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Abstract:



Mineralogical and geochemical analyses of the Dopolan karstic bauxite ore were performed to identify the characteristics of four bauxite horizons, which comprise from top to bottom, bauxitic kaolinite, diaspore-rich bauxite, clay-rich bauxite, and pyrite-rich bauxite. Diaspore, kaolinite, and pyrite are the main minerals; böhmite, muscovite, rutile, and anatase are the accessory minerals. The main minerals of the Dopolan bauxite deposit indicate slightly acidic to alkaline reducing conditions during bauxitization. Immobile elements (Nb, Ta, Zr, Hf, and rare earth elements) are enriched in the diaspore-rich horizon, which also has the highest alumina content, whereas redox sensitive elements (e.g., Cr, Cu, Ni, Pb, Zn, Ag, U, and V) are enriched in the lowest horizon of pyrite-rich bauxite. The presence of a high content of organic matter was identified in different horizons of bauxitic ore from wet chemistry. The presence of organic matter favored Fe bioleaching, which resulted in Al enrichment and the formation of diaspore-rich bauxite. The leached Fe2+ reacted with the hydrogen sulfur that was produced due to bacterial metabolism, resulting in the formation of the pyrite-rich horizon towards the bottom of the Dopolan bauxite horizons. Biogeochemical activity in the Dopolan bauxitic ore was deduced from the reducing environment of bauxitization, and the deposition of framboidal and cubic or cubic/octahedral pyrite crystals, with large negative values of δ34S of pyrite (−10‰ to −34‰) and preserved fossil cells of microorganisms.
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1. Introduction


Previous studies have demonstrated that differences in the mineralogical compositions of bauxite horizons could be related to different Eh and pH of the depositional environment as a result of organic matter variations in the original host rocks [1,2,3,4,5,6]. In the presence of a high content of organic matter, microorganisms, such as bacteria and fungi, convert metal compounds into their water-soluble forms. These water-soluble metals are biocatalytic productions of this leaching process [7]. Microorganisms are able to mobilize metals by (1) the formation of organic and inorganic acids, (2) oxidation and reduction reactions, and (3) the excretion of complexing agents [8,9,10,11,12]. Bacterial activity has an important role in the leaching of iron to alter a high-iron, low-grade red bauxite ore to a high-grade, gray alumina ore with low Fe content [2,3,13].



The bauxite deposits of the Zagros orogenic belts in southwestern Iran were deposited during two periods: (1) in karst cavities at the boundary between the Sarvak and Ilam Formations (Cretaceous bauxite deposits), such as the Mandan, Dehnow, and Sarfaryab deposits, and (2) deposited at the boundary between the Neyriz and Khaneh-Kat Formations (Triassic bauxite deposits), such as the Dopolan deposit. Most of Iranian karst bauxites in the Zagros orogenic belts are low-grade, böhmitic, diasporic bauxites [14,15,16,17]. They contain 20–45 wt % Al2O3, 3–38 wt % Fe2O3, and in most cases appear red in outcrops. Contrastingly, the Dopolan bauxite has exceptionally high Al2O3 (62–78 wt %, average 65 wt %), low total Fe (0.56–32 wt %, average 5 wt %), and is almost gray in the field [18]. The Dopolan bauxite deposit has been in production for more than 40 years. Mineralization includes three separated pocket and tabular orebodies (Shahid Nilchian, Dorag, and C mine). The ore reserves total 8 to 15 million metric tonnes of 47 wt % Al2O3 [19].



A previous study of the Dopolan bauxite described mineralogical and geochemical characteristics of the bauxitic horizons [18]. Salamab [18] suggests that the bauxite formed as a continental deposit filling karstic cavities at the boundary of the Khaneh-Kat and Neyriz formations. The present study is focused on the organic matter rich bauxite horizons, which are characterized by an association with the abundance of pyrite. We investigated the role of organic matter and microorganisms in the mobility of trace elements, mobilization and deposition of iron, and Al enrichment in the bauxite profile. To attain these goals, the ore composition (major, trace, and rare earth elements), the organic matter content, and the sulfur isotopic values of pyrite of a series of bauxite horizons were analyzed using optical microscopy, scanning electron microscopy (SEM), X-ray diffractometry (XRD), and inductively coupled plasma mass spectrometry (ICP-MS).




2. Geology


The Dopolan bauxite deposit is located 110 km northwest of Share-Kord city, southwestern Iran (Figure 1a) [18]. The deposit is situated in the high Zagros Mountains and developed in the Triassic carbonates of the Khaneh-Kat Formation in the contact zone with the Jurassic carbonates of the Neyriz Formation. The Zagros orogenic belt extends for approximately 1500 km from Kermanshah in the northwest of Iran to Bandar Abbas in the south of the country. The Zagros zone is located in the boundary between the Arabian and Eurasian lithospheric plates. It was formed during the Cenozoic orogenic movements as a result of collision between the Arabian and Eurasian plates [20,21]. This collision created numerous folds and thrusts that now appear as large linear anticlines. Outcrops of the bauxitic horizons occur in a large structure called the Sabzkuh–Kelar anticlinorium, which is bounded by two thrust faults. The Sabzkuh anticline is 65 km long. In the studied area, the Zagros stratigraphy consists of Cambrian to Quaternary sequences. The youngest strata are located on limbs and the oldest rocks are in the core of the anticlinorium (Figure 1b). The Dalan Formation is the oldest exposed rock unit in the core of the Sabzkuh anticline. The Dopolan bauxite deposit is hosted within Triassic carbonate rocks of the Khaneh-Kat Formation. The Khaneh-Kat Formation includes dolostones, dolomitic limestones, marly limestones with interbedded marl, and argillaceous limestones overlying Permian pink dolostones of the Dalan Formation. The Dopolan bauxite deposit is stratabound and crops out in an erosional window. The boundary between the Khaneh-Kat Formation and the overlying Jurassic limestone and shaly limestone of the Neyriz Formation is an erosional unconformity that contains the Dopolan bauxite horizon. On its turn, the Neyriz formation is covered by a sequence comprising, from older to younger: the Surmeh, the Sarvak, and the Gurpi Formations [19]. Karstified features within the Khaneh-Kat Formation are infilled by bauxite. The layers of bauxite vary from 1 to 8 m in thickness and can be more than 1000 m in length.


Figure 1. (a) Location of the Dopolan karstic bauxite in the Zagros fold belt. (b) Geological map of the Dopolan bauxite deposit (modified after [18]).
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3. Methodology


The exposures of the Dopolan bauxite were divided into four different horizons on the basis of their macromorphological facies and their relation to the foot wall and hanging wall. A total of 28 samples, each weighing 3 kg, of different layers were selected during the fieldwork. Samples were obtained from the topmost part of the Khaneh-Kat Formation, the bauxite profiles, and the lowest part of the Neyriz Formation carbonates in three different cross-sections. Thin and polished sections were prepared for different mineralogical examinations including optical microscopy (both transmitted and reflected), SEM. SEM-Energy dispersive spectrometer (EDS) analysis was performed at the Razi Metallurgical Research Center (Iran), using a Tescan VEGAΙΙ XMU-EDS. Minerals were identified using XRD at the Kansaran Binallod, Pardis Science and Technology Park, Tehran, using a Philips X-pert PW diffractometer. The concentrations of major, trace, and rare earth elements (REE) were determined using inductively cople plasma-mass spectroscopy (ICP-MS) by ACME Analytical Lab Ltd., Vancouver, BC, Canada.



Total organic carbon (TOC) of selected samples was determined following the method of Walkey and Black [22]. In this method, organic carbon present in organic matter (OM) is oxidized by chromic acid in the presence of concentrated sulfuric acid.



The analysis of sulfur isotopes was performed on three handpicked pyrite samples and three whole-rock samples from both pyrite-rich and bauxitic kaolinite horizon samples at the University of California, Davis (UC Davis), stable isotope analysis facility (Davis, CA, USA). The δ34S was analyzed by an elemental vario isotope cube interfaced to a Ser Con 20–22 IRMS packed with tungsten oxide. The sample gases were reduced with elemental copper at 880 °C. Sample SO2 was passed directly to the isotope ratio mass Spectrometer (IRMS) for measurement. Calibration data were from standards IAEA S.1, S.2, S.3, IAEA-SO-5, IAEA-SO-6, and HHS. The results are given in per mil (‰) relative to Vienna Canon diablo Troilite (VCDT).




4. Mineralogical Characteristics


The Dopolan karst bauxite ore [18] mainly consists of diaspore, kaolinite, nacrite, and pyrite (Table 1). Böhmite, anatase, rutile, quartz, and muscovite are present as minor minerals. On the basis of the main mineral contents, the bauxite profile can be divided into four bauxite horizons: bauxitic kaolinite, diaspore-rich bauxite, clay-rich bauxite, and pyrite-rich bauxite (Figure 2).


Figure 2. Schematic stratigraphic column of the Dopolan bauxite deposit.
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Table 1. XRD results of the Dopolan deposit [18].







	
Sample No.

	
Bauxite Layers

	
Major Phases

	
Minor Phases






	
Do-org

	
bauxitic kaolinite

	
nacrite, kaolinite, pyrite

	
anatase, rutile




	
Do-oo

	
diaspore-rich

	
diaspore, nacrite

	
anatase, muscovite, rutile




	
Do-pi

	
diaspore-rich

	
diaspore

	
anatase, nacrite, muscovite, rutile




	
Do-cl

	
clay bauxite

	
kaolinite, diaspore

	
böhmite




	
Do-ir

	
pyrite-rich

	
kaolinite, pyrite, nacrite

	
anatase, böhmite, muscovite, rutile




	
Kha

	
Khaneh-kat dolomite

	
calcite, dolomite, montmorillonite

	
-










Above the karstified dolomites of the footwall, within the pyrite-rich horizon, the main ore minerals are kaolinite, nacrite, and pyrite; whereas böhmite, muscovite, anatase, and rutile are minor minerals. Optical microscopy, XRD and SEM studies of the pyrite-rich horizon revealed abundant pyrite (20% in modal proportion to more than 35%). The pyrite-rich horizon is ~1.5 m thick. Pyrite grains are mainly framboidal and cubic in shape; some cubic-octahedral crystals are also present (Figure 3). Above the pyrite-rich horizon, in the clay-rich bauxite, the amount of pyrite decreases to less than 5% in modal proportion. The main minerals in this horizon include kaolinite and diaspore whereas böhmite is minor. The clay-rich bauxite, ~5 m thick, is gray to light gray in color and has a fine-grained oolitic texture. Up to the top of the bauxite sequence, the amount of kaolinite decreases and diaspore increases to a maximum of 80% modal. In the diaspore-rich bauxite, minor minerals include nacrite, muscovite, rutile, and anatase. The diaspore-rich bauxite is the main ore zone and is mined. The layer contains an average of 70% Al2O3, 3% Fe2O3, and 2% TiO2 [18]. This horizon is distinguished by its pisolitic and oolitic textures. At the top of the bauxite profile, there is a layer of black bauxitic kaolinite that is enriched in organic matter and is 0.35–1.5 m thick, indicating a large supply of organic matter in the depositional environment of this layer. In this horizon, kaolinite, nacrite, and pyrite are the main minerals whereas böhmite, diaspore, rutile, and anatase are the minor minerals. The morphology of pyrite in the bauxitic kaolinite horizon is the same as in the pyrite-rich bauxite horizon (Figure 3).


Figure 3. (A) Back scatters images (BSE) showing pyrite with inclusions of diasporic pisoliths (di). (B) Enlargement of panel A. Different morphological forms of pyrite, spherules of framboidal pyrite, and cubic pyrite. di: diaspore.
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5. Geochemical Features


5.1. Distribution of Elements


The geochemical data (Table 2) confirm the mineralogical results. The aluminum, titanium, potassium, and magnesium contents decrease from the top to bottom of the bauxite profiles, i.e., from the diaspore-rich to the pyrite-rich horizon (Figure 4). In contrast, the silica and iron content increases from the diaspore-rich to the pyrite-rich horizon (Figure 4). REE and immobile elements such as the HFSE (Th, Ta, Nb, Zr, and Hf) are enriched in the diaspore-rich bauxite and decrease to the bottom of the bauxite profile (Figure 4), whereas more mobile elements of the weathering profile such as redox-sensitive elements (Zn, Cu, Ni, Co, Ag, As, U, and V) increase from top to bottom (Figure 4). The total content of mobile elements is more than twice that in the pyrite-rich bauxite compared to other horizons.


Figure 4. Variations in major oxides (in wt %), ∑REE, and selected trace elements (in ppm) in the Dopolan bauxite sequence in response to Total organic content (TOC). Points refer to the average content of the selected samples.
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Table 2. Chemical composition of the Dopolan bauxite deposit. Measurements for major oxides and sulfur contents are in wt %; trace elements and rare earth elements (REE) are in ppm.







	
Horizon

	
Pyrite-Rich Horizon

	
Clay-Rich Bauxite

	
Diaspore-Rich Bauxite

	
Black Bauxitic Kaolinite




	
Samples

	
Do-IR-1

	
Do-IR-2

	
Do-IR-3

	
Do-IR-4

	
Do-cl-1

	
Do-cl-2

	
Do-oo-1

	
Do-oo-2

	
Do-oo-3

	
Do-oo-4

	
Do-pi-1

	
Do-pi-2

	
Do-pi-3

	
Do-org-1

	
Do-org-2






	
SiO2

	
7.21

	
16.14

	
14.62

	
11.25

	
35.28

	
31.87

	
7.44

	
5.68

	
5.63

	
3.20

	
4.67

	
5.45

	
3.11

	
34.84

	
35.44




	
Al2O3

	
42.02

	
31.34

	
37.58

	
47.1

	
47.39

	
50.69

	
68.11

	
67.78

	
68.23

	
72.89

	
74.98

	
73.25

	
75.09

	
31.1

	
26.55




	
Fe2O3

	
19.68

	
21.08

	
16.42

	
11.18

	
25.9

	
1.02

	
3.53

	
2.47

	
4.55

	
0.92

	
2.26

	
2.33

	
1.36

	
5.52

	
7.45




	
CaO

	
0.06

	
0.10

	
0.04

	
0.13

	
0.06

	
0.05

	
0.07

	
0.11

	
0.04

	
0.03

	
0.04

	
0.08

	
0.07

	
0.90

	
0.13




	
K2O

	
0.51

	
1.16

	
0.61

	
0.85

	
0.80

	
0.36

	
0.30

	
0.65

	
0.80

	
1.21

	
0.25

	
1.64

	
0.29

	
4.06

	
3.83




	
MnO

	
0.01

	
0.02

	
0.01

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.02

	
0.03

	
0.00




	
Na2O

	
0.01

	
0.01

	
0.01

	
0.06

	
0.01

	
0.01

	
0.01

	
0.02

	
0.01

	
0.07

	
0.01

	
0.04

	
0.06

	
0.05

	
0.12




	
P2O5

	
0.10

	
0.09

	
0.08

	
0.07

	
0.06

	
0.07

	
0.10

	
0.07

	
0.09

	
0.08

	
0.13

	
0.12

	
0.15

	
0.06

	
0.05




	
MgO

	
0.28

	
0.58

	
0.36

	
0.42

	
0.10

	
0.28

	
0.05

	
0.41

	
0.10

	
0.24

	
0.02

	
0.03

	
0.34

	
0.32

	
0.91




	
TiO2

	
1.47

	
1.07

	
1.75

	
1.50

	
1.92

	
2.38

	
2.15

	
2.35

	
2.35

	
2.65

	
2.83

	
2.34

	
2.77

	
0.95

	
0.94




	
LOI

	
26.3

	
25.9

	
28.13

	
26.32

	
11.27

	
12.62

	
17.35

	
20.36

	
16.89

	
17.82

	
15.42

	
15.67

	
16.56

	
22.67

	
23.24




	
TOC

	
0.42

	
0.37

	
-

	
-

	
0.18

	
0.2

	
-

	
0.18

	
-

	
-

	
0.016

	
0.21

	
-

	
1.00

	
1.14




	
Sum

	
97.64

	
97.48

	
99.62

	
98.88

	
99.47

	
99.35

	
99.12

	
99.89

	
98.69

	
99.11

	
100.62

	
100.96

	
99.82

	
100.50

	
98.66




	
Bi

	
0.89

	
0.75

	
0.9

	
0.75

	
0.82

	
0.7

	
1.4

	
0.55

	
1.82

	
0.69

	
1.01

	
0.53

	
0.43

	
0.89

	
0.53




	
As

	
29

	
48

	
51

	
49

	
7.5

	
6

	
1

	
4.6

	
27.3

	
30

	
5.2

	
5.9

	
4.8

	
1

	
1




	
Cd

	
1.4

	
2.21

	
2.37

	
2.25

	
0.59

	
0.33

	
0.89

	
0.64

	
1.24

	
1.75

	
0.27

	
0.05

	
0.66

	
0.3

	
0.13




	
Ni

	
340

	
394

	
345

	
382

	
296

	
290

	
236

	
150

	
111

	
273

	
220

	
258

	
170

	
407

	
270




	
Co

	
203

	
179

	
155

	
197

	
5.2

	
8.3

	
6.4

	
5.7

	
43.1

	
172

	
143

	
4.6

	
2.7

	
17.9

	
11




	
Cr

	
429

	
286

	
577

	
381

	
359

	
255

	
486

	
442

	
389

	
329

	
132

	
139

	
303

	
747

	
1088




	
Cs

	
0.18

	
0.26

	
0.15

	
0.36

	
0.11

	
0.28

	
0.05

	
0.13

	
0.22

	
8.3

	
0.15

	
0.33

	
0.03

	
3.39

	
3.21




	
Cu

	
403

	
184

	
389

	
144

	
92

	
63

	
155

	
102

	
228

	
143

	
151

	
70.7

	
9

	
65.2

	
50.2




	
Pb

	
212

	
189

	
180

	
130

	
43

	
28

	
30

	
101

	
77

	
25.5

	
56

	
44

	
5

	
44

	
35




	
Hf

	
6.63

	
6.54

	
13.6

	
9.66

	
8.89

	
14.82

	
12.2

	
9.93

	
18.9

	
17.72

	
16.87

	
15.46

	
17.78

	
5.29

	
6.21




	
Ag

	
4.02

	
3.41

	
8.59

	
5.50

	
2.1

	
2.7

	
3.1

	
2.37

	
2.95

	
3.11

	
1.48

	
0.96

	
0.33

	
1.63

	
0.94




	
La

	
8.7

	
17

	
9.9

	
18.5

	
1

	
3.5

	
9.9

	
1.8

	
23.8

	
24

	
8.9

	
0.3

	
1.2

	
44.2

	
62.12




	
Ce

	
28.9

	
47.9

	
38.6

	
54

	
2.01

	
0.88

	
10.1

	
4.47

	
56

	
198

	
12.8

	
0.6

	
30.04

	
87.9

	
98




	
Pr

	
3.23

	
5.64

	
4.35

	
4.2

	
0.32

	
0.2

	
1.94

	
0.71

	
4.62

	
23.97

	
2.09

	
0.08

	
0.4

	
10.3

	
16.69




	
Nd

	
14.1

	
25

	
19.9

	
14.71

	
1.09

	
12.7

	
5.48

	
2.76

	
14

	
94.0

	
6.69

	
0.28

	
0.25

	
38.3

	
10.56




	
Sm

	
2.86

	
7.29

	
3.96

	
9.04

	
0.36

	
0.1

	
1.06

	
0.76

	
2.84

	
7.76

	
1.13

	
0.09

	
0.03

	
6.73

	
2.48




	
Eu

	
0.57

	
2.18

	
0.95

	
1.53

	
0.11

	
1.98

	
0.28

	
0.2

	
0.52

	
1.4

	
0.21

	
0.05

	
1.44

	
1.35

	
3.51




	
Gd

	
4.25

	
18.3

	
5.83

	
7.32

	
0.7

	
0.38

	
1.62

	
0.99

	
3.58

	
5.66

	
1.43

	
0.16

	
6.7

	
8.87

	
16.25




	
Dy

	
4.59

	
28.4

	
5.79

	
13.95

	
0.86

	
10.95

	
1.47

	
1.43

	
3.4

	
8.36

	
1.68

	
0.23

	
1.85

	
6.02

	
8.04




	
Ho

	
0.98

	
5.73

	
1.16

	
3.21

	
0.2

	
2.24

	
0.29

	
0.28

	
0.73

	
1.81

	
0.32

	
0.05

	
0.2

	
1.13

	
2.64




	
Er

	
2.86

	
14.9

	
3.75

	
9.9

	
0.63

	
0.74

	
0.79

	
0.87

	
2.27

	
5.48

	
0.99

	
0.2

	
0.8

	
3.38

	
7.34




	
Tm

	
0.47

	
2.02

	
0.63

	
1.64

	
0.12

	
1.1

	
0.15

	
0.15

	
0.43

	
0.92

	
0.15

	
0.05

	
0.1

	
0.48

	
1.2




	
Yb

	
2.8

	
10.4

	
4

	
11.1

	
0.7

	
7.4

	
1

	
1

	
2.6

	
6.34

	
0.8

	
0.3

	
0.5

	
3

	
7.41




	
Lu

	
0.41

	
1.5

	
0.62

	
1.71

	
0.12

	
1.15

	
0.14

	
0.14

	
0.41

	
0.89

	
0.12

	
0.03

	
0.78

	
0.47

	
0.9




	
Th

	
24.5

	
25.7

	
34.3

	
36.16

	
21.54

	
49.64

	
44.52

	
28.41

	
46.35

	
51.92

	
38.57

	
38.75

	
54.66

	
10.6

	
17.34




	
Zn

	
96

	
101

	
197

	
122

	
144

	
123

	
145

	
97.2

	
117

	
120

	
69.5

	
51.5

	
5

	
48.2

	
21




	
Zr

	
246

	
250

	
340

	
364

	
271

	
583

	
419

	
308

	
557

	
535.8

	
467.2

	
437.8

	
478.4

	
206

	
132




	
Mo

	
4.09

	
8.44

	
3.93

	
6.74

	
25.9

	
20.5

	
15.4

	
21

	
32.3

	
28

	
3.83

	
13.9

	
7

	
1.35

	
1.4




	
Nb

	
43.1

	
35.3

	
46.2

	
38.34

	
45.6

	
54.43

	
52.6

	
54.7

	
77.7

	
67.9

	
41.4

	
28.4

	
62.4

	
38.2

	
33.8




	
S

	
>5

	
>5

	
>5

	
>5

	
1

	
2.1

	
1.4

	
1.5

	
2.5

	
1.75

	
1.2

	
1.4

	
1.2

	
2.2

	
1.7




	
Sb

	
10.6

	
4.44

	
11.7

	
9.65

	
3.89

	
2.52

	
2.74

	
2.34

	
6.53

	
4.33

	
2.84

	
2.51

	
1.99

	
0.36

	
0.23




	
Ta

	
4.58

	
3.87

	
6.21

	
2.72

	
4.4

	
4.97

	
5.35

	
5.19

	
7.2

	
8.1

	
5.6

	
3.1

	
6.4

	
3.6

	
2.9




	
Tl

	
0.19

	
1.12

	
0.2

	
0.56

	
0.18

	
0.1

	
0.12

	
0.14

	
0.37

	
0.25

	
0.09

	
0.21

	
0.38

	
0.18

	
0.22




	
U

	
67.4

	
70.4

	
111

	
35.05

	
6.8

	
27.12

	
9.2

	
10.2

	
23.4

	
17.4

	
11.1

	
2.3

	
11.6

	
2.6

	
9.4




	
V

	
1250

	
759

	
1441

	
472

	
272

	
310

	
186

	
330

	
365

	
485

	
277

	
304

	
442

	
107

	
163




	
Y

	
17.1

	
147

	
17.8

	
55

	
3.2

	
4.6

	
6

	
4.6

	
13.9

	
41.06

	
5.5

	
1.2

	
56.34

	
29.9

	
55.4











5.2. Organic Matter of Bauxite Horizons


The TOC content of different bauxite horizons, foot, and hanging walls of the Dopolan bauxite was calculated (Table 2) to investigate the relationship between elemental mobility and TOC. The TOC content of the Dopolan bauxite deposits varies from 0.18% in the diaspore-rich bauxite to 1% in the bauxitic kaolinite. Both the lowest and the uppermost parts of the bauxitic profile, which have higher TOC contents, have higher contents of pyrite. The alumina content of bauxite samples displays a negative correlation with TOC (Figure 5). The REE behavior in bauxite horizons is the inverse of those of Fe and TOC (Figure 4).


Figure 5. Al2O3 and TOC values of the Dopolan samples, displaying a negative correlation coefficient.
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5.3. Sulfur Isotopes


The δ34S values of handpicked pyrites from the pyrite-rich bauxite horizon and whole-rock from the bauxitic kaolinite and pyrite-rich bauxite samples display a wide negative range, from −10.12‰ to −34.58‰ (Table 3; Figure 6). However, the δ34S values of the bauxitic kaolinite vary from −26.77‰ to −33.58‰, exhibiting a narrower range than that of the pyrite-rich bauxite samples (−10.12‰ to −34.59‰).


Figure 6. Frequency histogram of the δ34S values of the Dopolan bauxite deposit.
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Table 3. Sulfur isotope compositions of pyrite and whole-rock samples from the Dopolan deposit.







	
Sample No.

	
Horizon

	
Description

	
δ34S






	
S-1

	
pyrite-rich

	
whole rock

	
−34.59




	
S-2

	
pyrite-rich

	
separated pyrite

	
−34.47




	
S-3

	
pyrite-rich

	
separated pyrite

	
−10.12




	
S-4

	
bauxitic kaolinite

	
separated pyrite

	
−26.77




	
S-5

	
bauxitic kaolinite

	
whole rock

	
−33.58




	
S-6

	
bauxitic kaolinite

	
whole rock

	
−28.63












6. Discussion


6.1. Formation of the Pyrite-Rich Horizon


Significant amounts of pyrite were deposited in the lowest part of the bauxite sequence of the Dopolan deposit, forming an unusual pyrite-rich horizon. The presence of Fe-oxy-hydroxide minerals in bauxitic horizons is commonly reported, but pyrite-rich bauxites are uncommon and have been described from only some areas, such as the Taurides region in Turkey [1]; the Minjera deposit, Croatia; and the gray part of the Parnassos–Ghiona bauxite deposit in Greece [3]. The TOC values of the Dopolan bauxite ore vary from 0.18% in the diaspore-rich bauxite, 0.2% in the clay-rich bauxite, 0.4% in the pyrite rich bauxite, and up to 1% in the upper bauxitic kaolinite horizon. These data indicate that the TOC content of the Dopolan bauxite is higher than that of most bauxite deposits of the world [3,4]. The high content of preserved organic matter in the gray bauxite of the Dopolan resulted in reducing conditions caused by decomposition of the organic matter. In these conditions, the sparingly soluble Fe3+ was reduced to more soluble Fe2+ [23], which is leached out from the upper part of the sequence. Microorganisms could accelerate this reaction by their enzymes or metabolism. In water-saturated soils, microbial reduction of Fe oxides in the presence of organic matter facilitates mobility and removal of iron from the soil profile [24,25]:


4FeOOH + CH2O + 8H+ = 4Fe2+ + CO2 + 7H2O.











Hydrogen sulfide is produced from the reduction of sulfate by a variety of bacterial species, e.g., Desulfovibrio desulfuricans, when organic matter as an energy source is present as a reducing agent [3,26]. The following reaction has been proposed [27,28,29,30]:


2 CH2O + SO42+ → H2S + 2 HCO3−











Bacteria fossils and associated microorganisms with the pyrite are the best evidence for the aforementioned conditions (Figure 7). The morphology of pyrite is essentially related to the degree of Fe and S saturation of pore water [31,32,33]. If the interstitial water is supersaturated with respect to FeS, monosulfides are deposited. When these monosulfides change to pyrite, the pyrite will have a spherulitic morphology and form clusters of well-formed grains and euhedral crystals (Figure 3). If pyrite is directly deposited from solution, the most common morphology is cubic to cubic-octahedral [34]. Therefore, the cubic-octahedral morphology of the Dopolan pyrite is due to the saturation of pore water with respect to iron and sulfur.


Figure 7. Representative back-scattered images showing different types of bacterial fossils and filamentous microorganisms (f) between pyrite (py: cubic pyrite; f-py: framboidal pyrite) in the Dopolan bauxite deposit.
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6.2. Deposition Mechanisms of High-Grade Al Bauxite


It is well known that the solubilization of Al and Si in bauxite profiles is particularly sensitive to pH, but the rate of Fe mobility is mainly controlled by both pH and Eh [35,36,37]. In bauxite profiles, many factors can influence pH, such as organic matter content, CO2 availability, standing electrolyte content, and the nature of the host rock [38,39]. The pH range in karstic bauxite is 5–9; however, most deposits have a pH range of 6–8. In the pH range of 5–9, the solubility of Si is 10–20 times greater than that of Al and Fe. Thus, after long-term weathering, significant dissolution of Si will have taken place, but Fe and Al will remain. For a constant environmental pH, the solubility of Fe can increase in competition to Al as a result of decreasing Eh [35,40,41]. Laskou and Economou-Eliopoulos [3] argued for a close relationship between iron leaching and alumina enrichment in the gray and red ores of the Parnassos–Ghiona deposits, Greece. The Dopolan bauxite deposit, with an average of 3% Fe, is essentially iron-poor bauxite (except for the pyrite-rich horizon, which has an average of 13% Fe). Fe leaching could take place during (syngenetic) or after (epigenetic) bauxite deposition [3,35]. Diaspore formed in a mildly reduced and alkaline environment and pyrite should precipitate under mildly acidic conditions. Therefore, the environmental conditions of the Dopolan bauxite deposit, based on the predominant ore minerals such as diaspore, pyrite, and kaolinite were changed from acidic reducing to slightly alkaline reducing (Figure 8). The existence of reducing conditions can also be deduced by the presence of the high content of organic matter. Field evidence such as the presence of plant root casts show that the Dopolan bauxite deposit formed in a swamp sedimentary basin. The high organic matter content of the Dopolan bauxite probably results from plant root casts as bauxite deposition was a preferred system for plant growth [18,42].


Figure 8. Eh–pH diagram illustrating the natural environmental conditions [40,43] of the stability fields of minerals in the Dopolan deposits. The thermodynamic data of the diagram were T = 25° and p = 1 bar.
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Therefore, the main difference between the depositional environments of the Dopolan bauxite deposit and other Zagros bauxite deposits may be the greater reducing conditions, which caused Fe- leaching and Al enrichment (Table 4).



Table 4. Mineral descriptions and comparative Fe2O3, SiO2, and Al2O3 contents of the Zagros bauxite deposits.







	
Deposit

	
Main Minerals

	
Al2O3 (wt %)

	
SiO2 (wt %)

	
Fe2O3 (wt %)

	
Reference






	
Dopolan

	
diaspore–kaolinite–pyrite–nacrite

	
38–71

	
5–35

	
2–17

	
[18]




	
Sarfaryab

	
böhmite > gibbsite–calcite–kaolinite–hematite

	
18–63

	
6–14

	
2–18

	
[15]




	
Dehnow

	
böhmite–calcite–kaolinite–hematite

	
34–64

	
4–8

	
3–21

	
[16]




	
Mandan

	
böhmite–calcite–kaolinite–hematite

	
12–56

	
3–30

	
1–24

	
[16]




	
Hangam

	
böhmite–kaolinite–hematite–goethite

	
17–45

	
15–19

	
16–20

	
[14]











6.3. Mobility of REE and Trace Elements


The mobility of REE and trace elements in bauxite deposits is dependent on the physico-chemical conditions of pore water as it percolates through the soil [3,44,45,46]. Under oxidizing conditions, the solubility and deposition of REE are similar to those of Al2O3, P2O5, and TiO2. In addition, the concentration of other immobile elements such as Zr, Nb, Ta, and Hf increase with increasing Al2O3, P2O5, and TiO2 [47,48,49]. The REE can be absorbed by or adsorbed onto diaspore and böhmite. However, the high positive correlation between REE and P2O5 in the Dopolan karstic bauxite suggests that at the least some REE can be accommodated in the structure of some phosphates (i.e., Al-phosphates or members of the rhabdophane group). The mildly positive correlation of HFSE with TiO2 suggests that these elements can be accommodated in the structure of TiO2 polymorphs, as rutile. The highest contents of Al2O3, TiO2, P2O5, Zr, Nb, Ta, and Hf were detected in the diaspore-rich bauxite, implying similarity of the geochemical characteristics during deposition (Figure 9) [50,51]. In contrast, the lowest contents of these elements were detected in the bauxitic kaolinite horizon with the lowest weathering rate and highest organic matter content. Therefore, the concentrations of these elements are mainly controlled by weathering factors [18,46,48,50,51,52]. The presence of organic matter in the bauxite profile caused reducing conditions, favoring the removal of REE and other immobile elements [3].


Figure 9. Variation diagrams showing the correlations between selected trace elements and Al2O3, P2O5, and TiO2. Positive correlation between P2O5 and ∑REE (A); mildly positive correlation between P2O5 and Hf (B); mildly positive correlation between TiO2 and ∑REE (C); Zr (D); Nb (E); Ta (F); Positive correlation between Al2O3 and Hf (G); mildly positive correlation between Al2O3 ∑REE (H); Zr (I).
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In contrast to REE and other immobile elements, which are enriched in the diaspore-rich horizon, the more mobile trace elements (e.g., Cu, Ni, Co, Cr, Pb, Zn, Sb, Ag, As, U, and V) are enriched in the pyrite-rich bauxite horizon with higher organic matter (0.37%) and lower Al2O3. These elements are more than twice as abundant in the pyrite-rich bauxite horizon (2200 ppm) than in the diaspore-rich (870 ppm) and clay bauxite (850 ppm) horizons. These elements appear to have been leached from the upper parts of the bauxitic profile and become precipitated in the lower part of the weathering profile in which the upper parts are more acidic and oxidizing but the lower pyrite-rich horizon is slightly acidic to alkaline and more reducing.



For the pH range 4–8 [53], it has been demonstrated that the mobility of most elements increased in soils with increasing Eh and vice versa. Additionally, some bacteria can play an important role in the mobility and precipitation of multiple redox state elements (e.g., Cu, Fe, Mn, Cr, and V) by means of their metabolic products [11,54,55,56]. Microorganism activity in the Dopolan bauxite deposit was demonstrated by microbial pyrite deposition (Section 6.2), and sulfur isotopic evidence (Section 6.4). Other important factors for the fixation of more mobile elements in the Dopolan deposit can be absorption by and/or adsorption onto the surface of pyrite and co-precipitation by clay minerals. Negatively charged surfaces of clay minerals offer extensive surfaces to adsorb positive charge elements largely in the pH range of 5 to 8 [7,10,11,54,55,56].




6.4. Sulfur Isotope Constraints


The δ34S values have been used as a tracer for biogenic sulfate reduction and reconstruction of paleoenvironments [57]. Pyrite formation in sedimentary and low-temperature environments has been well studied because of the relation between redox conditions and the biogeochemical cycles of sulfur, iron, and carbon [58]. The whole-rock and pyrite δ34S values of the Dopolan bauxite deposit fall in a wide negative range, from −10‰ to −34‰, suggesting involvement of bacterial sulfate reduction after bauxitization. Sulfur isotope variation is dependent on the occurrence of sulfate reduction in an open or closed system [59]. Negative δ34S values of pyrite imply fractionation by microorganisms during their sulfur metabolism by sulfate reduction in an open system [29,30,33]. The bacteria and microorganisms grew in a temperature range of 28–60 °C [60]. The negative sulfur values previously reported for Turkish bauxite deposits (Dogøankuzu and Mortas deposits; [1]) and the Parnassos–Ghiona deposit in Greece [4] are comparable to those of the Dopolan deposit and have been attributed to the reduction of sulfate by bacteria [4]. Surface water is the probable source of the sulfur, as indicated in other places [60,61].





7. Conclusions


The high-grade, gray-colored Dopolan bauxite deposit is found in the Triassic carbonates of the Khaneh Kat Formation. This deposit is a diaspore-rich karst-type bauxite with low Fe content and an unusual pyrite-rich horizon in the lowest part of the sequence. This study has focused on the role of organic matter and microorganisms in the bioleaching of elements, e.g., upgrading the alumina content of the deposit. The study offers the following conclusions:

	
The main minerals, such as diaspore, pyrite, kaolinite, and its association with preserved organic matter, suggest that bauxitization occurred in acidic reducing to slightly alkaline reducing conditions.



	
The low Fe content of the Dopolan bauxite implies that Fe leaching under reducing conditions may have resulted from organic matter in the presence of microbial activity. Fe was leached from the upper part of the bauxite profile and was deposited as pyrite in the lower part, generating a pyrite-rich bauxite horizon.



	
During the formation of the bauxite profile, less mobile elements, such as REE, Nb, Ta, Zr, and Hf, accumulated in the diaspore-rich horizon with higher alumina content, whereas redox sensitive elements such as Cr, Ni, Ag, Cu, Pb, Zn, U, and V, were concentrated in the pyrite-rich horizon.



	
Sulfur isotope data reveal a wide range of negative values of δ34S for pyrite samples (from −10‰ to −34‰), suggesting the biogeochemical reduction of sulfate to sulfur.



	
Mineralogical data, geochemical evidence, and sulfur isotope data in this study suggest that biological activity played an important role in Fe remobilization, Al-upgrading, and the formation of the pyrite-rich horizon in the Dopolan bauxite deposit.
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