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The Tavousiech manganese deposit occurs in the Soghan region southwest of Kerman province.
This region is a part of the southern Sanandaj-Sirjan zone, formed during the Mesozoic to Cenozoic
subduction of the Neo-Tethys oceanic crust beneath the central Iranian subcontinent. This deposit
occurs in the ophiolite mélange radiolarite chert and is interbedded with pelagic limestones of
Late Cretaceous. Petrographic and X-ray diffraction (XRD) studies show that the main Mn ores

include pyrolusite, braunite, and todorokite with dispersed, colloform and cockade textures. The high

high Zn (96-410 ppm) content, and low Ni, Cu, and

273

Co contents (95-646 ppm) of the studied samples reveal the influence of hydrothermal fluids in their
formation. However, the REE distribution patterns indicate that hydrogenous processes also played a
role in their occurrence, and accordingly, this deposit can be classified as hydrothermal-hydrogenous.
By comparing the Fe,0,/TiO, and LaN/CeN ratios of the Tavousieh and Nasirabad Mn deposits, it

can be concluded that they formed as a result of manganese deposition in the Neo-Tethys Ocean from

the oceanic ridge toward the continental margin.

1. Introduction

Studies on the geochemical characteristics of manganese deposits,
their distribution, and formation environments have shown that they
have diverse origins based on mineralogy, chemical composition, and
tectonic setting. Marine Mn deposits are classified as hydrogenous,
diagenetic, hydrothermal, and biogenetic-bacterial deposits (Bolton
et al., 1988; Hein et al., 1997; Oksuz, 2011; Polgari et al., 2012).

Extensive manganese and iron-manganese deposits of different

ages and geological settings have been reported in Iran. These
deposits formed from the Late Precambrian-Early Cambrian to the
Miocene-Pliocene and are of hydrothermal or volcanic-sedimentary
(e.g. Maanijou et al., 2015, Zarasvandi et al., 2016a, b; Maghfouri
et al.,, 2019). Subduction of the Neo-Tethys oceanic lithosphere
beneath the central Iranian microplate began during the Mesozoic

and ultimately led to the collision of the Arabian plate with Iran
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microplate in the Cenozoic and the formation of the Zagros orogeny
belt (Berberian and King, 1981; Alavi, 1994). The Neo-Tethys
associated ophiolites crop out along the Zagros orogeny and are
characterized by the widespread occurrence of manganese-bearing
deposits in association with radiolarian cherts, such as the Abband,
Abadeh-Tashk, south Neyriz, Nasirabad, and Kamyaran manganese
deposits (Zarasvandi et al., 2013). The Tavousich Soghan deposit
is located 160 km southeast of Baft County, in southern Kerman
Province and the southwestern part of the Zagros thrust belt (Fig. 1).
In this area, manganese deposits occur in the host rock of radiolarian
cherts at a short distance from the Neyriz ophiolites. This deposit
has not been investigated in terms of mineralogical and generative
geochemical characteristics so far. The aim of this study is to use
geochemical data and petrographic observations to determine the
type of occurrence and mineralogical content of the Tavousich
manganese deposit.

The study area is located in the southeastern part of the Sanandaj-
Sirjan structural zone (Fig. 1-a). The Sanandaj-Sirjan zone, with a
length of about 1200 km and a width of about 100 km, was formed
during the subduction of the Neo-Tethys oceanic crust beneath the
central Iranian microplate in the Mesozoic (e.g. Stocklin, 1968; Alavi,
1994; Ghasemi and Talbot, 2006; Hassanzadeh and Wernicke, 2016).
Based on the 1:100,000 geological maps of Dolatabad (Azizian et
al., 2007) and Dehsard (Nazemzadeh et al., 2007), the study area
generally has three distinct rock assemblages (Fig. 1-b). (1) Metabasic
and meta-ultrabasic rocks of the Sanandaj-Sirjan zone with Triassic-
Jurassic age, (2) a mixed-color mélange with Cretaceous to Cenozoic
age including rocks of the ophiolitic sequence along with radiolarian
cherts, pelagic limestones and volcanic rocks with basalt to andesite
composition, (3) Paleocene flysch with shale sequences, tuffaceous
sandstones and white and gray limestones. The mineralization occurs
in radiolarian cherts that are interbedded with pelagic limestones
(Figs. 2-a and b). Based on field observations and satellite maps, four
major faults were identified in the study area, which have caused
the displacement of limestone and manganese deposit relative to the

main vein alignment.

2. Research Methodology

In order to investigate the geochemistry and mineralogy of the
Tavousieh deposit, 50 mineral samples were collected during field
operations within the deposit area. The thin-polished sections were
studied using a polarizing microscope with reflected light. Then,
the samples appropriate to the research aims were selected for the
analyses. The major element oxides were determined by the XRF
method in the Kansaran Binaloud Laboratory, Tehran using a Philips
PW 1480 instrument. The values of trace and rare earth elements
(REE) were also determined using an Agilent 735 ICP-MS instrument
in the Zarazma laboratoty. The results are represented in Table 1.
Also, 2 samples were analyzed to determine the mineralogical

content using the XRD method in the Zarazma Laboratory.

3. Results and discussions

3.1. Mineralography

Microscopic observations of the thin-polished sections showed that
pyrolusite is the most abundant Mn-ore in the studied deposit. Then,
braunite, todorokite and hematite are other minerals present in the
samples. Quartz and calcite minerals are also considered as gang
mineral. Pyrolusite occurs in the form of diffuse (dispersed grain),
colloform, micronodular and cockade textures in the samples (Fig. 4).
Pyrolusites are generally seen as fine-grained occur with quartz
(Figs. 4-a and b). They also surround quartz grains (Fig. 4c), which
indicates the influence of delayed and exogenous processes in their
occurrence (Karakus et al., 2010). Colloform texture (Figs. 4-d and ¢)
occurs abundantly in the samples, indicating the formation in a
low-energy sedimentary environment where manganese oxides and
hydroxides have grown slowly. Manganese micronodules are also
occur in the samples (Fig. 4-f), which, as the colloform texture, are
indicative of low-energy sedimentary environments. In the cockade
texture, the core section is made of braunite covered by pyrolusite
(Fig. 4-g). Todorokite occurs in small amounts, which can be
identified by its high anisotropy in XPL light (Fig. 4-i). This mineral
occurs both as veinlets and fine grains scatters in the samples. The
fine grain generation is probably the result of alteration of primary
manganese oxides, but the veinlets were deposited from hydrothermal
fluids (Jach and Dudek, 2005).

To ensure the mineralogical content, two samples were analyzed
by the X-ray diffraction (XRD) analyses results (Fig. 4) show that
the main-minerals of these samples include quartz and pyrolusite,
and the minor minerals include brownite, fluoroapatite, chlorite, and
clay minerals. Hematite and calcite are the main minerals in one
sample and are considered minor minerals in the other sample. The
results are in complete agreement with the microscopic mineralogy

observations.

3.2. Geochemistry

The results of the geochemical analyses of the samples are presented
in Tables 1 and 2. The presence of Al,O, and TiO, indicates the entry
of materials of detrital origin into the deposit sedimentation basin
(e.g., Shah and Khan, 1999; Polgari et al., 2012). The high content of
Fe,0,, MgO and K, O is also a result of the presence of mafic materials
of volcanic origin in this environment (Mohapatra et al., 2009). The
Fig. 6 shows the correlation between elements of detrital and mafic
origin with the manganese content of the Tavousieh deposit.

The REE normalized to the values of the Post-Archean Australian
shale (Taylor and McLennan, 1985) are represented in Fig. 7. The
patterns show arelative enrichment in light rare earth elements (LREE)
over heavy rare earth elements (HREE) (LaN/YbN = 3.1 - 5.5).
The positive Eu anomalies (Euw/Eu* = 1.03—1.3) is due to their
high Ba content (2700 to >10000 ppm) and does not indicate redox
conditions of the hydrothermal fluid (Jewell and Stallard, 1991;
Ehya, 2012). The high LREE/HREE ratios (3.4-4.9) indicate
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initial enrichment during the manganese oxidation process (Xie et
al., 2006). Enrichment in HREEs of manganese deposits can also
occur through cationic adsorption of these elements from seawater
(Fitzgerald and Gillis, 2006).

To determine the origin of manganese in the Tavousieh
Soghan deposit, major and minor element discriminating diagrams
were used. Hydrothermal iron-manganese deposits have a TiO,
concentration higher than 1 wt% (Ahmadi et al., 2019), while
hydrothermal deposits have a low TiO, concentration. The TiO,
values of the Tavusieh deposit samples vary from 0.03 to 0.09
wt%, which is consistent with a hydrothermal origin. The Mn/Fe
ratio in hydrothermal deposits is about 1 (Nicholson et al., 1992)
and is very high for hydrothermal and hydrothermal-hydrothermal
mixtures (Jach and Dudek, 2005). The Mn/Fe ratio of the studied
samples varies from 1.3 to 52 (average 11.81), which is close to
hydrothermal and hydrothermal deposits.

The Si vs. Al diagram (Toth, 1980) shows a hydrothermal fluids
source for Mn of the deposit (Fig. 7-a). The major element oxide
diagram Fe,0,-Si0,-MnO also confirms the formation of the deposit
by hydrothermal processes (Fig. 7-b). The trace element content
of the Tavusieh deposit is also consistent with these results. The
samples in the ternary diagrams Fe-Mn-(Ni+Co+Cu), Ni-Zn-Co
and 15(Cu+tNi)-100(Zr+Y+Ce)-(FetMn)/4 have similar behavior
and all are plot in the field of hydrothermal fluids related deposits
(Figs. 8-c, d and e). However, in the Fig. 8b diagram, the samples are
also fall in the diagenesis field, indicating the influence of bacterial
and microbial processes in their occurrence. This also explains the
presence of braunite (Jach and Dudek, 2005). The U vs. Th plot
(Bonatti et al., 1972) confirms the hydrothermal origin of the Mn of
the Tavousieh deposit (Fig. 8-f).

The high LREE/HREE ratios may indicate mineralization
associated with hydrothermal solutions, since LREE is supplied
by volcanoes and HREE from seawater (Fitzgerald and Gillis,
2006). Hydrothermal Mn deposits at mid-ocean ridge show
negative Ce anomalies (Danielson et al., 1992). This anomaly is
calculated as Ce/Ce* = CeN/(LaNxPrN)'? and its value in the
studied samples ranges from 0.1 to 0.33, which is fully consistent
with a hydrothermal origin. Hydrothermal deposits have a La/Ce
ratio similar to seawater (c.a. 2.8), while this ratio is much lower
in hydrogenous deposits (c.a. 0.25) (Nath et al., 1997). The La/Ce
ratios in the samples range from 0.3 to 2 indicating the simultaneous
influence of hydrothermal and hydrogenous processes in the
formation of this deposit. Comparison of the REE patterns of the
Tavousieh deposit with other deposits (Fig. 8) also shows that it
shares geochemical characteristics of both the hydrothermal and
hydrogenous deposits. In addition, microscopic evidence such as
fine-grained pyrolusite minerals, dense occurrence with quartz
grains, and colloform texture indicate rapid deposition from

hydrothermal fluids (Zarasvandi et al., 2013).
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3.3. Environment and depositional conditions

The environment of manganese deposits can be traced based on
their major and minor element contents. The Al,O,/AL,0,+Fe O,
versus Fe,O,/TiO, ratio plot (Fig. 8-a), indicates that this deposit
formed near a mid-ocean ridge where manganese was deposited by
hydrothermal fluids originated from the ridge. On the La/Ce plot
normalized to chondrite values (Evensen et al., 1978) versus ALO,/
AlO,+Fe,0, the samples also plot near the mid-ocean ridge (MOR)
field (Fig. 9-b).

The V/(V+Ni) ratio is an indicator for determining the redox
conditions in manganese deposits (Marynowski et al., 2012). Values
higher than 0.8 indicate reduced conditions and values lower than that
indicate oxidant conditions. This ratio varies from 0.18 to 0.44 for the
studied samples, indicating the presence of oxidant conditions at the
time of formation of these deposits. The V/Mo ratio higher than 10 also
indicates oxidant conditions (Gallego-Torres et al., 2010), which range
10 to 71 for the studied samples. The presence of hematite (Fig. 4)
as an indicator mineral of oxidant conditions confirms these results.

Comparison of the geochemical characteristics of the Tavousich
deposit with the Nasirabad deposit, another manganese deposit in
the Sanandaj-Sirjan zone (Zarasvandi et al., 2013) (Fig. 1), indicates
the existence of differences and similarities in the conditions of their
formation. Both deposits formed by hydrothermal fluids (Fig. 8),
however, the main difference in the occurrence of these two deposits
is their distance from the origin (Figs. 9-a and b). Mn deposits form
close to the source to have higher iron content than those form in
far distance (Ruhlin and Owen, 1986; Toth, 1980; Jach and Dudek,
2005). The Mn/Fe ratio for the Tavousiech and Nasirabad deposits
range from 2 to 16 (mean 8) and 4 to 73 (mean 18.85), respectively,
indicating a difference in their formation location relative to the
oceanic ridge. The La/Ce versus AlLO,/AlLO,+Fe O, ratio plot
(Fig. 9-b) also shows that these two deposits occurred as a result of
the process of manganese deposition in the Neo-Tethys Ocean from

the oceanic ridge to the continental margin.

4. Conclusion

- The Tavousiech Soghan deposit contain pyrolusite, braunite,
todorokite and hematite together with quartz and hematite. The
colloform, micronodular and cockade textures indicate formation by
hydrothermal deposits.

- The SiO,, A1203, Fe203, Zn, Cu, Ni, Co, and Zr contents of the
samples also confirms formation by the hydrothermal fluids.
Although, reaction with the sea water gave it some geochemical
features of hydrogenous deposits.

- The Fe,0,/TiO, and LaN/CeN rations show that they formed near a
Neo- Tethys Ocean ridge.

- Comparison of the Tavousiech and Nasirabad deposits reveals that
they probably formed along a deposition trend in the Neo-Tethys

from the ridge toward the continental margin.
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Figure 2. Field photographs from the Mn ore-bearing layer outcrops in the Tavousieh Soghan

Mn deposit. a and b) the radiolarite chert ore-bearing alternation with the plagic limestones.

¢) High-grade Mn-ore. d) Occurrence of hematite beside pyrolusite.
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Figure 3. Layers of the ophiolitic mélange in the study area with the position of the

Mn-ore vein (not to scale).
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Table 1. The XRF analysis result for the Tavousieh deposit (values are in wt%).

T-S-Mn-1 | T-S-Mn-2 | T-S-Mn-3 | T-S-Mn-4 | T-S-Mn-5 | T-S-Mn-6 | T-S-Mn-7 | T-S-Mn-8 | T-S-Mn-9 | T-S-Mn-10
Sio, 23.97 31.32 27.53 34.87 17.88 33.66 48.5 16.86 13.85 32.98
TiO, 0.09 0.06 0.05 0.05 0.03 0.07 0.09 <0.01 <0.01 0.08
ALO, 2.5 1.56 1.22 1.05 0.78 2.15 1.97 0.46 0.85 2.63
Fe,O, 11.77 12.76 4.97 13.59 3.53 15.86 9.2 2.07 1.32 16.7
Cr,0, 0.01 0.01 <0.01 0.01 0.01 0.01 0.01 <0.01 <0.01 <0.01
MnO 26.38 26.75 37.46 33.06 52.81 20.6 22.69 64.08 69.48 24.46
MgO 1.71 1.02 0.86 0.89° 0.8 1.39 0.47 0.23 0.25 1.79
CaO 16.91 12.37 11.96 6.32 7.58 12.31 6.51 7.6 7.05 9.21
K,0 0.35 0.36 0.61 0.29 1.27 0.42 0.03 0.08 0.11 0.41
Na,O 0.1 0.05 0.11 0.02 0.15 0.01 0.17 0.22 0.24 0.01
PO, 0.08 1.39 0.06 1.87 0.04 0.08 1.93 0.27 2.39 0.09
SO, 0.19 0.16 0.23 0.2 0.28 0.15 0.31 0.27 0.44 0.18
LOI1 14.79 10.95 12.9 6.19 12.29 12.1 6.74 6.55 2.64 9.98
Sum 98.85 98.76 97.96 98.41 97.45 98.81 98.62 98.69 98.62 98.52
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(Whitney and Evans, 2010)

Figure 4. Photomicrographs from the thin-polished sections of the Tavousieh deposit. a and

b) Pyrolusite grains scattered between the quartz grains. c) a quartz grain surrounded by pyrolusite.

d and e) Colloform texture including braunite and pyrolusite. f) Pyrolusite with micronodular

texture. g) Cockade texture with braunite core and pyrolusite rim. h) Multi-generation quartz vein.

i) The todorokit adjacent to a breacciated quartz vein. Mineral abbreviations are Brn: braunite,

Pyl: pyrolusite, Qz: quartz, Tdr: todorokite (Whitney and Evans, 2010).
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Figure 5. The X-ray diffraction analysis results of the Tavousieh deposit.
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Table 2. The ICP-MS analysis result for the Tavousieh deposit (values are in ppm).

T-S-Mn-1 | T-S-Mn-2 | T-S-Mn-3 | T-S-Mn-4 | T-S-Mn-5 T-S-Mn-1 | T-S-Mn-2 | T-S-Mn-3 | T-S-Mn-4 | T-S-Mn-5

Ag 7 48 12.9 8 8.8 Th 37 3 3.2 1.8 0.7
Al 21382 13064 15130 7045 2920 Ti 863 559 305 <10 <10
Ba 7066 2772 | >10000 | 6265 9414 TI 0.5 0.4 0.6 0.4 0.9
Be 11 0.9 12 0.9 0.9 U 0.9 1.6 1.6 0.6 1
Bi <0.1 <0.1 <0.1 <0.1 <0.1 v 62 128 115 2% 15
Ca 19186 18905 | 23086 17181 51035 w 305 35.8 33.9 278 27.1
cd 1.5 25 3.7 22 22 Y 19.4 21.1 33.6 3 12.2
Co 202 7 48.6 33.1 3.2 Zn 409 409 72 209 9%
Cr 39 25 38 03 33 7t 28 25 23 1 8
Cs <0.5 <05 <0.5 34 <0.5 La 18 15 17 10 3
Cu 345 145 323 367 65 Ce 15 14 17 1 7
Fe 14742 | 15982 | 6225 170.22 4421 Pr 472 3.68 3.28 1.95 11
Hf 1 0.7 0.7 0.5 <0.5 Nd 19.6 16.1 14.3 9.5 6
In <0.5 <0.5 <0.5 <0.5 <05 Sm 14.8 74 16.5 262 18.8
K 4371 3537 3737 3678 3595 Eu 8.74 3.75 9.82 17.04 12.59
Li 21 9 2 2 2 Gd 2.97 2.62 27 2.07 1.08
Lu 0.7 0.9 0.8 22 0.9 To 0.7 0.7 0.8 0.6 03
Mg | 10669 2972 1382 644 1436 Dy 3.8 3.9 5 33 13
Mn | 37188 | 37710 | 52807 | 466.05 | 744.46 Er 25 23 42 2.9 11
Mo 2.9 32 1.6 0.5 1.4 Tm 0.5 0.5 0.7 0.6 03
Na <100 <100 <100 <100 <100 Yb 237 3.07 3.67 1.91 0.37
Nb 3.7 3 24 1.6 1 La/Ce | 120 1.07 1.00 0.91 0.43
Ni 281 21 144 101 27 LaNd | 092 0.93 1.19 1.05 0.50
P 395 1057 469 522 160 Vil oas 0.37 0.44 0.19 0.36
Pb 60 47 70 62 59 (Vi)

o 5 5 - - - MnFe | 224 2.10 7.54 243 14.96
S 08 s 65 g i VMo | 2138 40.00 71.88 48.00 10.71
- . 0k s o EwEw* | 117 1.03 1.19 1.28 131
~ . e 3 s s Ce/Ce* | 039 0.45 0.55 0.60 0.93
~ s s s s s LREE | 57.32 4878 5158 3245 17.10
o 03 . o 0 vy HREE | 607 6.77 9.37 7.61 2.67
- e o1 384 - 205 SREE | 94.40 73.92 95.77 89.27 53.84
Ta 0.4 0.4 0.3 0.4 0.2 hﬁg 9.44 721 5.50 426 6.40
Te <05 <05 <05 <0.5 <05
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Table 3. Correlation coefficient of the major and trace elements of the Tavousieh deposit.

Si0, | TiO, | ALO, | FeO, | MgO | CaO | Na,0 | KO | Zn | Ni | Co | Cu | Y | Ce
SiO, | 1.00 | 0.18 | 0.01 | 0.74 | -0.12 | -0.15 | -0.95 | -0.82 | 0.36 | 0.24 | 0.43 | 0.53 | 0.53 | 0.38
TiO, 1.00 | 098 | 0.60 | 0.94 | 0.86 | -0.24 | -0.70 | 0.86 | 0.95 | 0.09 | 0.55 | 0.13 | 0.63
ALO, 1.00 | 049 | 097 | 092 | -0.08 | -0.57 | 0.85 | 0.94 | -0.03 | 0.41 | 0.03 | 0.59
FeO, 1.00 | 0.44 | 0.19 | -0.88 | -0.87 | 0.62 | 0.58 | -0.04 | 0.44 | 0.01 | 0.23
MgO 1.00 | 0.84 0.00 -0.45 | 0.70 | 0.83 | -0.10 | 0.39 | -0.14 | 0.40
CaO 1.00 0.17 -0.38 | 0.83 | 0.90 | 0.02 | 0.25 | 0.18 | 0.71
Na,O 1.00 0.82 | -0.37 | -0.27 | -0.20 | -0.46 | -0.26 | -0.21
K,0 1.00 | -0.75 | -0.72 | -0.38 | -0.72 | -0.47 | -0.65
Zn 1.00 | 098 | 0.03 | 033 | 0.29 | 0.76
Ni 1.00 | 0.04 | 040 | 0.22 | 0.74
Co 1.00 | 0.80 | 0.90 | 0.61
Cu 1.00 | 0.63 | 0.59
Y 1.00 | 0.80
Ce 1.00
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Figure 6. The correlation diagrams for MnO, FeO, Al,O,, TiO,and MgO in the Tavousieh deposit.
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Figure 8. Hydrothermal, hydrogenous and diagenetic Mn deposits geochemical discriminating diagrams for the Tavousieh deposit samples.
a) Si vs. Al diagram (Toth, 1980). b) Fe,0,-Si0,*2-MnO ternary diagram (Karakus et al., 2010), ¢) Fe-Mn-(Ni+Co+Cu)*10 ternary
diagram (Bonatti et al., 1972; Crerar et al., 1982). d) Ni-Zn-Co ternary diagram (Choi and Hariya, 1992). ¢) 15(Cu+Ni)-100(Zr+Y+Ce)-
(Fe+Mn)/4 ternary diagram (Bonatti et al., 1972). f) Th vs. U diagram (Bonatti et al., 1972).
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