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1-Introduction

Recently, the demand for iron and manganese elements has increased due to the development of
metallurgical industries in global markets. Iran is no exception in this regard. In the geological map of Iran,
the distribution of iron-manganese deposits and occurrences is mainly around the margins of structural
zones, especially in Central Iran, which suggests that most deposits originated from hydrothermal fluids
(Zarrinkoub et al., 2009; Imamalipour, 2010; Zarasvandi et al., 2018; Rahmatian et al., 2019; Maghfouri et
al., 2019; Ehya and Marbouti., 2021; Ahankoub et al., 2021). For this purpose, many exploration projects
are being carried out to identify these deposits in Iran. Geophysical surveys are one of the most effective
steps in mineral exploration, particularly in identifying subsurface and hidden deposits. Different
geophysical methods may be used depending on the studied minerals' physical properties and geological
conditions. Magnetometry is the best method for the exploration of iron minerals. Magnetic data are directly
used to identify iron minerals with high magnetic susceptibility, such as magnetite, and indirectly to
determine iron and manganese deposits that contain a small percentage of magnetite.

Band-e-Cherk manganese-bearing iron deposits in the Anarak metamorphic complex are approximately
188 km from Isfahan. It is located in northeastern Ardestan, 60 km from the city of Zavareh. There is a
large amount of ferromanganese mineralization observed in the Anarak complex. The Band-e-Cherk
mineralization has not been focused on the previous studies. Our research is focused on studying the
mineralogy and chemistry of Fe--Mn mineralization and comparing them to the magnetic field intensity
data. This study presents the possibility of determining ore-forming mechanisms through geological,
geophysical, textual, and geochemical analyses.

2-Material and methods

To investigate the depth of ferromagnetic bodies and to identify and separate the geological units in the
Band-e-Cherk area, a magnetometry survey was carried out with a regular grid of 50 by 50 meters in three
places. The total number of 4616 magnetic sampling points was measured using a GEM, GSM-19T, and
proton magnetometer. The data was processed, and the results were interpreted through geological
observations. The map of magnetic field intensity after diurnal corrections, geomagnetic reference field
(IGRF) removal, and reduction to pole (RTP) are obtained. There is a good correlation between the
magnetic field intensity and the geological map.

Seventy-nine ore samples were taken from the Band-e-Cherk ferromanganese-bearing samples observed
in the Mesozoic host rocks. Fifty-two thin sections and polished sections were made for textural and
mineralogical analyses. In addition, 27 samples were separated for geochemical analysis. Sample powders
were analyzed at the Zar-Azma company in Iran. Major oxide and trace element contents were determined
with XRF and ICP methods.
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3-Results and discussions

Anarak metamorphic rocks extend from the northwest of the Yazd Block to the northwest of Central Iran.
Band-e-Cherk, in the north of Isfahan province, is a part of the Anarak Palaeozoic-Mesozoic metamorphic
complex belonging to the northwest border of central Iran (Balini et al., 2009; Zanchi et al., 2015). The
rock outcrops in this area are mainly comprised of Anarak Palacozoic-Mesozoic metamorphic complex,
Lower Cretaceous sedimentary sequence, Paleocene conglomerate, and Eocene volcanic rocks. The oldest
rocks are Paleozoic-Mesozoic metamorphic rock units consisting of phyllite, schist, metagabbro, meta
basalt, and serpentinite. Metabasalt and serpentinite are thrust over the meta-sediment units. The lower
Cretaceous red sandstone and conglomerate unconformably cover the aforementioned metamorphic
assemblage. The lower Cretaceous shale, olive green marl, and grey thick-bedded orbitolina limestone
deposited on the lower Cretaceous red beds. Intermediate, mafic, and acidic dykes are intruded into all
units.

The host sequence involves two units, from bottom to top: 1) Palacozoic-Mesozoic metamorphic
complex, and 2) Lower Cretaceous succession. Mineralization has occurred as vein/veinlet, replacement,
banded, breccia, banded, spotted, and microbial remains (botryoidal, radial, and needle). The main ore
minerals are hematite, goethite, pyrolusite, braunite, psilomelane, minor hausmannite, cryptomelan, and
manganite associated with pyrite, galena, and chalcopyrite. Gangue minerals are mostly dolomite, quartz,
calcite, barite, and silica.

4-Conclusion

In the Band-e-Cherk region, two prominent magnetic anomalies in the north and east are related to volcanic
and metagabbroic rocks, respectively. Despite the relatively high intensity of the northern anomaly,
mineralization is not observed at the location of this anomaly. Instead, a magnetic survey reveals a high-
positive magnetic anomaly (up to 2900 nT), which coincides with the site of a magnetite-enriched
metagabbroic body east of the study area. Interpretation of the magnetometry results using geological
evidence points to an asymmetric anticline and occurrences of hematite found on its limbs. It should be
noted that hematite mineralization veins have no magnetic susceptibility and cannot contribute to magnetic
anomalies. Field evidence and geophysical studies suggest that the age of mineralization is between the
Lower Cretaceous and Palaeocene.

Based on geochemical studies, the low to medium amount of Fe in the veins is between 0.64% and
50.65%, and the low amount of manganese (MnO) is between 0.06 and 9.49%. Different major and minor
elements ratios have been used to identify the ore-mineral origin. Geochemically, the ore samples have
higher Ba, Pb, Si, and Sr contents and lower Co, Ni, P, and Ti concentrations and are characterized by
positive Eu and negative Ce, Y, and Nd anomalies. REE composition strongly suggests a crucial role of the
hydrothermal fluid in ore deposition. Our results indicated that the mineralization formed during the three
metamorphic, hydrothermal, and supergene processes. Based on mineralogy, textures, and chemical
variations, Band-e-Cherk economic mineralization is similar to those typical of hydrothermal deposits
where the circulation of fluids into the fractured Anarak metamorphic complex has provided the conditions
for the formation of manganese and iron mineralization. However, some mineralization results from the
leaching of iron and manganese by freshwater during uplift and weathering.
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Altered metagabbro
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Fig. 3. Field photos of the rock units from Band-e-Cherk area, (a) The tectonic uplift of metagabbroic unit as an anticline
with the core of the phyllite-schist metamorphic unit, (bottom-left) Thrust sheets of metagabbro, (b) A disconformity
between the schists and sequences of red conglomerate, and sandstone, and Lower Cretaceous gray to yellow limestone,

(c) Quartz porphyry dike was injected into Anarak metamorphic complex, and (d) Fault contact of the Cretaceous
limestone with schists and metalherzolite, both units are cut by Eocene rocks.
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Fig. 4. Microscopic photos of metamorphosed units in Band-e-Cherk area in transmitted light (XPL), (a) Large and
primary muscovite crystals among quartz and feldspar in mica schist unit, (b) Mafic minerals (pyroxene) have been
completely replaced by actinolite/tremolite. Magnetite crystals are replaced by amphibole or scattered on the matrix of
metagabbro rock, (c) Pebbles of the Cretaceous basal Formation are shown with yellow arraws, (d) Replacement of fossils
in Orbitolina bearing-limestones by goethite mineral, and (e) Mineralization in micaschist. Mineral abbreviation from
Whitney and Evans (2010): Act: actinolite, Mag: magnetite, Ms: muscovite, Pl: plagioclase, Qz: quartz.
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Table 1. Mineralogical composition of Band-e-Cherk ferro-manganese ore (XRD results).

Sample number Major phases

Minor phases

MS24 Goethite, Quartz
MS34 Quartz, Goethite, Hematite
MS12 Calcite, Goethite, Hematite

Hematite, Pyrolusite, braunite

Quartz
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Fig. 5. A view of Band-e-Cherk mineralization, (a) Ferro-manganese mineralization is observed as concordant in phyllite
and its contact with metagabbro, (b) Note to the gradual transition border between ferro-manganese lens and schist host
rock (left, bottom), (c) Hematite veins in the metagabbro, (d) Mineralization in the basal red conglomerate unit is observed
as replacement and open space filling, (¢) Lenticular mineralization in the limestone unit, (f) Iron hydroxide and oxide
with breccia texture in basal red conglomerate, and (g) Hematite associated with prismatic barite, calcite, and quartz
crystals in Cretaceous limestone. White arrows show ferro-manganese mineralization.
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Fig. 6. Image of microscopic samples (PPL) from Band-e-Cherk ferromanganese ore occurrence, (a) mesh texture of
hematite, (b) Psedomorph hematite and pyrolusite substitute in dolomite rhombic crystals, (c¢) Psilomelan mineral occur
in the form of replacement, (d) Hematite mineral in breccia cement, (¢) Intergrowth between hematite and pyrolusite
minerals, (f) Braunite mineral as disseminated anhedral crystals, (g) Ramsdellite mineral as disseminated grains, (h)
Bacterial or microbial form of the fibrous and needle-like todorokite crystals, (i) Influence of microbial activity as the
spherical and oolitic aggregates of hausmannite mineral, (j) Microbial textures as botryoidal hasmanite growing and
needle-like growth pattern of manganite mineral, (k) Galena and hematite minerals in carbonate host-rock, and (1) Barite
mineral and iron oxides in limestone (in transmitted light, XPL). Mineral abbreviation from Whitney and Evans (2010):

Bra: braunite, Brt: barite, Hem: hematite, Hsm: hausmannite, Man: manganite, Pes: psilomelane, Pyr: pyrolusite, Rams:
Ramsdellite, Tod: Todorokite.
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Fig. 7. Paragenetic chart of the major ore and gangue mineral components in the Band-e-Cherk mineralization.
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Fig. 8. The Magnetic field intensity map of the Band-e-Cherk region after pre-processing, geomagnetic reference field
removal, and reduction to pole. The boundary of the geological units along with the location of iron and manganese
mineralization is shown on the magnetic field intensity map.
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Table 2. Major oxides (wt. %) and trace elements contents (ppm) of Band-e-Cherk mineralization zones.

Sample M22 MSI2 MS16 M198 MS88 MS41 M42 MS27 MSI11 MS26 MS06 MS17 M142 Ml17

Host rock Schist  Schist  Schist  Schist  Schist Schist Schist Schist ~ Schist ~ Schist ~ Schist  Schist Schist  Schist

wt. %

Si0, 1.16 350 556 7.79 9.76 1223 2094 22.73 274 3095 3451 37.88 40.69 41.74
ALO; 0.08 050 043 086 098 027 147 113 059 159 5440 028 9.63 2.16

CaO 10.70 1623 1.09 1086 1394 0.74 028 157 032 346 1262 1.00 097 1.26

Fe; O3 7242 53.12 724 57.08 4942 709 46.10 57.00 38.68 46.68 37.69 48.22 30.73 43.9

KO 0.02 009 0.18 021 040 0.07 035 044 0.19 051 030 0.09 041 0.64

MgO 024 040 054 155 089 0.10 026 045 048 076 1.16 036 025 042

MnO 226 5.68 8.12 417 355 249 145 510 143 422 135 405 013 191

Na,O 028 022 029 0.12 067 007 0.16 049 0.10 0.16 071 0.13 501 0.12

P,Os 0.00 0.01 0.02 0.03 0.02 0.01 0.05 008 0.01 005 025 0.02 058 0.07

SO; 049 043 058 019 075 054 021 1.12 022 022 030 040 260 0.52

TiO, 0.00 0.03 0.04 0.11 006 008 0.19 0.12 002 0.15 041 0.03 0.78 0.25

LOI 1287 19.92 11.08 169 20.11 13.07 27.45 10.74 30.60 11.18 426 8.02 8.80 7.56

Total 100.52 100.13 100.33 99.87 100.55 100.57 98.91 100.97 100.04 99.93 99.00 100.48 100.58 100.55

ppm

Al 439 2680 2310 4570 5213 1458 7818 6000 3133 8420 28609 1498 50984 11469
Ba 17 98 24 48 9 28 34 31 98 7291 57 95 127
Ce 45 3 1 14 1 9 37 83 26
Co 16 16 208 321 121 1005 79 5830 17 7420 59.10 20.40 27.90 31.90
Cs 06 08 1.6 19 15 0.3
Cu 1 30 870 3 10 594 18 3 20 7 18746 4 253 46
Dy 46 282 191 256 3.07 242 645 187 321 271
Er 223 11 112 16 128 105 327 083 13 113
Eu 103 122 060 024 127 0.73 1506 0.62 154 0.66
Gd 224 229 162 116 1.97 1.6 425 155 475 212
Hf 05 05 087 077 0.82 086 275 05 167 112
K 227 807 1365 1888 2889 330 2929 2794 1599 3522 707 3675 5577
La 30 4 5 3 13 6 3 425 4 2 20
Li 6 9 5 7 7 43 19 11 27 275 7 30 56
Lu 0.18 011 016 024 0.11 01 21 0.13 0.12

Mg 1477 2443 3307 9356 5384 658 1589 2767 2942 4611 7045 2185 1545 2556
Na 2098 2700 1830 800 4420 343 1220 2811 760 748 5089 857 44642 504

Nb 1.1 2.8 2 3.9 46 8.7 1 247 55
Nd 25 20 1.9 20.1 351 73
Ni 16 6 26 136 38 264 440 294 17 431 66 118 33 102
P 18 73 112 139 103 58 231 130 63 172 949 110 2066 230
Pb 49 30 5 1 11 30 8 13 18 14 208 3 347 78
Pr 045 1.04 0.17 1.03 0.85 5091 922 236
Rb 23.1 192 13.0 4.0 14.0 18.0 240 19.1 80 18.0
Sm 042 121 222 1.01 2.33 1.73  23.67 492 0.15
Sr 509 1382 1098.5 662.2 402.7 76.5 205 2599 138 345.2 1100.6 315.8 875.1 853.5
Ta 02 033 017 0.11 0.2 025 054 017 196 0.69
Tb 0.58 045 049 049 0.69 0.55 141 026 071 046
Th 132 0.26 0.28 035 3.6 3.16 0.19
Ti 17 182 291 690 417 49 1167 757 164 949 2500 229 4595 1502
Tm 031 0.6 0.16 0.27 0.15 0.13 044 0.14 02 021
U 0.1 0.4 1.1 0.3 0.5 03 29 0.7 0.4 1.8

Y 13.0 260 212 134 102 115 80 147 120 125 313 101 146 134
Yb 5.0 52 2.8 1.9 1.9 33 30 19 55 1.6 3.0 1.5 1.9 23
Zr 11 14 26 23 25 28 12 22 17 24 81 19 35 30°
Zn 36 39 83 59 35 79 62 59 53 42 402 47 37 40
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Table 2. continued
Sample M92 M86  MI136  MI163 MO1 MS31 MS32  MO02 Mo4 MNI MI122 M68  Mé69

M,

Host rock Metagabbro Metagabbro
wt. %
SiO, 29.47 32.25 32.57 32.61 34.15 6.56 6.62 1039 12.03 21.14 22,65 27.74 3394
Al O; 11.08 11.24 2.92 11.04 1.53 1.39 0.38 1.08 0.32 1.44 1.48 0.66 0.67
CaO 7.04 10.67 13.99 13.09 35.95 7.85 1597 18.36 6.85 3.46 37.67 2726 2945

gabbro Metagabbro Conglomerate Limestone Limestone Limestone Limestone Limestone Limestone Limestone Limestone

Fe;O3 9.78 10.63 15.72 6.45 493 66.82 49.08 41.09 58.69 4949 2.17 1.44 0.91
KO 0.18 0.10 0.17 2.73 0.32 0.40 0.20 0.23 0.10 0.43 0.32 0.12 0.19
MgO 0.85 1.23 0.78 1.30 0.51 0.44 0.78 0.71 0.53 0.18  0.002 034 0.27
MnO 0.22 0.12 2.58 0.06 0.71 0.09 5.79 7.46 3.49 9.49 0.45 0.30 0.44
Na,O 0.42 0.31 0.70 0.19 0.11 0.12 0.28 0.22 0.54 0.13 0.07 0.10 0.02
P05 0.61 0.68 0.07 0.09 0.33 0.07 0.02 0.07 0.02 0.28 0.21 0.03 0.02
SO; 0.16 0.06 0.31 0.05 0.16 0.52 0.85 0.21 0.91 1.42 0.35 0.27 0.09
TiO, 3.07 2.94 0.63 0.10 0.06 0.06 0.01 0.03 0.00 0.04 0.09 0.03 0.01

LOI 3791 29.64 28.92 31.59 21.4 1577 19.07 20.55 16.80 11.27 34.64 4232 334
Total  100.79  99.87 99.36 99.30 100.16 ~ 100.09 99.05 100.40 100.28 98.77 100.10 100.61 99.41

ppm
Al 58658 59482 15472 58424 8120 7359 2020 5721 1700 7657 7832 3498 3566
Ba 99 132 2604 478 41 243 5663 148 7890 16100 241 468 76
Ce 66 80 20 53 23 8 8 25 10 19
Co 2820 2850 2540  17.10 24 31 162 51 33 37 164 260 290
Cs 0.8 1.1 1.4 13 0.5 0.8
Cu 14 28 22 27 533 35 511 198 597 762 19 14 7
Dy 721 6.38 5.17 2.22 067  1.08 453 159  1.89
Er 3.35 251 2.17 0.95 047  0.73 198 071 089
Eu 33 226 457 1.25 038  9.77 175 107 1.02
Gd 7.53 578 3.01 3.08 0.89  0.94 419 247 234
Hf 1.48 1.19 121 2.26 093  0.75 076 073 084
K 1519 849 1416 22706 2709 2689 984 2113 872 3135 2713 1066 1613
La 32 39 10 25 33 4 4 22 3 11 17 5 10
Li 28 33 17 49 27 2 22 14 21 9 4 1
Lu 0.33 023 023 0.12 0.13 021  0.12
Mg 5148 7473 4759 7844 3098 2686 4740 4315 3242 1136 169 2099 1630
Na 3174 2373 5250 1468 850 447 1546 2493 4041 1302 543 804 192
Nb 13.6 109 73 154 2.8 2.1 1.7 3.8 1
Nd 486 422 9.2 21.1 166 93 127
Ni 8 11 22 46 34 38 13 41 14 23 23 8 8
P 2686 2988 327 435 1482 233 109 290 118 1011 934 171 95
Pb 28 19 135 10 47 647 7669 196 252 21182 26 6 1
Pr 1047 975 2.04 5.44 083 077 3.61 2 247
Rb 194 2.0 66.0 140 60 24 157 6.0
Sm 8.88 6.71 7.56 2.96 121 13.99 33 1.84
Sr 2803 2025 8168 1443 2220 1476 6483 599.0 8060 903.0 2388 2869 2283
Ta 0.5 0.95 0.75 133 012  0.13 028 02  0.17
Tb 1.52 1.07 0.76 0.51 021 026 089 04 045
Th 5.52 2.13 4.98 131 042 0.81
Ti 18419 17627 3832 5998 365 419 99 223 48 299 595 200 103
Tm 0.42 0.34 0.37 0.16 0.1 024 012 0.3
U 0.6 03 03 15 15 1.4 1.8 0.8 0.6
Y 26.3 27.6 26.1 114 11 5 6.9 6 4 11 238 56 128
Yb 3.8 2.4 33 13 1.1 1.8 1.6 2.6 3.2 3.1 2.2 1.1 1.0
Zr 23 54 39 80 12 36 19 15 10 16 8 5 5
Zn 92 87 38 13 5 67 55 26 35 285 53 3 1

AR



¥ oo,led ¥ 6,50 VFAY Sl

V%

.y o W K 5
a8 yiy 6315 (owlid (e ;fﬂfu!/:#ﬂfﬂ@b

H |
100000 vPh (ppmj

10000
1000
100

10

100 1000

10000

2000

4000 6000 2000

Na (wt?s)

0 in limestone
O1in conglomerate
¢ 1n Metagabbro
A 1n schist

"""""

How marifie-—___ Mg (wt%)
2 3
.'"-f.
30 Hydrothermal 0 ’
20 L Hydrogenetic
57
10 Q,,f"

Al (wi%)

4]

8 10

g0 ,loges (b) «(Nicholson, 1992) ppm w5 Pb Lilis ;0 Zn Sloges @) 5:King 3 sl )Luils S5 SUgo (sl ,loges -V + IS
Toth, ) Ni 4, Co s blin ;o CotNi+Cu (ppm) ;Ugo ,losas (€) «(Bonatti et al., 1972; Toth, 1980) %Na Ll ;o %Mg
{(Crerar, 1982) a.il . Fresh Water ,Lazs| F'W .(Crerar, 1982) %Si Llie jo %Al SUgo jloses (d) 5 (1980

Fig. 10. Binary diagrams of ferro-manganese deposits, (a) Plot of Zn verus Pb in ppm (Nicholson, 1992), (b) Binary plot
of %Mg verus %Na (Nicholson, 1992), (c) Binary plot of Co+Ni+Cu (ppm) verus the Co/Ni ratio (Toth, 1980), and (d)

Binary plot of %Al verus %Si (Crerar, 1982).
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Fig. 11. (a) Spider diagram of chondrite normalized rare earth elements for ore samples of Band-e-Cherk normalization
values after (Boyton, 1984), and (b) Primitive mantle-normalized trace elements spider diagram for Band-e-Cherk (Sun

and McDonough, 1989).
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Fig. 12. Fe-Mn ternary classification diagrams for determining of the origin of Band-e-Cherk ferro-manganese area, (a)
Ni-Zn-Co ternary diagram (Choi et al., 1992), and (b) Fe-Mn-(Co+Ni+Cu)x 10 ternary diagram (Bonatti et al., 1972; Toth,

1980).
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