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1- Introduction

Bauxite resources are Al (Ga and REES) economic concentrations formed from intense alteration and chemical
weathering of aluminosilicate-rich parent rocks (Béardossy, 1982; Laskou, 1991, 2003; Evans, 1993; Liu et al.,
2010; Putzolu et al., 2018; Sinisi, 2018). These residual deposits are mainly formed under humid tropical to sub-
tropical climates, with annual rainfalls exceeding 1.2m and average temperatures higher than 22°C (Bérdossy and
Aleva, 1990). According to the mineralogy, geochemistry and host lithology, bauxite deposits can be grouped into
three genetic types: lateritic, karst, and Tikhvin (Bardossy and Aleva, 1990). Lateritic bauxites are derived by in
situ and direct lateralization of aluminosilicate rocks. Tikhvin bauxites are detrital and transported deposits
overlying the eroded surface of aluminosilicate rocks without any relationship with the original residual profile
rocks. They are the erosional product of pre-existing lateritic bauxite deposits. Karst bauxites are formed on the
more or less karstified and/or eroded surfaces of carbonate rocks.

The most important known bauxite deposits in Iran belong to the Irano-Himalayan bauxite belt. They can be
divided spatially and temporally into five age groups (Calagari and Abedini, 2007; Ahmadnejad et al., 2017;
Khadivar and Taghipour, 2019):

1. Permian deposits in NW Iran and in some parts of the Central Plateau of Iran (CPI)

2. Permo-Triassic deposits in NW Iran, Alborz Mountain Chain (AMC), and in some parts of the CPI

3. Triassic deposits in CPI

4. Triassic to Lower Jurassic deposits in the AMC and in some parts of the CPI

5. Cretaceous deposits in the Zagros folded belt

They are similar to Mediterranean karst bauxites (Zarasvandi et al., 2008, 2010, 2012; Mongelli et al., 2014,
2015, 2016; Zamanian et al., 2016; Abedini et al., 2018).

Qarkhotlou and several other bauxite deposits and resources were recently explored in Soltanieh—Mahneshan Belt
(SMB) by private companies. However, the final exploration reports show no published literature about these
bauxite deposits' geological, mineralogical and geochemical characteristics in the SMB. In this contribution, we
provide the first detailed petrographical, textural and geochemical studies in the Qarkhotlou deposit to reveal
more details of the ore-forming process, identify the precursor rock(s), and conditions bauxite deposit formation.

2- Materials and methods

Detailed fieldwork has been carried out at different scales in the Qarkhotlou area. During the field works, detailed
stratigraphic sections were measured, sampled and described. Forty samples were collected from different parts of
the bauxite horizon in the Qarkhotlou deposit for mineralogical and geochemical analysis. In addition, samples
were also collected from rock units below and above the deposit. Thirty-five samples were selected to prepare
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thin and thin-polished sections in the University of Zanjan, Zanjan, Iran. Mineralogical and textural studies of
these samples were carried out using optical microscopy and XRD. The latter was performed at the XRD
Laboratory, Zarazma, Tehran. In addition, 13 representative samples from the bauxite horizon and 1 sample from
trachy andesibasalt lava below the deposit were analyzed for major and trace elements using XRF and ICP-MS in
the Zarazma Analytical Laboratories, Tehran.

3-Results and discussion

The Qarkhotlou bauxite deposit is located 25km southwest of Zanjan. Rock units exposed in this area include
Cambrian dolomite and dolomitic limestone (Mila Fm.), lower Permian sandstone (Doroud Fm.), middle to late
Permian limestone (Ruteh Fm.), lower Jurassic shale and sandstone (Shemshak Fm.) and Quaternary sediments.
The bauxite occurs as a semi-continuous stratiform horizon occupying karst cavities near or at the boundary
between the Ruteh and Shemshak Formations. It is trending NW-SE over 300m, dips 30-40° SW and varies in
thickness from 15 to 30m. The small-scale strike-slip faults have offset the bauxite horizon (<10m). Based on
colour, facies and textural features, three distinct bauxitic facies are distinguished in the Qarkhotlou deposit,
which, from bottom to top, include (1) lower red-brown pisolitic bauxite, (2) middle red bauxite and (3) upper
yellow bauxite. There are also irregular patches of trachyandesibasalt lavas between Ruteh and Shemshak
Formations beneath the bauxite horizon.

Mineralogical compositions are essentially similar in all the bauxite samples. Detailed textural and mineralogical
analysis based on optical microscopy and XRD data revealed that hematite, goethite, boehmite, diaspore,
kaolinite, and pyrophyllite are the major mineral components in the Qarkhotlou bauxite ores; sericite-illite,
anatase, rutile, and chlorite are minor minerals. The matrix-forming minerals in the bauxite ores are
cryptocrystalline boehmite, diaspore, kaolinite, and pyrophyllite. Petrographic observations indicate that
panidiomorphic, microgranular, pelitomorphic, pisolitic, and oolitic are the main texture-forming components in
the Qarkhotlou ores. These ores textures suggest that the bauxite material has an authigenic origin (Gu et al.,
2013; Ahmadnejad et al., 2017). However, the clastic assemblages in the pelitomorphic matrix, the ore flow, and
breccia textures indicate that the bauxite at Qarkhotlou experienced transportation and re-deposition.

Geochemical data indicate that the Qarkhotlou bauxite deposit has bauxite and bauxitic clay compositions and
suggests that trachyandesibasalt lavas are the main component of their parent material. The data reveals that the
Qarkhotlou bauxite horizon has formed in pH 4 to 7 and Eh of 0.4 to 0.6 and a moderate degree of lateralization.
The bauxite samples and trachy andesibasalt lava show similar chondrite-normalized REE patterns indicating that
they are genetically related. Geochemical investigations reveal that the main components of the ores are Al;Os,
Fe20; and TiO.. In addition, immobile elements like Zr, Cr, Hf, V, Th, U and Ta were distinctly enriched during
the bauxitization.

4- Conclusions

The petrographical, textural and geochemical studies of the Qarkhotlou deposit indicate that this deposit can be
classified as Mediterranean karst bauxite.
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Fig. 3. Lithostratigraphy column of the Qarkhotlou area.
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Fig. 4. (a) View of Qarkhotlou bauxite horizon showing location of sampling profiles, looking to the north, (b)
View of remnants of trachyandesibasalt lava in the lower part of the bauxite horizon in the exploration trench,

looking to the north and (c—e) Close views of flow and brecciated textures (yellow lines) within the bauxite horizon
probably showing its reworking and reprecipitation.
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Fig. 5. Field photographs of different parts of the Qarkhotlou bauxite horizon. (a) View of lower red-brown pisoidic

bauxite, looking to the northwest, (b) Close view of lower red-brown pisoidic bauxite containing hematitic pisoids
(yellow lines), (c) View of middle red bauxite, looking to the north, and (d) View of upper yellow bauxite over the

middle red bauxite, looking to the north.
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Fig. 6. Photomicrographs (a and b in reflected light and the rest in transmitted plane-polarized light, PPL) of
mineralogy in the Qarkhotlou bauxite horizon; (a) Coarse-grained hematite set in fine-grained matrix forming
pseudo-porphyry texture, (b) Hematite in the rim of pisoids and ooids, (c and d) Goethite in the core of pisoids and
ooids which are disseminated in clay mineral matrix, (€) Boehmite and diaspore in the core of deferrificated pisoids
and ooids and (f) Chlorite set in fine-grained clay and Fe oxy-hydroxide matrix. All abbreviations follow Whitney
and Evans (2010). (Bhm: boehmite, Chl: chlorite, Clay: clay minerals, Dsp: diaspore, Fe-Oxide: iron oxy-

hydroxide, Gth: goethite, Hem: hematite).
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Fig. 8. Microphotographs (transmitted plane-polarized light, PPL) of Qarkhotlou bauxite horizon ores texture. (a)
Panidiomorphic texture composed of large-grained extraclast aggregates set in fine-grained matrix of recrystallized
bauxite, (b and c¢) Microgranular texture composed of boehmite and hematite minerals set in fine-grained matrix of
clay minerals, (d) Pelitomorphic texture, (e) Breccia texture, (f) Flow texture, (g) Extraclast aggregates set in iron
oxy-hydroxide matrix, and (h and i) Ooid, pisoid and ploid (red arrows) aggregates. All abbreviations follow
Whitney and Evans (2010). (Bhm: boehmite, Clay: clay minerals, Extra: extraclast, Hem: hematite, Piso: pisoid).
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Evans (2010). (Clay: clay minerals, Fe-Oxide: iron oxy-hydroxide, Gth: goethite, Hem: hematite, Piso: pisoid).
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Table 1. Geochemical data of major elements of the representative samples from the Qarkhotlou bauxite deposit.

Si02 AlO3 CaO Fex03 KO MgO MnO NaO P:0s TiO2 LOI Total
DL. 005 005 005 005 005 005 005 0.05 0.05 0.05 0.05 -
Q-25 36.74 3025 025 2032 036 011 <005 0.20 0.13 303 837 99.76
Q-26 3532 3084 017 2255 031 010 <005 0413 011 290 7.35 99.78
Q-27 3408 29.19 021 2510 0.38 0.16 008 0.15 0.12 3.05 7.28 99.80
Q-31 3538 3009 021 2266 035 012 008 0.16 012 299 7.67 99.78
Q-32 3372 26.08 087 2623 100 034 009 040 012 276 812 99.73
Q-33 3391 2732 069 2575 091 016 006 042 012 274 7.70 99.78
Q-34 34.05 2877 043 2463 060 019 0214 030 011 281 7.80 99.83
Q-35 3362 2796 036 2541 054 025 019 029 012 335 7.72 9981
Q-36 36.12 30.24 045 1733 087 040 027 032 015 360 10.16 99.91
Q-37 38.08 3057 043 1779 153 021 <005 0.29 012 283 7.93 99.78
Q-38 3426 3113 067 2122 075 019 006 030 011 274 830 99.73
Q-39 2651 4184 028 1768 015 026 018 018 011 3.05 954 99.78
Q-40 36.28 3100 045 1763 022 031 028 0.26 0.13 246 10.72 99.74
Q-41 4351 2711 076 1655 145 061 026 027 012 244 6.85 99.93
Q-50 56.67 1749 0.75 1509 1.01 037 011 024 010 186 6.21 99.90

Q-25 to Q-33 and Q-37: lower red-brown pisolitic bauxite; Q-34 to Q-35 and Q-38: middle red bauxite; Q-36, Q-39 to Q-41: upper yellow
bauxite; Q-50: trachyandesibasalt
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Table 2. Geochemical data of trace and rare earth elements of the representative samples from the Qarkhotlou
bauxite deposit. All data in ppm.

Ba Cd Co Cr Cs Hf Nb Ni Rb Sc Se Sr Ta Th U \Y/ Y

D.L. 1 0.1 1 1 0.5 0.5 1 1 1 0.5 0.5 1 0.1 0.1 0.1 1 0.5
Q-25 133 0.2 265 335 11 6.72 449 168 16 321 2.4 689 31 1577 9.3 289 36.6
Q-26 157 0.4 25.7 383 1 7.14 503 151 15 32.7 1.34 580 35 19.13 12.4 337 38.7
Q-27 178 <0.1 43.9 353 11 6.94 475 149 17 35.3 2.59 558 3.22 16.96 11.2 379 36.5
Q-31 156 0.2 320 357 11 6.93 47.6 156 16 334 21 609 327 17.29 10.97 335 37.3
Q-32 327 0.3 141 407 2.7 6.91 472 210 34 36.3 3.12 477 341 2081 14.8 512 88.6
Q-33 302 0.1 24.9 416 2.2 6.13 45 162 28 33.6 211 622 3.17 19.18 10.9 404 375
Q-34 259 0.1 33.7 362 1.8 6.33 452 164 22 34.2 0.56 563 325 17.13 10.8 367 39.5
Q-35 242 <0.1 56.6 409 2 6.71 455 162 20 35.3 2.06 579 311 16.37 11.9 370 45.4
Q-36 313 <0.1 53.6 379 1.7 6.64 39 152 26 35 1.76 429 254 175 9.3 156 315
Q-37 369 0.1 26.9 341 45 458 284 310 43 32 1.48 651 134 19.12 10.87 297 51.7
Q-38 298 <0.1 335 405 2.4 7.31 56.4 155 25 31.4 1.81 650 3.71 2471 12.7 425 60.3
Q-39 148 <0.1 46.2 384 0.6 6.96 37.6 100 10 35.1 1.13 533 212 29.98 145 257 339
Q-40 333 0.1 26.4 352 15 742 643 92 12 34.3 1.74 1057 4.05 28.16 11.3 392 28.7
Q-41 323 0.1 24.4 345 14 6.85 385 89 13 34.2 1.67 1009 3.13 26.12 12.21 387 27.7
Q-50 223 0.4 41.4 295 3.6 4,72 31 161 33 28.5 154 284 187 13.79 7.9 203 70.9

Zr La Ce Pr Nd Sm Eu Gd Th Dy Er Tm Yb Lu Eu/Eu* Sm/Nd Tb/Tb*

D.L. 5 1 0.5 0.05 0.5 0.02 0.1 0.05 0.1 0.02 0.05 0.1 0.05 0.1 - - -
Q-25 114 70 181 17.09 70.3 15.18 3.8 12.64 1.67 8.7 4.83 0.59 3.2 0.53 0.70 0.22 0.85
Q-26 149 46 124 1176 503 11.71 282 1057 152 8.88 4,68 067 36 0.62 0.85 0.23 0.90
Q-27 126 61 145 15.22 64 13.67 3.23 11.8 1.61 9.17 4.97 0.66 3.7 0.62 0.92 0.21 0.88
Q-31 130 59 150 1469 615 1352 33 11.7 160 8.9 4.8 064 35 0.59 0.91 0.22 0.88
Q-32 171 110 155 30.09 130.6 26.02 7.06 2255 35 2076 11.13 1.6 8.2 1.46 0.89 0.20 0.92
Q-33 138 77 153 15.82 61.2 14.1 3.28 1262 1.66 9.16 4.48 0.65 3.9 0.55 0.95 0.23 0.93
Q-34 137 94 149  18.09 71.8 1473 348 1275 174 9.67 5.02 0.7 4 0.65 0.75 0.21 0.91
Q-35 124 93 137  20.02 81.9 17.17 4.08 1469 219 10.39 5.56 0.8 4.1 0.74 0.89 0.21 0.94
Q-36 134 120 198 20.42 77.3 1416 353 1083 1.29 7.68 3.83 0.51 3.1 0.51 0.92 0.18 0.95
Q-37 169 77 165 179 809 1831 4.05 1588 215 11.43 6.13 085 56 0.79 0.78 0.23 0.97
Q-38 195 71 170 16.8 69.1 1474 368 1425 211 11.97 6.64 0.97 5.3 0.9 0.86 0.21 0.93
Q-39 211 42 178 8.44 31.2 6.72 1.28 7.02 1.2 6.96 4.22 0.68 4.5 0.66 0.85 0.22 0.89
Q-40 281 63 212 1172 41.9 8.27 1.63 7.47 1.21 6.77 3.81 0.56 4.3 0.6 0.88 0.20 0.90
Q-41 278 58 210 10.89 39.87 7.45 134 7.35 1.15 6.34 4.02 0.63 4.2 0.64 0.84 0.20 0.92
Q-50 104 77 111  16.36 70.4 15.76 3.94 15.3 216 1254 7.01 0.94 4.8 0.85 0.98 0.25 0.93

Q-25 to Q-33 and Q-37: lower red-brown pisolitic bauxite
bauxite; Q-50: trachyandesibasalt

; Q-34 to Q-35 and Q-38: middle red bauxite; Q-36, Q-39 to Q-41: upper yellow
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Balasubramaniam et. al., 1987) showing the position of Qarkhotlou bauxite samples.
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Fig. 15. Chondrite-normalized REE patterns of trachyandesibasalt lava and bauxite samples in the Qarkhotlou
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Table 3. Comparison of main characteristics of Qarkhotlou bauxite deposit with Permo-Triassic karst bauxite

deposits of Iran.

Qarkhotlou Biglar Tash Heydarabad Qoppi
Location SW Zanjan SW Qazvin NW Shahroud SE Urmia South of Urmia
Host rock Ruteh Fm. Ruteh Fm. Ruteh Fm. Ruteh Fm. Ruteh Fm.
Cap rock Shemshak Fm. Elika Fm. Shemshak Fm. Mila Fm. Elika Fm.
. Hem, Kln, Bhm, Dsp, Dsp, Ant, Kln, Hem, Dsp, Cld,
Mineralogy Prl Dsp, Hem, Ant, KIn Hem, Gth, crn Dsp, Hem, Prl, Kin
AlO3
(WE.%) 17-41 19-65 11-58 21-51 18-60
Age Permo-Triassic Permo-Triassic Permo-Triassic Permo-Triassic Permo-Triassic
Geometry Layering Layering Layering Layering Layering
) Pelitomorphic, Pseudobreccia, Pelitomorphic, Microgranular, Pelitomorphic,
microgranular, flow, . .
Texture breccia pseudoporphyry, ml_crogrgnul_a_r, psey(_jopqrph_y_ry, pseudobreccia,
seudonor h . collomorphic, oolitic, pisolitic, oolitic, pisolitic, pseudoporphyry,
pseudoporphyry, nodular, skeletal flow flow flow
oolitic, pisolitic
Origin Autochthonous, Autochthonous Autochthonous, Autochthonous Autochthonous
allochthonous allochthonous
Prer%lérksor Trachyandesibasalt Andesite Mafic rocks Diabase Diabase
Type of Mediterranean karst ~ Mediterranean karst Mediterranean Mediterranean Mediterranean
bauxite bauxite bauxite karst bauxite karst bauxite karst bauxite
Shamanian et al Imamalipour and
Reference This study Kangarani (2008) ' Mirmohammadi Abedini (2002)

(2015) (2011)

Abbreviations: Ant: anatase, Bhm: boehmite, Cld: chloritoid, Crn: corundum, Dsp: diaspore, Hem: hematite, KIn: kaolinite, Prl: pyrophyllite.

All abbreviations follow Whitney and Evans (2010).
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