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1-Introduction

Manganese deposits in Iran have been formed in different geological conditions from the Late Precambrian-
Early Cambrian to the Miocene-Pliocene in hydrothermal, SEDEX, sedimentary, or volcanic sedimentary
forms (Maanijou et al., 2015; Maghfouri et al., 2017). Manganese deposits form through primary
(hydrothermal, diagenesis, hydrogenetic) and secondary (supergene) processes (Meynard, 1983). The Kuh-
e-Chehr manganese deposit is located 45 km northeast of Ardakan in the Yazd Block of Central Iran. The
lithology in the area includes Jurassic shale, sandstone with interlayers of limestone, and Cretaceous
limestone, juxtaposed with Cambrian units by the fault contact. The fault activity has resulted in manganese
deposits near Quaternary units. Identifying the origin of manganese deposits and the presence of potentially
valuable metals plays a vital role in the geochemical study of manganese deposits in the area.

2-Material and methods

The research started by gathering information about the area, geological maps, and satellite images. Field
studies were conducted by sampling lithological units and manganese deposits. The thin and polished
sections were prepared and studied by a polarizing microscope. The XRD and ICP-MS analyses were
performed on the selected sample. Subsequently, the data was processed and interpreted using Excel and
GCDkit software.

3-Results and discussions

The petrography and mineralography studies and the results of the XRD analysis indicate the presence of
the main phases of pyrolusite MnO,, cryptomelane K (Mn* Mn?*)s016, manganosite MnO, calcite, quartz,
and secondary phases of illite (muscovite), hematite and goethite. The analyzed samples in the binary
diagram of Si versus Al, the ternary diagram of Ni-Co-Zn, (Co+Cu+Ni) -(Co/Zn) diagram, the ternary
diagram of (Fe+Mn)/4-(Zr) +Y+Ce)*15-100*(Cu+Ni) and in the ternary diagram Fe-Mn-(Co+Cu+Ni)*10,
which separates the range of hydrothermal deposits from hydrogenic and diagenetic fall in the hydrothermal
field. The samples in the U-Th diagram have higher uranium and are in the hydrothermal range. Rapid
deposition during hydrothermal processes produces more uranium enrichment (Rona et al., 1983). The
samples of Mn deposit in the Log Th vs. Log U plot show similarities with fossil exhalative deposits and
EPR (East Pacific Rise) deposits. The Pb-Zn diagram distinguishes Dabhit-type deposits from other
manganese oxide deposits. In this diagram, the values of lead and zinc in the Dabhites are higher than other
deposits formed in the marine environment, hot water springs, exhaustive, and deposits resulting from
weathering processes (Nicholson, 1992b); the samples are scattered in the range of deposits formed in
shallow marine environments to fresh water and have weathered deposits and are not the result of older
metal deposits. The binary diagram of Na-Mg shows shallow, deep, and freshwater marine environments
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for the formation of deposits (Nicholson, 1992a). Samples are placed in the range of deposits formed in
freshwater environments.

The Ba vs. P,Os diagram shows an oxidation environment for this deposit. The chondrite normalized
pattern shows a relative enrichment of LREE with a negative to positive cerium anomaly (1.1-0.5) and a
more positive europium anomaly (1.79-0.6). There is a noticeable depletion of heavy rare earth elements in
samples with lower amounts of Mn. In the chondrite normalized spider diagram, enrichment of Sr, Ba, and
negative Ti, Nb, and P anomalies are seen. Mixing seawater and submarine hydrothermal fluid causes
positive Eu, La, and Y anomalies, depletion of light REE, and enrichment of heavy REE (Hein et al., 1997).
In normalization with post-Archean Australian Sedimentary Rocks (PAAS) (Taylor and McLennan, 1985),
they showed a distinct positive europium anomaly, depletion of light rare earth elements, and enrichment
of heavy rare earth elements, Except for the samples with lower amounts of Mn and more weathering,
which show depletion of heavy rare earth elements. Also, a weak negative anomaly of Ce can be seen in
the normalized pattern with the PAAS. The rare earth element pattern of the deposit shows lower levels of
rare earth elements compared to hot hydrothermal fluids from the mid-Atlantic ridge, the East Pacific Rise,
and the back-arc basin (data from Douville et al., 1999). However, compared to the pattern of rare earth
elements in seawater, there is a reduction in heavy rare earth elements and an increase in light rare earth
elements, indicating that the hot water fluid interacting with this deposit has mixed with seawater. However,
the manganese deposit exhibits signs of weathering after its formation from hydrothermal fluid.

4- Conclusion

The manganese deposit of Kuh-e-Chehr, northeast of Ardakan, in the Yazd block, consists of the main
minerals pyrolusite, cryptomelane, manganosite, limonite, and goethite. The high ratio of Si/Al, Mn/Fe,
enrichment of Pb, Sr, Ba, Zn, and depletion of Co and Ni are evidence of the hydrothermal origin of the
deposit confirmed with major and rare elements discrimination diagrams. The distribution of rare earth
elements indicates that the manganese deposit was formed by mixing hydrothermal fluid and seawater in
an oxygen-rich environment. Some deposits in the area with low amounts of manganese have been
displaced by faults and weathered by supergene processes.
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Table 1. The result of ICP-MS analyses of the Kuh-e-Chehr Mn deposit

MN-1 MN-2 MN-4 MN-5 MN7 MN8
SiO2 2.37 0.81 9.97 7.23 0.95 1.67
TiO2 0.02 0.02 0.11 0.09 0.02 0.02
Al203 0.61 0.16 2.06 2.01 0.07 0.40
Fe205™t! 1.64 0.29 3.19 1.18 1.49 5.18
MnO 45.50 83.71 29.44 12.74 82.44 57.72
MgO 0.54 0.06 0.72 0.75 0.06 0.47
CaO 24.05 0.57 26.45 40.59 0.96 13.12
Na20 0.17 0.05 0.33 0.12 0.10 0.35
K20 0.26 0.11 1.33 0.90 0.06 0.19
P20s 0.04 0.03 0.07 0.05 0.12 0.17
Ba 3043 2118 12700 4460 1155 3300
Rb 10 8 25 19 39 41
Sr 1834 1878 4871 1615 1601 1924
Zr 59 92 53 30 91 121
Nb 1.40 1.30 2.00 1.80 0.80 0.80
Ni 402 539 167 89 583 386
Co 236 179 545 165 140 247
Zn 1270 2297 575 333 2198 1816
Cr 45 74 49 55 83 72
La 26 16 21 18 19 31
Ce 45 29 60 26 25 62
Pr 5 4 5 4 4 6
Nd 20 14 20 13 17 24
Sm 5 3 6 3 3 5
Eu 1.35 0.90 2.69 1.01 0.82 1.94
Gd 4.63 3.47 3.31 2.12 4.00 5.00
Tb 0.80 0.50 0.50 0.20 0.50 0.80
Dy 4.55 3.66 2.29 1.32 3.60 4.60
Er 3.24 3.17 1.12 0.67 3.90 4.30
Tm 0.40 0.50 0.20 0.20 0.50 0.50
Yb 1.65 2.00 0.45 0.10 2.42 2.77
Lu 0.50 0.60 0.30 0.20 0.70 0.70
Y 41.50 51.30 10.00 7.50 59.90 53.30
Cs <0.5 <0.5 1.70 1.30 <0.5 <0.5
Ta <0.1 <0.1 0.20 0.20 0.50 2.60
Hf 1.19 1.19 131 1.29 <0.5 <0.5
Th 1.40 1.40 3.10 2.30 1.60 1.70
U 12 28 3 1 30 19
\% 12 7 76 47 11 30
Mo 87 139 63 43 156 126
Cu 3 2 21 8 10 6
Pb 36 60 44 28 79 65
As 24 30 29 23 29 45
Sc 3 5 1 1 4 4
Be 8 16 6 3 14 11
Cd 0.90 1.00 0.50 0.20 1.30 0.80
Sb 0.50 0.90 4.70 0.60 <0.5 0.70
LOI 23.82 13.32 24.15 33.42 12.66 19.41
La/Ce 0.58 0.55 0.35 0.69 0.76 0.50
Co/Ni 0.59 0.33 3.26 1.86 0.24 0.64
ColZn 0.19 0.08 0.95 0.50 0.06 0.14
Mn/Fe 30.72 319.60 10.22 11.95 61.26 12.34
Si/Al 3.43 4.47 4.27 3.18 11.98 3.69
U/Th 8.64 20.14 0.97 0.48 18.75 11.29
SumREE  117.97 80.74 123.09 69.15 84.86  148.95
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0350 ;0 ladigai 5,5 ,1,8 4 (Bonatti et al., 1976) Th-U Lo lss0i(F) o @nd Hariya, 1992, Shah and Moon, 2004
Lo loges ol 55 Jloyig o sla)luls
Fig. 4 (a) Binary diagram of Si vs. Al (Choi and Hariya, 1992) and plot of samples, (b) Ni-Co-Zn diagram
(Choi and Hariya, 1992), (c) Ternary diagram of (Ni+Cu) *15-(Fe+Mn)/4-(Zr+Y+Ce) *100 (Bonatti et al.,
Mn-Fe-(Ni+Co+Cu) (d) Binary diagram of (Co/Zn) -(Co+Cu+Ni) (Toth, 1980), (e) Ternary diagram of 1972),

1972; Crerar et al., 1982; Choi and Hariya, 1992, Shah and Moon, 2004) and (f) x10 (Bonatti et al.,
discrimination diagram of Th-U (Bonatti et al., 1976). Manganese ore samples plot in hydrothermal fields.
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Fig. 6. The distribution of rare earth elements in manganese deposit samples, normalized to (a) chondrite Boynton, (1984)
(b) PASS (Taylor and McLennan, 1985) (c) Trace and rare earth elements pattern normalized to chondrite (d) Comparison
of the distribution of rare earth elements of the manganese deposit samples normalized to chondrite with PASS (Post
Archean Australian Sedimentary Rocks), MAR (Mid Atlantic ridge), EPR(East Pacific rise), BAB (Back Arc Basin)(data
from Douville et al., 1999), Sea water (data from Alibo and Nozaki, 1999).
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Table 2- Results of Pearson correlation coefficients

SiO;
TiO;
Al;03

SiO;

TiO;

Al,O;

Fezo 3Total

MnO

MgO CaO Na,0

K,0O

P20s

Ba

Rb

Sr Zr

Nb

.986™
.975™

F9203Tma| 0.143

MnO
MgO
CaO
Na,O
K0
P20s
Ba
Rb
Sr
Zr
Nb

-.839"
814"
0.770
0.413
.998™
-0.554
.894"
-0.082
0.747
-0.731
879"

.986™

.969™
0.065
-0.801
0.746
0.731
0.316
.985™
-0.511
847"
-0.070
0.697
-0.730
867"

975"
.969™

0.086
-921™
871"
874"
0.333
967
-0.609
0.788
-0.148
0.593
-0.799
887"

0.143
0.065
0.086

1

-0.175

0.366
0.092

.939™

0.149
0.477
0.336
0.684
0.330
0.437

-0.229

-.839"
-0.801
-921™
-0.175

1
-971™
-.990™

-0.371

-.818"

0.653
-0.601

0.155
-0.358

0.779
-0.765

.814* 0.770
0.746 0.731
871" 874"
0.366 0.092

-971™ -990™ -
1 .947"

947

1

0.562 0.275
0.799 0.745
-0.559 -0.707
0.664 0.498
-0.083 -0.226
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Table 3- Results of Pearson correlation coefficients
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