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1- Introduction

Manganese deposits are generally divided into hydrothermal, hydrogenous and diagenetic based on their
mineralogy, tectonics and geochemical composition (Polgari et al., 2012; Schmidt et al., 2014).
Hydrothermal manganese deposits have high ratios of Mn/Fe, from 0.001 to 4000 (Schultz, 2006). The ratio
of Mn/Fe is higher in these deposits than in hydrogenous manganese deposits. These deposits are formed
in two tectonic environments, stratabound and epithermal (Hein et al., 1997). Epithermal and stratabound
hydrothermal deposits are formed along with the centers of marine environments, intra-plate reefs, or island
arcs related to subduction (Hein et al., 2008; Edwards et al., 2011). These deposits also contain less Cu, Co,
Pb, Zn, and Ni than hydrogenous manganese orebodies (Usui and Someya, 1997). The Salardol manganese
ore deposit is located between 47°35' to 47°38' E longitudes and 34°03' to 34°06' N latitudes, 55 km west
of Alashtar. This area consists of countless thrust plates that often appear as Napps, Klipps and Windows.
Existing rock units in this area are based on field observations, microscopic study of rock samples, and
existing geological maps, including radiolarities, breciaition limestone and Cretaceous units. Among these,
as the host of mineralization with considerable expansion, the radiolarities include weathered and folded
red radiolarities with layers of jaspe and clasticlime in the form of turbidite, sometimes highly tectonized
and have the highest amount of manganese.

2- Material and methods

Chip Sampling selected fifty ore samples from mineralized areas. First, microscopic investigations were
performed after preparing thin and polished sections. Then, additional investigations were performed on the
sections in the Iran Mineral Processing Research Center by SEM method and XRD in the Kanpajooh
laboratory. For geochemical studies, 20 manganese ore samples were chemically analyzed in ALS-CEMEX
by the ICP-OES method to determine the abundance of basic oxides and trace and rare earth elements. Finally,
various geochemical diagrams were drawn and analyzed using the obtained data and computer software.

3- Results and discussions

Mineralogy studies, XRD and SEM, indicate the presence of ore such as ramsdellite, romanechite,
cryptomelane, rhodochrosite, jacobsite, franklinite, bixbyite, braunite, manganese oxide and hydroxide,
pyrophanite, pyrite and chalcopyrite. The formation of manganese oxides with textures such as nodule,
disseminated, scattered grain, joint filler, and stockwork and its co-occurrence with quartz and calcite
indicate the submarine hydrothermal origin of the Salardol manganese deposits. The information obtained
from the diagrams and ratios of the main elements, including the various SiO2/Al203, Si/Al, Na/Mg and
Mg/Fe ratios, indicates the role of hydrothermal fluids in shallow marine or lake environments. Low levels
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of trace elements, such as Cu, Co, Ni and Zn, indicate that hydrothermal fluids originate from the Salardol
manganese deposit. The presence of negative anomalies for Eu, Rb and K and positive for Ce, Sr, Nb, Ba,
Cs and Ti indicate that this deposit is highly compatible with manganese hydrothermal deposits. Also, the
normalized pattern of rare earth elements shows that the formation of the Salardol manganese deposit
resulted from the activities of hydrothermal fluids. Accordingly, it can be said that the closure of Neotethys
in the upper cretaceous-palaeocene and the collision of the Central Iranian microcontinent with the Arabian
plate under the influence of Laramide orogeny have caused the formation of ophiolites and many
transformations in this area. After that, volcanic activity with the concentration of hydrothermal systems in
the direction of tectonic movements has caused the expansion of exhalative hydrothermal activity by
washing elements such as Mn, Si, Pb, Zn, Cu, Au and Ba rocks and passing through existing faults; it has
entered the sedimentary basin and created manganese deposits under suitable environmental conditions.
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Tablel. Chemical analysis results for samples of the Salardol manganese ore by ICP-OES.

Sl S2 S3 S4 S5 S6 S7 S8 S9 S10
Wt% Wt% Wt% wt% wt% wt% wt% wt% wt% wit%

Si0; 4029 4578 4329 4522 4491 4213 4538 4510 43.70 44.80
Al;0; 035 040 055 069 050 090 032 003 003 055
Fe,05 229 244 274 252 260 269 233 235 252 212
MgO 004 005 006 003 002 004 004 005 005 0.05
MnO 50.60 4512 4829 47.41 4801 49.22 4712 4775 4931 48.19
Ca0 037 044 075 061 055 012 023 056 050  0.69
K20 005 009 013 015 001 012 011 008 007 0.8
Na;O o1 01 01 01 01 01 01 01 01 01
TiO, 012 011 016 015 013 012 014 017 012 0.9
P,0s 005 006 009 008 007 006 008 009 005 0.6
Cr,0s o1 01 01 01 01 01 01 01 01 01

LOI 350 453 322 260 243 355 375 312 322 285
Total 99.95 99.22 99.48 99.66 99.43 99.15 99.70 9950 99.77  99.78
Si 1853 21.40 2024 2114 2099 19.69 2121 21.08 2043 20.94
Al 019 021 029 037 026 048 017 016 016  0.29
Fe 160 171 192 176 18 188 163 164 176 148
Mn 3626 3494 3740 3672 3718 3812 3649 3675 3819 37.32
pPM__ ppm  ppm  ppm _ ppm _ ppm _ ppm _ ppm _ ppm _ Ppm
Pb 502 659 556 995 770 726 839 897 521 597
Zn 56 44 64 39 44 51 64 45 65 60
Co 158 152 151 153 153 156 153 153 152 158
Cu 222 245 285 256 260 277 298 267 280 302
Ni 17 12 17 12 13 18 15 13 18 18
Rb 10.80 1060 1050 10.00 1070 10.90 1090 10.90 10.80  10.20
U 095 085 084 061 034 054 052 047 066  0.35
Th 11 10 09 13 21 13 20 19 50 24
U/Th 086 085 093 047 016 041 024 025 013 0.5
La 68 94 90 66 65 170 132 54 102 13
Ce 14 21 14 12 13 34 27 11 29 18
Pr 18 31 252 189 196 175 125 156 271 108
Nd 74 126 103 78 83 87 76 64 98 47
sm 18 28 22 19 18 17 12 14 23 11
Eu 038 063 051 034 041 062 072 032 046 0.8
Gd 163 253 238 185 179 684 418 137 179 107
Tb 029 038 035 028 029 099 060 019 030 0.14
Dy 201 190 206 152 153 516 303 106 183 078
Ho 046 033 038 027 026 084 052 018 033 0.5
Er 179 091 108 075 07 204 128 048 093 040
Tm 033 014 015 011 010 027 019 007 014  0.05
Yb o4 08 08 07 06 16 11 04 09 04
Lu 041 012 012 010 008 022 016 005 013 0.6
LREE 36.98 49.17 4049 3443 3560 7171 6145 3139 5545 4584
HREE 760 458 494 373 356 1112 6.88 243 456  1.98

LREE/HREE 481 1073 820 923 100 645 893 1292 1216 23.15
La/Ce 048 045 064 055 05 050 049 049 035 072
SREE 4467 5337 4543 3816 39.16 83.83 6833 33.82 6001 47.82
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Table 1(Continued): Chemical analysis results for samples of the Salardol manganese ore by ICP-OES.

S11  Sl2  S13  Sl4  S15  S16  S17  S18  S19  S20
W% wi%  wWi%  wi%  wWi%  wi% W%  wi%  wi%  wi%
Si0; 4322 46.48 4740 4170 4140 4163 4175 4445 4616 45.25
Al;0; 094 031 003 004 055 040 069 035 041 052
Fe,05 221 261 206 222 224 232 271 274 233 266
MgO 004 003 002 003 004 002 002 004 003 004
MnO 4930 46.62 4633 5135 5122 5120 5025 47.32 46.70 46.70
Ca0 066 041 065 022 072 088 098 095 064 056
K20 007 001 002 004 006 005 006 003 009 012
NazO o1 01 01 01 01 01 01 01 01 01
TiO, 014 016 011 016 017 014 013 016 014 012
P,0s 006 007 005 009 008 006 009 008 004 0.09
Cr,0s o1 01 01 01 01 01 01 01 01 01
LOI 302 365 292 355 311 295 301 344 311  3.49
Total 99.86 9955 99.79 99.60 99.79 99.85 99.89 99.76 99.85 99.75
Si 2020 2173 2216 1949 1939 1946 1952 20.92 2158 21.15
Al 050 016 016 002 029 021 037 019 022 028
Fe 155 183 144 155 157 162 190 192 163 186
Mn 3818 3611 3588 39.77 39.67 39.65 38.92 3665 3617 36.19
pPm__ ppm  ppm  ppm  ppm _ ppm _ ppm _ ppm _ ppm _ Ppm
Pb 613 755 719 698 872 741 842 851 664 681
Zn 41 55 58 63 44 49 35 45 66 60
Co 158 152 149 155 155 158 154 152 156 157
Cu 238 242 263 258 295 245 284 295 300 238
Ni 19 14 17 12 15 20 17 13 16 18
Rb 109 110 100 960 100 10.80 10.60 10.90 10.70  10.0
U 062 035 055 051 046 065 037 025 058 046
Th 140 220 140 190 180 490 26 11 41 09
U/Th 044 077 039 027 025 013 014 023 014 051
Vv 60 46 27 47 46 64 27 44 26 62
La 97 92 95 66 92 88 68 67 150 125
Ce 30 28 29 16 19 12 15 17 21 22
Pr 237 243 240 174 21 155 195 190 170  2.39
Nd 98 96 98 72 76 81 84 126 103 100
sm 20 19 21 16 17 25 20 22 23 27
Eu 050 048 051 040 061 051 032 039 059 0.38
Gd 232 217 232 165 249 240 182 175 484 222
b 039 036 035 031 040 033 061 022 065 0.70
Dy 215 210 216 199 195 416 403 255 218 275
Ho 044 041 043 048 035 040 029 028 091 075
Er 136 119 126 122 111 106 109 101 132 135
Tm 022 019 018 029 017 020 023 024 026 017
Yb 12 12 12 14 09 09 10 11 09 12
Lu 021 016 018 039 013 014 011 010 010 0.12
LREE 56.36 54.85 5595 38.14 4496 37.96 37.19 39.60 56.44 50.88
HREE 597 561 576 608 501 719 7.36 550 632  7.04
LREE/HREE 944 1049 971 648 898 528 505 720 893  7.23
La/Ce 033 033 033 041 048 073 045 039 071 057
SREE 62.33 6046 6171 4422 4997 4515 4455 4510 62.76 57.92
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Table 1(Continued): Chemical analysis results for samples of the Salardol manganese ore by ICP-OES.

S1 S2 S3 S4 S5 S6 S7 S8 S9 S10
ppm _ ppm  ppm  ppm  ppm ppm _ ppm Ppm__ ppm Ppm
Ba 60 50 80 42 33 33 66 90 40 50
Nb 10 10 10 10 10 10 10 10 10 10
Sr 550 860 354 900 365 655 532 850 450 890
Y 10 10 10 20 10 10 20 20 10 10
Zr 30 30 30 30 30 30 30 30 30 30
Ag 1 1 1 1 1 1 1 1 1 1
Cs 0.8 0.8 0.8 0.8 0.7 0.8 0.9 0.8 0.8 0.8
Ga 16 8 9 16 22 25 14 18 17 20
Hf 1 1 1 1 1 1 1 1 1 1
Mo 4 5 4 4 4 5 4 4 4 4
Sn 1 1 1 1 1 1 1 1 1 1
Ta 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5
T 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5
\% 26 44 52 62 45 48 55 36 59 48
S11 S12 S13 S14 S15 S16 S17 S18 S19 S20
ppm  ppm  ppm  ppm  ppm ppm  ppm Ppm  ppm Ppm
Ba 41 40 80 40 40 44 55 99 22 45
Nb 10 10 10 10 10 10 10 10 10 10
Sr 630 840 320 341 888 555 456 850 450 600
Y 20 10 20 20 10 10 10 10 10 10
Zr 30 30 30 30 30 30 30 30 30 30
Ag 1 1 1 1 1 1 1 1 1 1
Cs 0.7 0.8 0.8 0.9 0.8 0.8 0.8 0.8 0.8 0.7
Ga 14 21 9 22 16 17 19 16 22 25
Hf 1 1 1 1 1 1 1 1 1 1
Mo 4 4 4 5 4 5 4 4 4 4
Sn 1 1 1 1 1 1 1 1 1 1
Ta 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5
TI 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5
\Y 60 46 27 47 46 64 27 44 26 62
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Fig. 3. (@) Replacement of radiolarites by silica, Mn-oxide and Fe-oxide, (b) Cryptocrystalline chert and dispersion of
manganese at the cross section, (c) and (d) replacement of Mn-oxide, silica and Fe-oxide into the fractures.
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Fig. 4. (a) Basaltic green pillow lava, (b) Alteration of plagioclase microlites to albite and sericite, (c) Uralitized and
chloritized pyroxene from in plagioclase background and (d) Presence of OPAC mineral in the form of semi shaped to
spherical in pillow lava. Mineral abbreviation are Plg: plagioclase, Cpx: Clinopyroxene, Ssr: Sricite, Chr: ( Whitney and

Evans, 2010).
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Fig. 5. (a) Romanechite with stockwork texture accompanied by cryptomalane, (b) Coexistence of romanechite and
cryptomelane with disseminated texture in two generations of mineralization, (c) presence of romanechite and
cryptomelane in two generation and different texture, (d) Alteration of romanechite and cryptomelane to pyrolusite and
Fe-Oxide, (e) A vein of Franklinite-Bixbyite behind of microcrystalline Fe-hydroxideand (f) Presence of second-
generation Franklinite-Bixbyite in rock veinlets. Mineral abbreviation are Rmn: Romanechite, Krp: Cryptomelane, Pls:
Pyrolusite, Frn: Franklinite, Bix: Bixbyite of Whitney and Evans (2010).
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Fig. 6. (a) Alteration of pyrolusite to Mn-oxide-hydroxide complex (Todorokite, Hollandite, Manganite), (b) Pyrolusite
and romanechite in veinlet and in the form of circular microfossil, (c) presence of coronadite inside the rocks, (d)
Secondary blade hematites on the host unit, (e) Pyrite and chalcopyrite particles a vein of Franklinite-Bixbyite behind of
microcrystalline Fe-hydroxide and (f) Veinlet of malachite inside the rocks. Mineral abbreviation are Pls: pyrolusite,
Tdk: Todorokite, Mng: Manganite, Ho: Hollandite, Hem: Hematite, Cor: Coronadite, Mal: Malachite, Py: Pyrite, Ccp:

Chalcopyrite (Whitney and Evans, 2010).
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Table 2. Mineralogical composition of samples by XRD method.

No. Major Mineral Minnor Mineral

S1 Quartz, Mn-Oxide Todorochite, Goethite Chlorite, Kaolinite

S2 Quartz, Ramsdellite, Jacobsite Goethite

S3 Quartz, Mn-Oxide, Pyrolusite Goethite Braunite, Laumontite

S4 Quartz Mn-Oxide Albite, Clinochlore, Muscovite
S5 Quartz, Pyrolusite, Hemetite Albite, Clinochlore Mn-Oxide, Calcite, Mica, Illite
S6 Quartz, Pyrolusite, Hemetite Plagioclase, Illite Clinochlore

S7  Quartz « Mn-Oxide, Rhodochrosite Clinochlore, Plagioclase Ramsdellite, Pyrolusite

S8 Quartz, Rhodochrosite, Goethite Ramsdellite Calcite

S9 Quartz Calcite, Malachite Goethite, brochantite
S10 Quartz, Rhodochrosite, Goetite Plagioclase Calcite, Dolomite, Illite
S11 Albite, Clinochlore, Augite Mn-Oxide, Anatase Quartz, Calcite, Biotite, Hemetite
S12 Albite, Clinochlore, Augite Anatase, Pyrolusite Quartz, Hemetite, Illite
S13 Albite, Clinochlore, Augite Anatase, Pyrolusite Quartz

S14 Albite, Clinochlore, Pyrolusite Mn-Oxide, Anatase, Augite Quartz, Alkali feldspare,
S15  Albite, Clinochlore, Rhodochrosite  Mn-Oxide, Anatase, Augite Quartz, Biotite, Amphibole
No. Major Mineral Minnor Mineral Trace Mneral

S1 Quartz, Mn-Oxide Todorochite, Goethite Chlorite, Kaolinite

S2 Quartz, Ramsdellite, Jacobsite Goethite

S3 Quartz, Mn-Oxide, Pyrolusite Goethite Braunite, Laumontite

S4 Quartz Mn-Oxide Albite, Clinochlore, Muscovite
S5 Quartz, Pyrolusite, Hemetite Albite, Clinochlore Mn-Oxide, Calcite, Mica, lllite
S6 Quartz, Pyrolusite, Hemetite Plagioclase, Illite Clinochlore

S7  Quartz « Mn-Oxide, Rhodochrosite Clinachlore, Plagioclase Ramsdellite, Pyrolusite

S8 Quartz, Rhodochrosite, Goethite Ramsdellite Calcite

S9 Quartz Calcite, Malachite Goethite, brochantite
S10 Quartz, Rhodochrosite, Goetite Plagioclase Calcite, Dolomite, Illite
S11 Albite, Clinochlore, Augite Mn-Oxide, Anatase Quartz, Calcite, Biotite, Hemetite
S12 Albite, Clinochlore, Augite Anatase, Pyrolusite Quartz, Hemetite, lllite
S13 Albite, Clinochlore, Augite Anatase, Pyrolusite Quartz
S14 Albite, Clinochlore, Pyrolusite Mn-Oxide, Anatase, Augite Quartz, Alkali feldspare,
S15  Albite, Clinochlore, Rhodochrosite ~ Mn-Oxide, Anatase, Augite

Quartz, Biotite, Amphibole

Counts
500

Cornrposition:
Quartz + Goethite + Rhodochrosite +
Ramedelite + Calcite.
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Fig. 7. Design dependent on one of the samples by XRD
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Fig. 8. Electron microscope image (SEM) and BSE graph from Mn mineralization in Salardol area.
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