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1-Introduction

Ophiolites are a set of oceanic rocks with variable structural, geochemical and mineralogical characteristics.
The Iranian ophiolites distribution follows the tectonic setting of the Iranian plateau. Therefore, chromite
mines inside ophiolites have been of interest for a long time. The Nehbandan ophiolitic complex in eastern
Iran, as one of Iran's most crucial ophiolite outcrops, hosts chromite deposits in the Cheshmeh-anjir,
Bandan, and Zolfagari areas which are located in the southwest of Nehbandan city.

2-Material and methods

The thin and polished sections were prepared from peridotites. The thin sections were analyzed by
polarizing OLYMPUS microscope BH-2 and polished sections by the OLYMPUS BX-60 reflecting
microscope. The spinels were analyzed by a CAMECA SX100 Electron Probe Micro Analyzer (EPMA),
With 15 kV, 20 nA rays, and counting times of 10 to 30 seconds at peaks for different minerals in the
University of Hong Kong. The Fe** amounts were calculated using stoichiometry through the Droop (1987)
method.

3-Results and discussions

In Cheshmeh-anjir, Bandan and Zolfagari, host peridotites of chromitites are of harzburgite type. These
harzburgites are composed of olivine, orthopyroxene, clinopyroxene, and spinel (Karimzadeh et al., 2020;
Karimzadeh et al., 2023). On the classification diagrams for spinels (Kapsiotis, 2009; Arai et al., 2006), the
spinels from the Cheshmeh-anjir and Bandan peridotites plot in the fields of spinel and are of Cr-spinel
type, while Zolfagari spinels lie in the chromite field, and the Zolfaqgari area spinels are of Al-chromite.
According to Matsumoto and Arai (2001), spinels are vermicular in lherzolites and become subhedral
towards harzburgite and finally euhedral in dunite and chromitite, and the degree of roundness of spinels
increases in this direction, which is also true for the studied samples. Generally, spinels in the harzburgites
were subhedral. In chromitites, when the texture of the rock is adcumulative, spinels form above 55% of
the whole rock, while the volume of interstitial liquid is less than 5%. Spinels make up more than 95% of
the whole rock. In most cases, the spinel boundaries were irregular, which is evidence of their high-
temperature deformation, and also, the pull-apart microstructure is evidence of their temperature, which is
higher than 1200 degrees Celsius (Huang et al., 2004). Low-temperature deformation in spinels is also
associated with crystal breakage and shifting. Low-temperature fractures were caused by the extension of
serpentinization (Huang et al., 2004). The classification of spinels for the studied areas by chemical
composition is shown in the diagram of Cr/ (Cr + Al) versus Mg/ (Mg + Fe?*) (Kapsiotis, 2009). Spinels
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from the Cheshmeh-anjir and Zolfagari chromitites plot in the spinel domain, and those from the Bandan
chromitites plot between the border of spinel and magnesiochromite. In the diagram of Cr—Fe*-Al
components (Arai et al., 2006), all the spinels from Cheshmeh-anjir and Zolfagari plot in the Cr-spinel field.
At the same time, those from the bandan chromitite lie between Cr-spinel and Al-bearing chromite, and
some even lie within the Al-bearing chromite field. The volume of interstitial liquid in most cases was
olivine which became serpentine, reducing it during the formation of chromitites due to the gravitational
fall of spinels, respectively, forming chromitites with orthocumular texture, mesocumular texture, and
adcumular texture. This phenomenon is shown in the chromitites of the Cheshmeh-anjir, Bandan, and
Zolfagari areas, and sometimes all three stages of accumulation can be seen in a thin section. Generally,
ophiolites could originate from different tectonic settings such as Mid-Ocean Ridges (MORB) or back-arc
settings, as well as the Supra-Subduction Zone (SSZ) or fore-arc setting (Pearce et al., 1984). based on the
Fe?*/Fe** versus Al,O3 diagram (Franz and Wirth, 2000), the spinels in the peridotites of the Zolfagari area
were the SSZ type, the spinels in the Bandan area peridotites were the MORB type. Finally, the spinels in
the peridotites of the Cheshmeh-anjir area show the transition state. Therefore, they are in the field of
MORB type, but they were also very close to the field of SSZ type. The spinels in the chromitites of the
Bandan area were completed in the SSZ type field, and the spinels in the chromitites of Cheshmeh-anjir
and Zolfagari areas were also in the MORB type field, but at the same time, they also very close to the SSZ
type field. This issue is very important in the case of the Zolfagari area because its samples have even
entered the SSZ type field. The degree of partial melting of peridotites depends on the Cr# component of
spinels, and there is an inverse relationship with the amount of Al.Os; component in spinels of peridotites
(Hellebrand et al., 2001). Therefore, the high degree of partial melting in harzburgites could indicate their
remelting in the presence of fluid due to hydrous conditions. (Hirose and Kawamoto, 1995). On the other
hand, peridotites with a high degree of depletion, such as the Zolfagari area, are of the high Cr and SSZ
type peridotites, which are residual in high degrees of partial melting and are formed in the fore-arc. On the
contrary, Bandan peridotites with a low degree of depletion were high Al and MORB type peridotites
formed in the back-arc, and the Cheshmeh-anjir peridotites were intermediate as well. During the abduction
of the ophiolite, strong tectonic movements change the structural order from the initial state. Therefore, the
confusional phenomenon can be seen in the whole sequence of ophiolites. Generally, in ophiolites, chromite
deposits form in the upper mantle's upper levels near the Moho transition zone (Proenza et al., 2008). In
some cases, they accumulate in the form of scattered accumulations in the lower crust. chromitite deposits
are related to the formation of harzburgites (Arai and Miura, 2015). The host harzburgites of chromitites in
the Oman ophiolite confirm re-fertilization, indicating the formation of chromites as a result of the melt-
mantle reaction. (Leblanc and Ceuleneer, 1992). However, the formation of some ophiolites has been
associated with SSZ (Miyashiro, 1973). The presence of podiform chromite deposits in the mantle sequence
was suggested as an indicator for SSZ ophiolites. Although this feature is not entirely differentiating
because there are also small chromite deposits in the MORB-type ophiolites. However, podiform chromite
deposits are generally formed in SSZ ophiolites (Pearce et al., 1984). In contrast to another theory, it
presents a model that the melt-rock reaction process could change the composition of the primary melt from
tholeiitic to boninitic, and both high Cr-chromitites and high Al-chromitites could form in a typical tectonic
setting; there is no need to consider different tectonic setting for them (Rollinson, 2005). The presence of
water has been considered necessary for forming ophiolitic chromitites which proves the formation of
chromite in the SSZ (Dilek et al., 2000). However, chromitization can occur in the MORB (Matveev and
Ballhaus, 2002). MORB-type spinels have low Cr, and, in contrast, high-Cr spinels are formed in arc-
related ophiolitic chromitites in the SSZ (Arai and Matsukage, 1998). The spinels in the chromitites of the
Bandan area were SSZ type, and the chromitites of the Cheshmeh-anjir and Zolfagari areas were MORB
type. Nevertheless, they also show the characteristics of the SSZ type. Significantly, some spinels in the
Zolfagari chromitites should be considered SSZ type. At the beginning of the formation of the Tethys
Ocean, in the middle of it, the phenomenon of the expansion of mid-oceanic ridges was dominant and led
to the formation of MORB type, and further, the phenomenon of subduction happened on the side of the
ocean caused the formation of SSZ type. The transition state is also between them. Finally, the complete
closure of the Tethys Ocean and the abduction of a small part of it, which caused the formation of the
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ophiolite, allows the formation of spinels in three different tectonic settings in a small area such as the
Nehbandan Ophiolitic Complex.

4-Conclusion

Chromite deposits of Nehbandan Ophiolitic Complex were often found as lenticular structures. Chromitites
were of alpine type. The chemical properties of Bandan chromitites are characterized by higher #Cr than
Cheshmeh-anjir and Zolfagari chromitites, and this is an essential point due to the deposit size in the Bandan
area. The chromitites of the Nehbandan Ophiolitic Complex, especially the Bandan area, formed the SSZ
type in the fore-arc tectonic setting. Although the Cheshmeh-anjir chromitites are considered N-MORB
type, they have chemical properties close to SSZ type. Considering that from the petrological point of view,
the high-Cr chromitites could be related with SSZ type ophiolites with high certainty, but this is not the
case with the Bandan chromitites because the origin of host harzburgites in the Bandan area is of N-MORB
type which is formed in the back-arc tectonic setting. Moreover, the origin of the host harzburgites in the
Zolfagari area with high partial melting is the SSZ type, and the Cheshmeh-anjir area is the transition state.
The reason for this critical issue should be sought in the influence of tectonic factors in the Nehbandan
ophiolitic complex. In such a way, strong tectonic movements have caused a vast dissociation in this
complex. As a result, even the tectonic setting of the host harzburgites does not match with the chromitites.
Therefore, from an applied point of view, special attention should be paid to this issue in the prospecting
phase of chromite.
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Fig. 2. Chromites in Cheshmeh anjir mine in the form of veins-lenses and low-volume which are characterized by the
tectonic contact within the strongly serpentinized peridotites.
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Fig. 3. (@) chromitites have sheet structure with sharp boundaries within the host mantle peridotites (b) Leopard texture
of chromites (c) interstitial texture in them, and (d) adcumula texture without impurity in Bandan mine is shown.
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Fig. 4. (a) vein-lens structure of chromitites inside the peridotites of Zolfagari mine. (b) Manual sample of peridotites,
and (c) Manual sample of chromitites.
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Fig. 5. Streckeisen ternary diagram for the classification of ultramafic rocks (Streckeisen, 1979; Le Bas, 2000) Based on

the modal proportions of olivine, orthopyroxene and clinopyroxene minerals, the studied peridotites of the Cheshmeh
anjir, Bandan and Zolfagari area are classified as harzburgite.
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Fig. 6. (@) The size of spinels in most cases is less than 1 mm and rarely up to 2 mm. (b) spinel as inclusions in other

minerals. (c) Subhedral spinels. (d) Subhedral spinels in a context of olivines. (e) intense alteration of spinels as brown to
red-brown color in PPL which transforms this mineral into iron-rich spinel with a completely dark color and(f) pull-apart
texture in spinels. Abbreviations are adapted from Whitney and Evans (2010). (Ol= olivine, Opx= orthopyroxene, Cpx=
clinopyroxene, Cr-Spl= chromium spinel).
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Fig. 7. Spinel is vermicular in Iherzolites and subhedral in harzburgite and finally, is euhedral in dunites and chromitites;
and determining DR# or degree of roundness (Matsumoto and Arai, 2001).
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Fig. 8. In chromitites (a) Dark color indicates high chromium. (b) Bright red color indicates high aluminum. (c) Elongated
appearance caused by pressure bearing. (d) Pull-apart texture. (€) Signs of rotation in spinels relative to surrounding
grains. (f) Sharp contact of grains. (g) Olivine among spinels. (h) Clinopyroxene among spinels. (i) Serpentine veins
within chromitites, and (j) Effect of alteration and darkening of spinels from the rim by fractures due to ferro-spinelization.
Abbreviations are adapted from Whitney and Evans (2010). (Spl= spinel, Ol=olivine and Cpx=clinopyroxene).
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development. (a) Orthocumular or incompletely cumulated texture. (b) Mesocumulate or semicumulate texture and (c)

adcumulate or fully cumulative texture.
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Table 2. The results of mineral chemical analysis of spinels in harzburgites of Cheshmeh anjir area and calculation of

their structural formula. (Chr= chromite and Hrz= harzburgite).

Sample J-10-1  J-10-2 J-10-3  J-10-4 J-10-5 J-18-1 J-18-2 J-18-3 J-18-4
Mineral Chr Chr Chr Chr Chr Chr Chr Chr Chr
Rock Hrz Hrz Hrz Hrz Hrz Hrz Hrz Hrz Hrz
SiO; 0.02 0.02 0.03 0.02 0.04 0.02 0.01 0.20 0.00
TiO; 0.25 0.26 0.40 0.28 0.25 0.26 0.40 0.28 0.25
Al;0Os 32.81 32.98 31.51 30.47 32.55 31.00 30.75 28.16 29.75
Cr,03 34.01 34.06 35.20 36.18 34.50 34.37 34.66 32.99 36.02
FeO 14.79 14.91 15.12 15.70 14.22 19.62  19.97 25.09 19.31
MnO 0.13 0.13 0.16 0.18 0.13 0.22 0.23 0.21 0.25
MgO 17.09 17.17 17.11 16.80 17.71 1422 1391 12.80 14.10
NiO 0.16 0.18 0.17 0.15 0.16 0.10 0.12 0.08 0.09
Cao 0.00 0.00 0.00 0.00 0.00 0.02 0.01 0.04 0.00
Na,O 0.02 0.02 0.04 0.00 0.01 0.01 0.02 0.01 0.02
K20 0.03 0.04 0.00 0.02 0.04 0.00 0.01 0.00 0.01
TOTAL 99.48 99.86 99.88 99.83 99.84 99.87 99.89 99.90 99.92
lons lons based on 4 oxygen atoms
Si 0.001 0.001 0.001 0.001 0.001 0.001 0.000 0.006 0.000
Ti 0.014 0.005 0.009 0.006 0.010 0.001  0.000 0.001 0.000
Al 1.111 1.119 1.076 1.046 1.102 1.079 1.074 1.001 1.042
Cr 0.779 0.775 0.806 0.833 0.783 0.803 0.812 0.787 0.846
Fe*? 0.078 0.091 0.096 0.102 0.088 0.112 0.110 0.195 0.109
Fe*? 0.268 0.258 0.263 0.268 0.244 0.361 0.373 0.416 0.361
Mn 0.005 0.003 0.003 0.004 0.003 0.005 0.006 0.005 0.006
Mg 0.734 0.737 0.738 0.729 0.758 0.626 0.614 0.576 0.624
Ni 0.004 0.004 0.004 0.003 0.003 0.002 0.003 0.002 0.002
Ca 0.000 0.000 0.000 0.000 0.000 0.001  0.000 0.001 0.000
Na 0.000 0.000 0.001 0.000 0.000 0.000 0.000 0.000 0.000
K 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
TOTAL 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000
Cr# 0.41 0.41 0.43 0.26 0.25 0.43 0.44 0.45 0.46
Mg# 0.73 0.71 0.71 0.73 0.71 0.62 0.58 0.63 0.63
Fe?*# 0.72 0.77 0.77 0.76 0.77 0.70 0.66 0.71 0.72
Fed*# 0.28 0.23 0.23 0.24 0.23 0.30 0.34 0.29 0.28
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Table 3. The results of mineral chemical analysis of spinels in harzburgites of Bandan area and calculation of their
structural formula. (Chr= chromite and Hrz= harzburgite).

Sample B-9-1 B-9-2 B-9-3 B-9-4 B-9-5 B-9-6 B-9-7 B-9-8 B-9-9
Mineral Chr Chr Chr Chr Chr Chr Chr Chr Chr
Rock Hrz Hrz Hrz Hrz Hrz Hrz Hrz Hrz Hrz
SiO; 0.21 0.10 0.01 0.19 0.09 0.02 0.18 0.11 0.03
TiO, 0.07 0.06 0.08 0.06 0.06 0.08 0.05 0.06 0.08
Al O 43.60 44.55 44.32 43.62 44.58 44.39 43.64 44.63 44.41
Cr,03 22.76 22.77 22.80 22.79 22.88 22.87 22.82 22.70 22.92
FeO 14.84 14.82 14.91 14.87 14.53 14.93 14.88 14.87 14.91
MnO 0.10 0.19 0.15 0.11 0.19 0.16 0.12 0.18 0.15
MgO 17.73 17.37 17.17 17.78 17.40 17.22 17.79 17.24 17.27
NiO 0.25 0.18 0.21 0.24 0.19 0.22 0.23 0.20 0.19
CaO 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Na,O 0.00 0.00 0.04 0.00 0.00 0.03 0.00 0.00 0.03

K20 0.00 0.01 0.00 0.00 0.01 0.00 0.00 0.00 0.00

TOTAL  99.56 99.98 99.69 99.66  99.88 99.92 99.71  99.93 99.99
lons lons based on 4 oxygen atoms

Si 0.005 0.000 0.000 0.005 0.000 0.000 0.005 0.000 0.000

Ti 0.001 0.001 0.002 0.001 0.0010 0.002 0.001 0.001 0.002

Al 1.416 1.444 1.440 1417 1.445 1.442  1.418 1.446 1.444

Cr 0.496 0.495 0.497 0.497 0496 0498 0.498  0.497 0.497

Fe*? 0.072 0.054 0.058  0.073 0.054 0.058 0.074  0.054 0.058
Fe*? 0.263 0.283 0.282  0.264 0.283 0.282  0.265 0.283 0.282
Mn 0.002 0.004 0.003  0.002 0.005 0.004  0.002 0.004 0.005
Mg 0.732 0.710 0.706  0.736 0.712 0.709  0.738 0.715 0.710

Ni 0.005 0.004 0.005 0.005 0.004 0.005 0.005 0.004 0.005
Ca 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Na 0.000 0.000 0.001 0.000 0.000 0.000 0.000 0.000 0.000
K 0.000 0.000 0.000 0.000  0.000 0.000 0.000 0.000 0.000
TOTAL  3.000 3.000 3.000 3001 3.000 3.000 3.000 3.000 3.000
Cr# 0.26 0.25 0.24 0.26 0.25 0.24 0.26 0.25 0.24

Mo# 0.73 0.71 0.71 0.73 0.71 0.71 0.73 0.71 0.71
Fe’*# 0.76 0.77 0.77 0.76 0.77 0.77 0.76 0.77 0.77
Fed'# 0.24 0.23 0.23 0.24 0.23 0.23 0.24 0.23 0.23
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Table 4. The results of mineral chemical analysis of spinels in harzburgites of Zolfagari area and calculation of their
structural formula. (Chr= chromite and Hrz= harzburgite).

Sample  ZF-6-1 ZF-6-1 ZF-6-1 ZF-6-1 ZF-6-1 ZF-1-1 ZF-1-2 ZF-1-3 ZF-14

Mineral Chr Chr Chr Chr Chr Chr Chr Chr Chr
Rock Hrz Hrz Hrz Hrz Hrz Hrz Hrz Hrz Hrz
SiO; 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01
TiO, 0.71 0.71 0.71 0.71 0.71 0.71 0.71 0.71 0.71

Al,O3 235 23.60 23.58 23.61 23.46 23.55 23.65 23.64 23.57
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Cr203 41.3  41.29 41.27 41.33 41.38 41.44 41.21 41.22 41.09
FeO" 234  23.44 23.40 23.49 23.50 23.35 23.37 23.30 23.33
MnO 0.32 0.32 0.32 0.32 0.32 0.32 0.32 0.32 0.32
MgO 10.1 10.00 10.09 10.13 10.08 10.05 10.15 10.18 10.30
NiO 0.07 0.07 0.07 0.07 0.07 0.07 0.07 0.07 0.07
Cao 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Na.O 0.04 0.04 0.04 0.04 0.04 0.04 0.04 0.04 0.04
K20 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02
TOTAL 9952  99.52 99.52 99.52 99.52 99.52 99.52 99.52 99.52
lons lons based on 4 oxygen atoms
Si 0.000  0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Ti 0.017 0.017 0.017 0.017 0.017 0.017 0.017 0.017 0.017
Al 0.869  0.870 0.867 0.870 0.864 0.862 0.871 0.896 0.866
Cr 1.020 1.019 1.018 1.021 1.020 1.020 1.022 1.021 1.023
Fe's 0.074 0.074 0.074 0.074 0.074 0.074 0.074 0.074 0.074
Fe*? 0.530 0.530 0.530 0.530 0.530 0.530 0.530 0.530 0.530
Mn 0.008 0.008 0.008 0.008 0.008 0.008 0.008 0.008 0.008
Mg 0.467  0.465 0.469 0.470 0.469 0.468 0.471 0.473 0.478
Ni 0.002  0.002 0.002 0.002 0.002 0.002 0.002 0.002 0.002
Ca 0.000  0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Na 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001
K 0.000  0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
TOTAL 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000
Cr# 0.54 0.54 0.54 0.54 0.54 0.55 0.54 0.54 0.54
Mg# 0.47 0.47 0.47 0.47 0.47 0.47 0.47 0.47 0.48
Fe’'# 0.85 0.85 0.85 0.85 0.85 0.85 0.85 0.85 0.85
Fed'# 0.15 0.15 0.15 0.15 0.15 0.15 0.15 0.15 0.15
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Fig. 10. (a) Classification of spinels from the studied harzburgites based on their chemical composition using Cr/ (Cr +
Al) versus Mg/ (Mg?* Fe?*) diagram (Kapsiotis, 2009). The spinels in the peridotites of Chasmeh anjir and Bandan are in
the spinel range, and the Zolfagari spinels are in the chromite range and (b) In the diagram of Cr—Fe*3-Al components

(Arai et al., 2006), the spinels in Chasmeh anjir and Bandan peridotites plot in the Cr-spinel range, but the Zolfaqari
spinels are in the Al-chromite range.
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Table 5. The results of mineral chemical analysis of spinels in chromitites of Cheshmeh anjir area and calculation of their
structural formula. (Chr= chromite and Crt= chromitite).

Sample J-1-1 J-1-2 J-1-3 J-1-4 J-1-5 J-3-1 J-3-2 J-3-3 J-3-4 J-3-5
Mineral Chr Chr Chr Chr Chr Chr Chr Chr Chr Chr
Rock Crt Crt Crt Crt Crt Crt Crt Crt Crt Crt
SiO; 0.01 0.00 0.00 0.01 0.00 0.00 0.02 0.01 0.18 0.00
TiO; 0.78 0.82 0.72 0.93 1.01 0.24 0.22 0.24 0.43 0.16
Al;Os 26.95 26.06 27.78 29.26 28.53 32.91 33.09 33.31 26.90 29.41
V203 0.10 0.14 0.10 0.15 0.14 0.09 0.10 0.07 0.19 0.13
Cry0s 30.77 31.07 30.06 28.86 28.08 34.55 34.31 34.16 38.07 38.10
Fe,O3 10.87 11.51 10.81 10.02 11.44 4.23 4.40 4.10 444 457
FeO 17.98 18.08 17.95 17.80 18.18 9.78 9.40 10.04 1598 9.99
MnO 0.35 0.33 0.30 0.30 0.27 0.21 0.16 0.17 0.25 0.21
MgO 12.01 11.79 12.10 12.50 12.11 17.75 18.08 17.71 13.34 17.29
CaO 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Na,O 0.00 0.03 0.00 0.00 0.03 0.01 0.00 0.00 0.00 0.00
Zn0O 0.06 0.08 0.09 0.03 0.07 0.07 0.02 0.00 0.14 0.00
NiO 0.13 0.09 0.10 0.14 0.14 0.17 0.20 0.19 0.10 0.14
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Total 100 100 100 100 100 100 100 100 100 100
lons lons based on 4 oxygen atoms
Si 0.000 0.000 0.000  0.000 0.000 0.000 0.001 0.000 0.005 0.000
Ti 0.018 0.019 0.016 0.021 0.023 0.005 0.005 0.005 0.010 0.003
Al 0.969 0.942 0.995 1.039 1.019 1.113 1.116 1.125 0.956 1.011
V 0.002 0.003 0.002  0.004 0.003 0.002 0.002 0.002 0.005 0.003
Cr 0.742 0.753 0.722  0.687 0.673 0.784 0776  0.774 0.908 0.879

Fe* 0.249 0.266 0.247  0.227 0.261 0.091 0.095 0.088 0.101 0.100
Fe*? 0.459 0.464 0.456  0.449 0.461 0235 0.225 0.241 0.403 0.244
Mn 0.009 0.009 0.008  0.008 0.007 0.005 0.004 0.004 0.006 0.005
Mg 0.546 0.539 0.548  0.561 0.547 0.759 0.771 0.756 0.600 0.751
Ca 0.000 0.000 0.000  0.000 0.000 0.000 0.000 0.000 0.000 0.000
Na 0.000 0.000 0.000  0.000 0.000 0.000  0.000 0.000 0.000 0.000
Zn 0.001 0.002 0.002  0.001 0.002 0.001  0.000 0.000 0.003 0.000
Ni 0.003 0.002 0.002  0.003 0.003 0.004 0.005 0.004 0.002 0.003
Total 3.000 2.999 3.000  3.000 2.999 3.000 3.000 3.000 3.000 3.000
Cri# 0.43 0.44 0.42 0.40 0.40 0.42 0.41 0.41 049 0.46
Mg# 0.54 0.54 0.55 0.56 0.54 0.75 0.77 0.76 0.60 0.76
Fe*'# 0.65 0.64 0.65 0.66 0.66 0.71 0.70 0.73 080 0.71
Fed'# 0.35 0.36 0.35 0.34 0.36 0.29 0.30 0.27 020 0.29
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Table 6. The results of mineral chemical analysis of spinels in chromitites of Bandan area and calculation of their structural
formula. (Chr= chromite and Crt= chromitite).

Sample B-5-1 B-5-2 B-5-3 B-5-4 B-5-5 B-7-1 B-7-2 B-7-3 B-7-4 B-7-5
Mineral Chr Chr Chr Chr Chr Chr Chr Chr Chr Chr
Rock Crt Crt Crt Crt Crt Crt Crt Crt Crt Crt
SiO; 0.04 0.04 0.00 0.02 0.05 0.00 0.01 0.00 0.00 0.02
TiO; 0.86 0.14 0.53 0.23 0.69 0.07 0.08 0.08 0.08 0.09
Al,O3 24.80 28.20 24.96 26.75 23.94 27.25 27.20 27.34 27.55 27.48
V203 0.26 0.13 0.18 0.13 0.19 0.14 0.13 0.12 0.13 0.16
Cr03 36.65 39.19 36.72 38.02 40.08 39.84 40.68 40.96 40.22 38.94
Fe,Os 7.69 5.10 8.24 5.45 5.44 3.87 3.34 2.69 3.33 4.36
FeO 16.06 8.99 15.74 15.59 16.17 14.13 13.39 14.06 13.55 14.29
MnO 0.27 0.21 0.27 0.29 0.27 0.20 0.26 0.25 0.27 0.22
MgO 13.10 17.79 13.10 13.32 12.83 14.27 14.80 14.36 14.64 14.19
CaO 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Na.O 0.02 0.00 0.02 0.00 0.02 0.00 0.00 0.00 0.00 0.00
Zn0O 0.08 0.09 0.07 0.10 0.15 0.08 0.01 0.01 0.06 0.11
NiO 0.16 0.12 0.16 0.09 0.17 0.14 0.10 0.13 0.16 0.13
Total 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00

lons lons based on 4 oxygen atoms
Si 0.001 0.001 0.000 0.001 0.002 0.000 0.000 0.000 0.000 0.001
Ti 0.020 0.003 0.012 0.005 0.016 0.002 0.002 0.002 0.002 0.002
Al 0.892 0.971 0.898 0953 0.865 0.962 0.957 0.964  0.969 0.970
\Y 0.006 0.003 0.004 0.003 0.005 0.003 0.003 0.003 0.003 0.004
Cr 0.884 0.905 0.886 0908 0971 0944 0.960 0.969 0.949 0.922

Fe* 0.177 0.112 0.189 0.124 0.125 0.087 0.075 0.061 0.075 0.098
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Fe* 0.410 0.220 0.401 0.394 0.414 0.354 0.334 0.352 0.338 0.358
Mn 0.007 0.005 0.007 0.007 0.007 0.005 0.007 0.006 0.007 0.006
Mg 0.596 0.775 0.596 0.600 0.586 0.637 0.659 0.640 0.651 0.633
Ca 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Na 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Zn 0.002 0.002 0.002 0.002 0.003 0.002 0.000 0.000 0.001 0.002
Ni 0.004 0.003 0.004 0.002 0.004 0.003 0.002 0.003 0.004 0.003
Total 2.999 3.000 2.999 3.000 2.999 3.000 3.000 3.000 3.000 3.000
Cr# 0.50 0.48 0.50 0.49 0.53 0.50 0.50 0.50 0.49 0.49
Mg# 0.59 0.78 0.60 0.60 0.59 0.64 0.64 0.65 0.66 0.64
Fe?'# 0.70 0.66 0.68 0.76 0.77 0.80 0.80 0.85 0.82 0.78
Fe¥'# 0.30 0.34 0.32 0.24 0.23 0.20 0.20 0.15 0.18 0.22
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Table 7. The results of mineral chemical analysis of spinels in chromitites of Zolfagari area and calculation of their

structural formula. (Chr= chromite and Crt= chromitite).

Sample zf-2-1 7f-2-2 zf-2-3  zf-2-4  zf2-5  zf3-1  zf-3-2  Zf-3-3 Zf3-4 Zf35
Mineral Cr Cr Cr Cr Cr Cr Cr Cr Cr Cr
Rock Crt Crt Crt Crt Crt Crt Crt Crt Crt Crt
SiO; 0.06 0.03 0.04 0.05 0.05 0.06 0.03 0.04 0.05 0.05
TiO, 0.27 0.28 0.29 0.22 0.26 0.27 0.28 0.29 0.22 0.26
Al:O3 31.14 31.51 3131  31.29 30.44 30.14 3051 30.31 30.29 29.44
V703 0.15 0.11 0.10 0.12 0.11 0.15 0.11 0.10 0.12 0.11
Cr203 35.79 35.58 3548  35.36 35.30 36.79 3658 36.48 36.36 36.30
Fe:03 4.28 411 4.60 4.80 5.86 4.30 4.13 4.62 482 5.88
FeO 11.04 11.19 10.69 10.86 10.33 11.06 11.21 10.71  10.88 10.35
MnO 0.17 0.15 0.18 0.18 0.25 0.17 0.15 0.18 0.18 0.25
MgO 16.88 16.79 17.13 16.94 17.17 16.84 16.75 17.08 16.90 17.13
CaO 0.00 0.01 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00
Na,O 0.00 0.00 0.00 0.02 0.00 0.00 0.00 0.00 0.02 0.00
Zn0O 0.07 0.08 0.00 0.00 0.04 0.07 0.08 0.00 0.00 0.04
NiO 0.13 0.15 0.16 0.15 0.20 0.13 0.15 0.16 0.15 0.20
Total 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.0 100.0
lons lons based on 4 oxygen atoms
Si 0.002 0.001 0.001  0.001 0.001 0.002 0.001 0.001 0.001 0.001
Ti 0.006 0.006 0.006  0.005 0.006 0.006 0.006 0.006 0.005 0.006
Al 1.066 1.078 1.069 1.070 1.044 1.046 1.058 1.049 1.050 1.024
\Y/ 0.004 0.003 0.002  0.003 0.003 0.004 0.003 0.002 0.003 0.003
Cr 0.822 0.816 0.813  0.811 0.812 0.842 0.836 0.833 0.831 0.832
Fe* 0.094 0.090 0.100  0.105 0.128 0.095 0.091 0.101 0.106 0.129
Fe*2 0.268 0.272 0.259  0.264 0.251 0.269 0273 0.260 0.265 0.252
Mn 0.004 0.004 0.005  0.004 0.006 0.004 0.004 0.005 0.004 0.006
Mg 0.731 0.726 0.740  0.733 0.744 0.729 0.724 0.738 0.731 0.742
Ca 0.000 0.000 0.000  0.000 0.000 0.000 0.000 0.000 0.000 0.000
Na 0.000 0.000 0.000  0.000 0.000 0.000 0.000 0.000 0.000 0.000
Zn 0.002 0.002 0.000  0.000 0.001 0.002 0.002 0.000 0.000 0.001
Ni 0.003 0.004 0.004  0.004 0.005 0.003 0.004 0.004 0.004 0.005
Total 3.000 3.000 3.000 2.999 3.000 3.000 3.000 3.000 2.999 3.000
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Cr# 044 043 043 043 044 046 045 045 045 0.46

Mo# 0.73 0.73 0.74 0.74 0.75 0.72 0.72 0.73 0.74 0.74
Fe*'# 0.74 0.75 0.72 0.72 0.66 0.75 0.76 0.73 0.73  0.67

Fed'# 0.26 0.25 0.28 0.28 0.34 0.25 0.24 0.27 0.27 0.33

@® Cheshmeh anjir spinel in chromitite
W Bandan spinel in chromitite
4 Zolfagari spinel in chromitite
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Fig. 11. (a) Classification of of spinels from the studied chromitites based on their chemical composition using Cr/ (Cr +
Al) versus Mg/ (Mg?* Fe?*) diagram (Kapsiotis, 2009). The spinels in the chromitites of Chasmeh anjir and Zolfagari are
in the spinel range, and bandan spinels are located between spinel and magnesiochromite. (b) In the diagram of Cr—Fe*3-
Al components (Arai et al., 2006), The spinels in the chromitites of Chashmeh anjir and Zolfagari plot in the Cr-spinel
range, but the bandan spinels of chromitites are in the range between Cr-spinel and Al-chromite, and some of them are
placed inside the Al-chromite.
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Fig. 12. (a) Diagram of Fe?*/Fe®* versus Al,Os (Franz and Wirth, 2000) and the tectonic setting of spinels in the peridotites
of Cheshmeh anjir, Bandan and Zolfagari regions. (b) The tectonic setting of spinels in the chromitites of Cheshmeh anjir,
Bandan and Zolfagari regions.
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