolite
type amphibole.

Petrogeochemically, the highest SiO, values (75.74 wt. %), AL O,
values (20.82 wt. %), and ALO,-K O-FeO+MgO-CaO and Log
SiO,/ Log Al O, Fe,0,t/K O diagrams in quartz schist and mica
schist indicate that the most significant of protolith of schistose rocks
were sandstone and shale, derived from pelitic sediments. Also,
the maximum Fe O, and FeO values (16.89 wt. % to 20.93 wt. %)
belong to the meta-basite and high MgO values (29.96 wt. %)
are related to serpentine talc schists as well as meta-ultrabasites
(22.55 wt. %) (Table 3). The remaining major oxides do not
show significant variations in the host rocks. The boron content
in schistose rocks ranges from 7.5 -15.8 ppm, Co values,11.16-
71.39 ppm, Cu,17.09 -105.26 ppm, Sn, 4.30-11.77 ppm. ZREE
concentrations in mica schist, quartz schist, meta-basite and
serpentine talc schist follow 150.92 ppm, 143.24 ppm, 134.17 ppm,
129.50 ppm and 120.71 ppm, respectively. Among the REE, Ce
is depleted and Ho, Pr and Tb show enrichment in schistose host
rocks. REE+Y concentrations in mica schist, quartz schist, meta-
basite and serpentine talc schist follow 150.92 ppm, 143.24 ppm,
134.17 ppm, 129.50 ppm and 120.71 ppm, respectively (table 4).

The mid oceanic ridge basalt and UCC normalized REE data

illustrate that meta-basites display LREE enrichment similar to

enriched MORB, but the schistose rocks indicate prominent Pr, Eu,
Tb, Ho and Tm anomalies and HRRE enrichment, such as upper
continental crust. To investigate the pre-metamorphic protolith
reconstruction of the schistose host rocks and metabasites, SiO,-
FeOt -MgO data show an affinity to MORB-type tholeiitic basalt
for the meta-basites. Chemical composition of actinolite schists
(metabasites) suggest a MORB-type affinity for the meta-basites.
The enriched MORB basaltic rocks are generated by low degrees
of partial melting at shallow depth (<50-100 km) in mantle, occur
as sill-type-subseafloor basaltic eruptions in extensional tectonic
setting in shallow-rifted sediment filled basins.

Average CIA values (69.04 %) display that the main
precursors of schistose rocks in the Gohar Zamin iron deposit
were possibly of interlayered ice-rafted glaciogenic pelitic
sediments; sandstones and shales, although the high CIA data
have also been interpreted as a result of sediments reworking
into the glaciogenic sediments. The lower CIA values indicate
that the pelitic precursors of the Gohar Zamin meta-sediments
underwent low-moderate degree of chemical weathering,
indicating cool climate condition, while higher CIA values
(90-100 %) suggest high degree of weathering. The WIP values
show a glaciogenic affinity and possibly formed by hydrolysis

of feldspar and volcanic rocks to clay minerals.

4. Conclusion

Petrography, geochemistry and reconstruction of schistose rocks at
Gohar Zamin iron deposit demonstrate that the pre-metamorphic
rocks were possibly of sandstone, shale for quartz schist, mica
schist and basaltic rocks for actinolite schist (meta-basite and meta-
ultrabasite) rocks. The protoliths and the precursors of the banded
schistose rocks, meta-basites, were possibly deposited as chemical-
terrigenous sedimentary rocks, synchronously linked to the MORB-
type submarine basaltic eruptions and during Ediacaran time were

metamorphosed to meta-basite during Cimmerian orogeny.
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Figure 1. A simplified geological map (1/250000) around Gol-e-Gohar mine (modified after Sabzehei et al., 1994). (1) meta-basite (amphibole

greenschist), BIFs, quartzite, meta-jaspilite, sericite schist, chlorite-talc serpentine-biotite schist, overlain by Cambrian brachiopod bearing

marbles, (2) syn-tectonic meta-granitoids (sericitic - chloritic schist), (3) alternation of meta-carbonates, amphibole greenschist, graphitic schist,

quartzite, (4) alternation of graphitic schist, phyllite, meta-carbonates, meta-basalt, (5) alternation of chlorite schist, phyllite, recrystallized

grey fusulinid carbonates, (6) dolomite, shale, sandstone, basaltic lava, reefal limestone, (7) sandstone, shale, belemnite-bearing calcareous

sandstone, (8) orbitolina limestone, (9) nummulitic calcareous sandstone, (10) conglomerate, marl, reefal limestone, (11) minor weakly

cemented conglomerate, marl, gypsiferous marl, (12) older terraces, gravel fans, (13) younger terraces, gravel fans, (14) salt pans, (15) salty

clay-sand, (16) alluvial channel river deposits.
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chlorite schist d) pseudo-gneiss structure in chlorite quartz schist e¢) garnet dropstone in

schistose rocks f) rounded magnetite dropstone in magnetite.
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Figure 3- a) Cataclastic quartz porphyroclasts pre- schistosity (1th generation) (ppl) b) polycrystalline quartz
with undulatory extinction (2th generation) (xpl) ¢) syngenetic plagioclase and quartz in quartz-schist (2th
generation) (xpl), d) coarse-grained chlorites in calcareous schists with magnetite (2th generation) (ppl),
e) euhedral muscovite in mica-schist (xpl), f) green biotite in mica schist (ppl), g) euhedral coarse grained
actinolite in actinolite-schist (1th generation) (ppl), h) lens shape of epidote and quartz (1th generation)
(ppl), 1) subhedral crystals of tourmaline (2th generation) in biotite quartz-schist (ppl), j) pre-tectonic coarse-
grained garnet in actinolite schist, (ppl), (k) microcrystals of talc in chlorite talc-schist (ppl), 1) interlayered
serpentine with magnetite (xpl) in serpentine talc-schist. (Act.: actinolite, Alk.F.: alkali feldspar, Bio.: biotit,
Chl.: chlorite, Ep.: epidote, Ga.: garnet, Mag.: magnetite, Plg.: plagioclase, Qz.: quartz, Serp.: serpentine,

Mus.: muscovite, Tou.: tourmaline).
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Figure 4- a) sericite quartz schist (xpl), b) muscovite quartz schist (xpl), c) biotite (green) schist with lepidoblastic

texture (ppl), d) biotite (brown) schist (xpl), ) chlorite schist with granular magnetite (ppl), f) actinolite schist

(pp)), g) actinolite schist with more than 90% actinolite (ppl), h) biotite talc schist (PPL), i) chlorite talc schist (ppl),

j) cale schist (xpl), k) biotite talc schist with mylonitic texture (ppl), 1) quartz schist with mylonitic texture (xpl).
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Table 1. The possible paragenetic sequences of minerals in host rock in Gohar-Zamin iron deposit.

Metamorphic rock

Mineral

oxidation
alteration

Actinolite schist | Biotite schist

Diagenesis
(+Clast)

Muscovite schist

Chlorite schist

Quartz schist

Magnetite | | | e | e

Hematite | --—— | —— | = —— | e

Goethite | ——- | | e— | e

Makinavite

Pyrite | | | e | e

Chalcopyrite

Quartz | | | e | e

Feldspar | | - |  e—— | e

Chlorite | | —— |  e— | e

Sericite | | -

Muscovite | | | e e

Biotite | | |  e— | e

Actinolite | | | e e

Epidote | | - | = -

Garnet

Tourmaline | | | = —— | e

Sphene | | -

Tale | | |  e— | e

Serpentine

Calcite | | —— |  — |
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Table 2. Chemical composition (wt.%) and amphibole (actinolite) molar percentage and talc in schists by EDXS-SEM method.

Amphibole amount (2 mole OH+ 10 mole O) Mole (%)
Spectrum Si Al Fe Ca Mg (0] Total Si Al Fe Ca Mg | Actinolite Tremolite
Sp.1 24.15 --- 3.56 5.13 10.46 | 56.71 100 8.12 0.00 030 | 1.21 | 4.10 93.14 6.86
Sp.2 30.16 | 1.18 | 1035 | 11.26 9.36 37.70 100 7.90 0.16 0.68 | 2.07 | 2.86 80.69 19.31
Sp.3 22.77 --- 3.59 5.16 1037 | 58.12 100 8.00 0.00 032 | 1.27 | 425 93.03 6.97
Sp.4 28.08 --- 0.01 8.18 10.21 | 53.53 100 8.37 0.00 0.00 | 1.71 | 3.55 99.98 0.02
Sp.5 29.24 --- 8.58 9.64 10.78 | 41.76 100 7.93 0.00 059 | 1.84 | 341 85.31 14.69
Sp.6 23.19 | 1.29 4.97 6.15 10.24 | 54.16 100 7.78 0.22 042 | 145 | 4.01 90.50 9.50
average 2627 | 1.24 5.18 7.59 10.24 | 49.93 100 8.02 0.06 039 | 1.59 | 3.70 90.44 9.56
Talc amount (2 mole OH+ 22 mole O) Mole (%)
Spectrum Si Al Fe Ca Mg (¢} Total Si Al Fe Ca Mg Talc minnesotaite
Sp.1 26.21 --- 3.99 --- 16.9 52.91 2,62 | 427 0.00 0.16 | 0.00 | 3.21 95.14 4.86
Sp.2 28.22 --- 1.24 --- 17.24 53.31 2.74 | 440 0.00 0.05 | 0.00 | 3.13 98.47 1.53
Sp.3 27.26 --- 0.01 --- 17.33 55.41 2,66 | 4.38 0.00 0.00 | 0.00 | 3.25 99.99 0.01
Sp.4 20.32 --- 22.24 --- 12.15 45.28 225 3.86 0.00 1.07 | 0.00 | 2.69 71.63 28.37
Sp.5 26.15 --- 0.01 --- 16.82 57.03 2.56 | 4.36 0.00 0.00 | 0.00 | 3.27 99.99 0.01
Sp.6 26.33 --- 2.67 --- 17.95 53.05 2.65 423 0.00 0.11 | 0.00 | 3.37 96.88 3.12
Sp.7 24.7 --- 2.24 --- 15.49 57.57 | 243 434 0.00 0.10 | 0.00 | 3.17 96.97 3.03
Sp.8 28.64 --- 4.08 5.02 13.71 48.54 | 2.78 | 4.39 0.00 0.16 | 0.54 | 245 93.95 6.05
Sp.9 23.9 --- 4.87 0.99 13.44 56.79 | 2.35 434 0.00 022 | 0.13 | 2.85 92.73 7.27
Sp.10 28.71 --- 1.68 --- 17.4 52.21 2.78 | 4.40 0.00 0.06 | 0.00 | 3.11 97.95 2.05
Sp.11 26.2 --- 9.01 --- 10.38 49.53 241 4.63 0.00 0.40 | 0.00 | 2.14 84.19 15.81
Sp.12 27.37 --- 3.66 1.62 14.6 52.74 | 2.64 | 442 0.00 0.15 | 0.18 | 2.75 94.85 5.15
Sp.13 30.75 --- 1.86 1.08 16.94 48.23 294 | 446 0.00 0.07 | 0.11 | 2.87 97.68 2.32
Sp.14 29.78 --- 0.01 0.7 16.78 52.75 2.83 4.49 0.00 0.00 | 0.07 | 2.95 99.99 0.01
Sp.15 27.99 --- 0.01 --- 16.43 55.58 2.67 | 447 0.00 0.00 | 0.00 | 3.06 99.99 0.01
Sp.16 24.13 --- 0.01 1.4 16.65 57.81 244 | 422 0.00 0.00 | 0.17 | 3.39 99.99 0.01
Sp.17 21.26 --- 1.57 4.45 16.34 56.38 232 3.91 0.00 0.07 | 0.57 | 3.50 97.96 2.04
average 26.35 --- 3.48 2.18 15.68 53.24 | 2.59 | 433 0.00 0.15 | 0.10 | 3.01 95.20 4.80
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Table 3. Average values of major oxides (w%) in schistose host rocks at Gohar-Zamin iron deposit.

This study
5 . . o el
| et || s | S | Taesenm | S| it | petie | s
2 15) 13) ®)
SiO, 44.38 33.64 45 68.05 32.49 48.6 55.07 48 65.2
TiO, 1.12 0.12 1 0.29 0.04 0.32 0.98 1.64 0.49
ALO, 12.84 5.27 14.32 14.16 1.17 9.16 21.5 13.4 12.88
Fe,0, 11.1 6.89 8.66 3.46 9.28 4.65 2.72 23.5 9.7
FeO 11.52 15.54 9.86 3.63 17.82 6.48 6.04
MnO 0.09 0.16 0.1 0.01 1.24 0.25 0.05 0.14 0.13
MgO 13.66 18.67 10.9 3.36 25.31 18.41 3 5.51 7.17
CaO 5.52 14.16 5.44 1.6 6.21 9.57 0.98 0.96 4.5
Na,O 1.5 0.24 1.96 2.11 0.04 0.53 1.43 1.1 2.83
K,0 2.13 1.93 39 4.44 0.14 0.2 3.01 0.25 2.1
PO, 0.3 0.66 0.29 0.13 0.25 0.3 0.11 0.37 0.16
S 0.55 2.72 0.58 0.14 1.53 - -
L.O.I 3.83 9.86 6.01 2.18 15.99 1.36 3.65
Total 99.55 99.35 99.62 99.77 99.22 99.88 98.59
*CIA 58 24 56 63 15
*PIA 60 19 58 72 14
*ICV 2.73 7.97 2.23 1.08 35.17
ALO/TiO, 11.45 45.83 14.26 49.09 30.68

1- Muller & Saxena., 1977; Fatehi and Ahmadipour., 2018; Lan et al., 2019; Asghari et al., 2010. 2- Muller & Saxena, 1977. 3- wang et
al., 2015. 4- Lan et al., 2019. 5- Rudnick and Gao, 2003. CIA, PIA, ICV (McLennan,1993; Nesbitt and Young, 1982; Fedo et al., 1995) *
CIA=(ALO,/A1,0,+Ca0+Na,0+K,0) x100 *PIA= (Al,0,-K,0) /(Al,0,+Ca0+Na,0-K 0) x100. *ICV= (Fe,0,+ K, O + Na,O + CaO + MnO

+Ti0,) / ALO,

VY



Table 4. Average and range of minor and trace elements (ppm) in host rocks, Gohar-Zamin iron mine.

Po—1:(P) PO <1 Fol guoj pgle/gl jSas g 631 ) cpau> 00 48/ Cadgig py (65 jlw jb 4 alsouings § g i Siow loosls 3 )18

203 AS SIS O SloSi 53 (5 20 8) (S 3 5 DS (2 p polie F st

This study

| eanasie | Mo | e | S | e | Mo | S e | e |
Au 0.0011 0.0083 0.0007 0.0004 0.0023 --- - --- --- 0.0015
Ag 0.02 0.02 0.01 0.01 0.02 --- - --- --- 0.053
As 1.78 3.96 1.76 0.86 4.18 --- - --- --- 4.8
B 15.83 7.5 9.38 7.50 8.50 --- --- --- --- 17
Ba 105.75 5.8 143.35 64.08 11.1 --- --- 70.8 358 624
Co 32.11 53.70 43.75 11.16 71.39 37.98 --- --- 12.25 92.3
Cr 85.21 17.45 87.95 13.43 6.12 114.30 --- 98.5 48.5 17.3
Cs 1.99 0.06 3.47 1.31 0.33 --- 1.9 0.11 35 49
Cu 51.61 76.4 17.09 31.56 105.26 --- - 15.1 8.1 28
Ga 10.03 3.8 18 4.06 6.06 --- - 19.8 16.2 17.5
Hf 5.12 4 6.78 8.4 3 --- 1.9 431 3.68 53
Nb 6.04 0.09 13.85 21.59 20.46 - 10.1 4 12
Ni 47.87 13 58.24 11.82 46.66 61.66 --- 58.6 27.5 47
Pb 4.46 3.19 4.03 4.68 3.85 --- --- 1.68 52 17
Rb 53.95 1.51 98.29 2222 491 --- --- 4.63 70.8 84
Sc 6.87 0.82 11.66 221 1.78 --- 36.3 27.2 - 14
Sn 4.30 0.23 11.77 8.61 11.02 8.67 -- - - 2.12
Ta 0.58 0.43 0.48 0.08 0.05 - - 0.65 0.33 0.9
Th 9.02 2.05 8.54 11.67 6 --- - 3.83 4.44 10.5
v 109.68 12.4 355.2 35.52 121.94 --- 184.5 224 67 97
Y 7.1 11.7 24.64 21.73 35.53 --- 27.9 236 8.7 21
Zn 36.43 54.5 64.65 23.98 27.88 --- --- 95.2 54 67
Zr 149.17 138 192.38 200 102.8 --- 79.64 166 120 193
La 22.98 26.34 19.57 23.65 19.11 --- --- 27.3 20.4 31
Ce 28.84 14.75 32.34 37.82 21.38 --- --- 52.9 43 63
Pr 5.35 3.6 7.24 5.71 11.36 --- -- 6.82 5 7.1
Nd 8.2 7.01 24.51 22 20.84 - - 26.1 18 27
Sm 4.53 1.47 5.58 5.09 4.57 --- -- 5.22 3.24 4.7
Eu 1.69 0.21 1.45 1.27 0.09 --- - 1.52 0.9 1
Gd 4.63 1.95 7.22 3.75 3.72 --- - 4.66 2.6 4
Tb 1.31 1.26 2.19 0.71 0.6 --- --- 0.75 0.35 0.7
Dy 5.53 3.65 6.02 3.42 227 --- --- 4.65 1.86 3.9
Ho 0.95 0.31 1.47 0.87 0.33 --- --- 0.99 0.36 0.83
Er 2.94 1.88 3.76 1.8 1.36 --- --- 2.79 0.92 2.3
Tm 0.55 0.72 0.63 0.36 0.48 --- -- 0.42 0.13 0.3
Yb 3.39 1.78 32 1.89 1.43 - - 2.75 0.8 2
Lu 0.45 0.13 0.62 0.34 0.43 --- --- 0.42 0.12 0.31

XREE 120.71 134.17 150.92 143.24 129.50 --- - --- --- ---

1- Muller & Saxena., 1977; Fatehi and Ahmadipour., 2018; Lan et al., 2019; Asghari et al

4- Lan et al., 2019. 5- Rudnick and Gao, 2003
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., 2010. 2- Muller & Saxena, 1977. 3- wang et al., 2015.
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Figure 5. PAAS normalized REEs a) MORB normalized b) and UCC normalized c) in host rocks,

Gohar-Zamin mine.
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