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Fig. 1. Geologecal map of Noorabad Delfan - Kermanshah ophiolite (Based on 1/100000 geological map of Harsien and

Kermanshah (Nazari and Shahidi, 1997).
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Fig. 2. Field photographs of the different ore styles in the Noorabad Delfan Mn mineralization. A: Radiolarian chert
units are as host rocks of manganese mineralization veins in the syngenetic phase, B: Framework and stockwork
structures Mn mineralization in the epigenetic phase, C: Mineralization veins (20 centimeter to 1 meter thickness), in
the epigenetic phase, and D: Mn mineralization vein-veinlets which are hosted by syngenetic ore
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Table 1. Major element compositions (wt.%) of samples from the Noorabad Delfan manganese deposits

Sample 101 102 103 104 105 106 107 108
SiO: 45.23 26.48 57.7 30.7 62.9 53.64 41.82 38.46
TiO2 0.01 0.03 0.01 0.04 0.23 0.03 0.02 0.06
ALO; 1.95 0.28 0.02 0.04 0.64 0.37 0.73 0.32
FeOx 2.31 0.72 2.73 2.23 0.60 1.74 3.32 2.25
MnO 48.26 64.89 36.30 63.24 33.20 43.18 50.12 57.03
Mgo 0.04 0.02 0.03 0.02 0.02 0.03 0.69 0.054
CaO 0.37 4.36 0.72 2.61 0.46 0.05 0.23 0.65
NaxO 0.82 0.21 0.08 0.17 0.18 0.42 0.06 0.02
K20 0.05 0.04 0.01 0.19 0.12 0.21 0.98 0.09
P20s 0.05 0.06 0.09 0.61 0.02 0.07 0.03 0.23
Total 99.06 97.07 97.60 99.83 98.30 99.74 98.01 99.16

Mn/Fe 4.44 4.39 8.59 37.58 3.69 11.54 20.41 32.20

Na/Mg 27.87 14.63 3.71 11.84 0.24 19.51 0.12 0.01
AVTi 9.71 0.23 0.02 0.88 49.60 3.74 120.4 47.94

Sample 109 110 111 112 113 114 115
SiO2 68.06 45.15 64.3 50.78 78.3 57.12 46.89
TiO2 0.23 0.08 0.02 0.04 0.22 0.32 0.02
ALOs 0.39 0.52 0.36 0.41 0.57 0.73 0.43
FeOx 1.53 7.12 2.23 3.60 1.04 1.22 2.23
MnO 26.63 43.12 30.80 35.05 18.30 37.32 48.78
Mgo 0.07 0.44 0.96 0.04 0.23 0.70 0.14
CaO 0.72 0.42 0.66 7.41 0.56 0.19 0.62
Na.O 0.05 0.75 0.02 0.42 0.03 0.12 0.42
K20 0.03 0.06 0.12 0.12 0.32 0.06 0.01
P20s 0.08 0.23 0.21 0.07 0.01 0.04 0.05
Total 97.79 97.81 99.70 97.92 99.60 97.82 99.59

Mn/Fe 25.03 8.71 19.90 14.00 25.30 42.73 28.54

Na/Mg 0.99 2.43 0.02 13.93 0.18 0.23 4.18

AV/Ti 9.05 5.73 15.90 9.04 2.51 2.01 18.97
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Fig. 3. Microscopic photographs of the host rock in the Noorabad Delfan Mn mineralization. A: Euhedral feldspar
(plagioclase), alkali feldspar and biotite in basaltic andesite tuff, which opaque minerals are manganese crystals, B:
Oolite limestone-bearing radiolarian chert, C: Limestone settings that are affected by the tectonic activity of the
Noorabad Delphan and fractions filled by manganese and iron oxides, D: Open space filling manganese mineralization
in radiolarite units, E: Radiolarian chert associated with orbicular manganese crystals, and F: Manganese mineralization
simulataneous with jasperoid silicification phase. Abbreviation after Whitney and Evans (2010) (Plg: Plagioclase, Kfs:

Alkali feldspar, Bt: Biotite, Op: Opaque minerals, Ol: Olivine, Tal: Talc, Rad: Radiolarite, Oo: Oolite, Mn: Manganese,
Fe: Iron oxides, Si: Silica).
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Fig. 4. Reflective microscopic images in the syngenetic phase of Noorabad Delfan Mn mineralization. A: Pyrolusite
mineralization with chloroform texture associated with braunite, B: Pyrolusite association with braunite and manganite,
C: Layered form of manganese mineralization in the syngenetic phase, D: Presence of supergene goethite as open space
filling, E: Coarse and fine-grained of pyrolusite with massive texture in the syngenetic phase, and F: After pyrolusite,
braunite is main manganese-bearing mineral of syngenetic phase. Abbreviation is based on Whitney and Evans (2010)

(Pyl: Pyrolusite, Bru: Braunite, Man: Manganite, Gt: Goethite).
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Fig. 5. Reflective microscopic images in the epigenetic phase in the Noorabad Delfan Mn mineralization. A:
Rhodochrosite (Rds) mineralization associated with nsutite (Nsu) veins, which show iron have increase in rim of veins,
B: Pyrolusite-braunite has grown as veins (epigenetic phase) in radiolarian chert, C and D: Epigenetic pyrolusite and
braunite vein and veinlets in the syengenetic ore. Abbreviation is based on Whitney and Evans (2010) (Pyl: Pyrolusite,
Bru: Braunite, Qtz: Quartz, Gt: Goethite, Rds: Rhodochrosite, Fe-rich Nsu: Fe-rich Nsutite, Nsu: Nsutite).
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Fig. 7. Electron microscope images (SEM) of EPMA- analyzed points from Noorabad Delphan Mn ore mineralization.

A: Nodular pyrolusite in the radiolarian limestone matrix, B: Quartz veins are the main gangue in the syngenetic ore, C:
Native crystals of silver in the Noorabad Delphan deposit, and D: Nsutite and pyrolusite are main ore mineral at the

Noorabad Delphan ore mineralization.
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Table 2. Major and minor electron microprobe analysis (EPMA) (wt.%) of the Noorabad Delphan deposit. (Bd>=
Below detection limit)

Sample 1 2 3 4 5 6 7 8 9 10 11
Si 0.14 0.09 0.10 0.40 0.29 0.59 561 024 0.21 0.39 0.18
Ti Bd> Bd> Bd> 0.02 Bd> Bd> 0.04 002 Bd> 0.01 0.02
Al 0.07 0.03 0.03 0.07 0.06 029 0.07 0.10 0.09 0.17 0.04
Fe 0.17 0.11 0.18 0.74 0.18 3.89 0.15 058 1.37 1.66 0.43

Mn 54.48 5429 538 5345 5370 49.70 49.63 54.48 53.05 52.54 53.88

Mg 1.38 1.39 1.25 0.99 1.56 1.04 131 1.27  1.30 1.03 1.42
Ca 2.48 2.43 241 2.71 2.46 235 233 238 219 2.52 2.19
Na 0.25 0.07 0.12 0.20 0.24 020 024 023 010 0.14 0.15
K 1.18 1.27 1.20 0.81 1.00 070 0.78 124 1.21 1.12 1.15

Bd> Bd> Bd> 0.01 Bd> Bd> Bd> 001 Bd> 0.01 0.01

Cr 0.01 Bd> Bd> 0.01 Bd> Bd> 0.02 Bd> Bd> Bd> 0.03
Ni 0.02 Bd> 0.00 0.03 0.01 Bd> Bd> Bd> Bd> Bd> Bd>
Sr 0.45 0.26 0.38 0.43 0.26 022 021 052 030 047 0.38
S 0.02 0.02 0.02 0.11 0.03 0.05 0.02 0.06 0.05 0.04 0.02
Cu 0.05 Bd> Bd> 0.03 Bd> 0.01 0.01 Bd> Bd> 0.04 0.07
Zn Bd> 0.12 0.07 0.09 0.02 0.07 0.02 004 0.10 0.02 0.03
Pb 0.05 0.04 Bd> 0.05 0.03 0.07 Bd> 0.02 Bd> Bd> 0.03

Total 79.24 7834 7758 78.64 7830 77.69 8352 799 7827 78.66 78.31
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Fig. 8. Geochemical diagrams of the Noorabad Delphan Mn ore deposit. A: Si and Al binary diagram (Toth, 1980), B:
(Cu+ Ni + Co)*10-Fe—Mn ternary diagram (Bonatti et al., 1972; Crerar et al., 1982) of Noorabad Delphan ore samples
show that hydrothermal-hydrogeneous origin, C: Co/Zn and Co+Ni+Cu binary diagram after Polgari et al., 2012, D:
Co+tNi and Cut+ Pb+V+Zn binary diagram after Nicholson (1992a), E: Noorabad Delphan ore samples in Na/Mg
diagram (Nicholson, 1992a) are located in the hydrothermal deposits area, and F: Ternary diagram of N-Co—Zn (Shah
and Moon, 2007).
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Table 3. The results of whole rock chemical analysis, by ICP-MS method minor elements per (ppm) from manganese
deposit samples in Noorabad Delfan area

Sample 101 102 103 104 105 106 107 108
Ba 3339 1742 1392 1818 1572 5947 1989 1209
Be 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
Co 82.20  82.80 31.70 67.90 4230 80.00 41.30 27.20
Cs 0.50 0.10 0.10 0.20 0.10 0.40 0.10 0.10
Ga 51.20 48.00 3590 3920 33.20 28.50 33.20 30.90
Rb 1.20 0.80 0.40 2.00 2.00 1.60 10.70 6.70
Sr 523 642 732 625 223 631 126 523
Ta 0.10 0.10 0.10 0.10 0.20 0.10 0.60 0.10
Th 0.40 0.30 0.41 0.32 0.40 0.51 0.80 0.96
U 2.26 3.01 4.05 2.06 2.04 3.07 3.29 4.06
Zr 16,70  20.23 121.00 17.50 19.70 17.50 17.40 12.10
Cu 9270 96.50 247.00 146.00 28.10 50.40 45.50 49.70
Pb 5.70 22.00 19.00 1520 10.30 10.40 15.10 11.90
Zn 47.00 66.00 52.00 53.00 151.00 44.00 48.00  179.00
A\ 38.25 11.28 132.11 132.00 45.44  40.00 62.18  100.12
Ni 153.00 157.70 174.00 224.00 205.50 66.20 55.30  154.00
Sc 1.00 1.00 2.00 1.00 2.00 1.00 2.00 1.00

Co/Zn 1.75 1.25 0.61 1.28 0.28 1.81 0.86 0.15

Co/Ni 0.54 0.52 0.18 0.30 0.20 1.20 0.75 0.18
La 5.10 7.70 5.00 3.20 3.60 5.60 20.70 19.70
Ce 5.60 7.80 5.10 4.20 3.70 5.70 20.80 19.80
pr 10.00  10.80 8.20 5.80 6.90 8.60 18.30 45.50
Nd 3.30 4.30 3.20 3.10 4.30 3.30 20.30 17.50
Sm 0.66 0.76 0.49 0.48 1.03 0.55 4.69 3.61
Eu 0.12 0.13 0.12 0.14 0.23 0.10 1.06 0.81
Gd 0.69 0.90 0.64 0.55 1.06 0.66 4.60 3.20

YLREE 2550 3230 2280 1750 20.80 24.50 90.50  110.00
Tb 0.15 0.17 0.13 0.11 0.18 0.12 0.73 0.48
Dy 0.93 0.99 0.92 0.86 1.04 0.80 4.34 291
Ho 0.24 0.28 0.21 0.17 0.2 0.16 0.91 0.55
Er 0.80 0.81 0.67 0.65 0.71 0.63 2.54 1.50
Tm 0.13 0.16 0.14 0.12 0.10 0.10 0.32 0.23
Yb 1.05 1.20 1.10 0.97 0.67 0.65 1.89 1.40
Lu 0.18 0.21 0.18 0.17 0.10 0.11 0.28 0.22

XHREE 3.48 3.82 3.35 3.05 3.00 2.57 11.00 7.29

LREE/HREE  7.32 8.47 6.79 5.73 6.94 9.53 8.22 15.10
XREE 29.00 36.20 26.10 20.50 23.80 27.00 102.00 117.00
La/Ce 0.91 0.98 0.98 0.76 0.97 0.98 1.00 0.99
Y/Ho 4.38 4.28 5.24 5.71 3.35 4.06 2.08 2.55

EwEu* 0.54 0.83 0.65 0.67 0.50 0.69 0.77 0.72
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Table 3 (Continued). The results of whole rock chemical analysis, by ICP-MS method minor elements per (ppm) from

manganese deposit samples in Noorabad Delfan area

Sample 109 110 111 112 113 114 115
Ba 3194 3179 1819 2086 2227 3614 2645
Be 2.00 2.00 1.00 1.01 1.00 1.00 1.00
Co 128.00  27.20  39.30 48.50 33.10 17.50 60.23
Cs 0.40 0.70 0.50 0.30 0.50 0.20 0.03
Ga 31.10 30.60 28.50 92.00 92.00 92.00 45.02
Rb 0.77 0.65 4.30 0.40 0.12 5.90 2.26
Sr 864 523 96 568 555 557 664
Ta 0.10 0.10 0.10 0.10 0.40 0.10 0.20
Th 0.62 0.40 0.36 0.30 0.29 0.74 0.024
U 4.02 4.96 5.23 3.00 3.78 4.29 3.96
Zr 14.20 16.60  7.06 14.30 18.22  10.10 16.78
Cu 333.00 45.10 40.80 28.10 80.50 247.10 312.01
Pb 3.30 7.50  22.00 9.33 19.00 7.90 8.11
Zn 62.00 41.00 3500 179.00 6245 62.00 61.02
\% 124.00  88.00 46.20 30.25 40.00 111.00 114.21
Ni 50.20 38.00 50.10 50.70 4490 39.30  231.00
Sc 1.00 1.50 1.00 3.00 1.00 1.00 1.00

Co/Zn 2.07 0.66 1.12 0.27 0.53 0.28 0.98

Co/Ni 2.56 0.72 0.78 0.96 0.73 0.44 0.26
La 2.00 1.50 5.40 4.30 7.05 5.83 0.75
Ce 2.10 1.60 5.50 4.40 7.06 0.94 0.25
pr 1.40 2.30 10.40 5.83 11.51 5.83 0.28
Nd 0.80 1.40 2.80 2.60 5.83 0.22 0.94
Sm 0.21 0.31 0.56 0.52 1.29 0.25 0.22
Eu 0.05 0.06 0.17 0.17 0.32 0.04 0.25
Gd 0.28 0.34 0.71 0.62 1.28 0.75 0.22

YLREE 6.84 7.51 25.50 18.40 3430 13.80 291
Tb 0.05 0.06 0.13 0.11 0.19 0.28 0.54
Dy 0.41 0.33 0.92 0.77 1.27 0.04 0.79
Ho 0.09 0.06 0.22 0.18 0.25 0.22 5.94
Er 0.30 0.18 0.70 0.63 0.75 5.34 0.48
Tm 0.04 0.03 0.11 0.12 0.10 0.22 0.79
Yb 0.28 0.14 1.01 0.94 0.72 0.04 0.65
Lu 0.02 0.19 0.17 0.12 0.22 8.82 0.54

XHREE 1.19 0.99 3.26 2.87 3.50 14.9 9.73

LREE/HREE 5.75 7.59 7.83 6.43 9.81 0.92 0.29
XREE 8.03 850  28.80 21.30 37.80  28.80 12.64
La/Ce 0.95 0.94 0.98 0.98 0.99 0.06 0.35
Y/Ho 3.11 2.33 4.59 5.22 2.88 0.18 0.10

EwEu* 0.63 0.56 0.82 0.91 0.84 0.77 0.11
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Introduction

The Borujerd-Kermanshah ophiolite is a part of
the ophiolite complex belonging to the Zagros
Mountains and is a part of the Alpes-Himalayan
belt (Alavi, 1994). The Boroujerd-Kermanshah
Ophiolite complex consists of serpentinized
peridotite, layered metagabbro, isotropic gabbro,
diabase dyke, plagiogranite, pillow lavas and
sedimentary rocks (Miocene radiolarite and
limestone). In the upper part, the radiolarite layers
are covered by jasperoid rocks and pelagic
limestone (Mohajjel et al., 2003; Saccani et al.,
2013). The Noorabad Delfan manganese deposit
is subjected to mineralogical and geochemical
studies in order to elucidate its petrogenesis. The
Noorabad Delfan manganese deposit is located
along the ophiolite belt of the upper Jurassic-
lower Cretaceous period. Manganese
mineralization occurs as syngenetic to epigenetic
with jasperoid and silicified veins in the carbonate
and radiolarian chert units. Geochemical studies
show that some elements such as Ce, Cu, Ni are
enriched in the mineralized zone. Mobile and
trace elements (Sr, As, Zn, Ba, Fe, Mn, Si) and the
ratio of Mn/Fe, Al/Ti, show similar characteristics
with submarine hydrothermal-hydrogenous
manganese deposits. In geochemical studies,
SEM, XRD and EPMA results show that
pyrolusite is the majar mineral in the ore deposit,
and nsutite and rhodochrosite are formed as the
accessory phase.

Materials and methods

During the field work, 53 samples were collected
from the mineralization zone and host rocks. A
total of 30 polished and thin sections were studied
by Zeiss polarized microscope (Axioplan-2), in
the Kharazmi University and the Iran Mineral
Processing Research Center (IMPRC). Suitable
sections were selected for more study by Zeiss
1450vp SEM at the Iranian Mineral Processing
Research Center (IMPRC). The SEM-EDS
analyses and secondary electron (SEM-SE)
images at the IMPRC were acquired on beam
currents between 0.05 and 5 nA, and electron
acceleration potentials of 5 to 20 kV. The Electron
microprobe analysis of selected points by SEM
was carried out using a Cameca SX100 at IMPRC
in the 20 kV and 20 nA current and 1 to 5 um
beam long. The Cameca PAP correction software
was used for data reduction. Backscattered
electron images were used in order to select more
analytical points. A total of 15 samples were
selected for whole rock chemical analysis.
Samples were prepared with regular methods and
finally they were analyzed for major and rare
elements by the XRF and ICP-MS methods in
Zarazma and Iran Minerals Processing Research
Center Laboratory.

Discussion
Manganese deposits with hydrothermal origin are
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usually related to silica gels. These deposits are
associated with submarine volcanic eruptions and
hydrothermal-hydrogenous activity and they are
rich in metal elements. This kind of deposits, is
basically emplaced with interlayer marine
sediments (Roy, 1992). Titanium in the
hydrothermal fluids is an immobile element and
can be used as an indicator for measuring the
amount of continental crest sediment. The
relatively high TiO, levels in the manganese
deposits indicate the composition of the material
during sedimentation (Sugisaki, 1984). Therefore,
in the hydrothermal deposits, the TiO, ratio is
lower than other kinds of manganese ore
mineralization types. Nicholson (Nicholson,
1992a) believes that hydrothermal manganese
deposits are known by enrichment of As, Ba, Cu,
Pb, Sb, Sr, Li, Cd, Mo, V, Zn, Co, Cu, Ni and
sedimentary deposits are distinguished by K, Na,
Ca, Mg, Sr (Nicholson, 1992b). According to this
statement, the manganese mineralization of the
Noorabad Delfan deposit may be classified as
hydrothermal to hydrogenous ore deposits related
to oceanic crust ophiolitics.

Result

The Noorabad Delfan deposit with 5 km long is
formed in radiolarite sequences in the west of
Iran. Based on field observation, mineralogy and
geochemistry and the major/trace and rare
elements ratio, Noorabad Delfan mineralization is
classified as a hydrothermal-hydrogenous deposit.
In the study area, the manganese mineralization is
formed with interlayer of radiolarite as syngenetic
to epigenetic mineralized zones.

The hydrothermal systems are generated by
submarine volcanic activity and seawater. Due to
the rotation of submarine volcanic activity related
fluids, the hot oceanic water carries metalliferous
phases. The metalliferous phase has been
deposited during cooling, pressure reductions and

Eh-pH changes. The hydrothermal to hydrogenous
activity 1is the main factor in manganese
mineralization in the Noorabad Delphan deposit.
Mineralogical and geochemical evidences support
a primary hydrothermal source for Mn-
mineralization.
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