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ARTICLE INFO EXTENDED ABSTRACT

Article History Introduction

Received: 03 January 2020 The widespread Cenozoic magmatic assemblages in Iran host a variety
Revised: 22 June 2021 of ore deposits including porphyry Cu-Mo-Au, skarn type ores, and
Accepted: 22 June 2021 epithermal base and precious metals deposits. Silicic zones of variable

sizes are common in the Kerman belt in the southern section of the
Urumieh-Dokhtar arc, and some might be representing the upper parts
of porphyry copper systems known as lithocap. To investigate this

Keywords potential relation, a silicic zone in Meideh, north Pariz, is studied. The
lithocap silicic zone lies in an area with several known porphyry copper deposits
Me'dheh silicic zone (PCD) including Sarcheshmeh, Nochun, Seridun, Sarkooh, and Bagh-
?l?]rlg i)r/]::)llucs?gﬁer Khoshk. For comparison, silica ledges and veins in Seridun and a
epithermal mineralized silica vein system to the east of the Sarcheshmeh mine are
Kerman magmatic belt also studied.

Materials and methods

The study is based on field studies and investigation of textures and

structures, and sampling for mineralogy (microscopic and X-ray

diffraction analysis), and fluid inclusions. The XRD analyses were

accomplished in the Iranian Mines and Mining Industries Development

and Renovation Organization (IMIDRO) and Kansaran Binaloud Co,
*Corresponding author Tehran. The fluid inclusion studies were performed in the Iranian
Mineral Processing Research Center (IMPRC) using a Linkam
THMS600 equipped with a Zeiss microscope.
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Results

The silicic zone in Meideh is developed in andesitic
lava flows and pyroclastic materials, and covers an
area of ~ 1 km?2. Silica occurs in white to grey colors
and in massive, brecciated and locally vuggy
textures; the grain sizes range between 0.01mm to
Imm. The silica is locally associated by minor
sulfides (pyrite and locally chalcopyrite) carbonates,
and clay minerals.

The silicic zone grades outward into a silicic-argillic
halo and into the host volcanic rocks with propylitic
alteration. Chemical analysis of samples from the
zone indicated enrichments in Cu, Mo, Ag, As, Bi
and Au relative to the average composition of
intermediate-mafic volcanic rocks in the Kerman
belt. Small outcrops of a quartz-tourmaline rock
occur in the southeast of the silicic zone.

In Seridun, silica ledges and veins occur in the
periphery and in the upper parts of a porphyry copper
deposit developed in Miocene shallow intrusive
bodies and older volcanic rocks. In east of
Sarcheshmeh, several N-S striking silica veins
locally containing pyrite, chalcopyrite, malachite,
and Fe-oxides/hydroxides occur in Cenozoic
volcanic and intrusive host rocks. In both areas, the
silicic zones are products of pervasive silicic
alteration, and occur in massive, breccia, and vuggy
textures. Vuggy texture is well developed in Seridun.
XRD analysis of representative samples from
Meideh indicated the occurrence of kaolinite and
illite, in addition to quartz. Minerals characteristic of
advanced argillic alteration (i.e. alunite, pyrophyllite,
diaspore and andalusite) are missing. The minerals,
however, were identified in Seridun.

Fluid inclusions in quartz from all three areas are
dominated by two-phase liquid-vapor.
Homogenization temperature (Tw) varies between
140-263 °C (average: 202 °C) for Meideh, 195-320
°C (average: 247 °C) for Seridun, and 140-264 °C
(average: 177 °C) for east of Sarcheshmeh. Salinities
vary between 0.18-5.71 (average: 1.62), 1.22-4.18
(average: 2.27), and 0.7-3.39 (average: 1.57) wt.%
NaCl eq., respectively. The quartz-tourmaline rock
from Meideh is distinguished by the occurrence of
liquid-vapor-halitexthematite and  liquid-vapor-
opaque inclusions, in addition to liquid-vapor
inclusions. The Ty and salinity for the liquid-vapor
inclusions, homogenizing to liquid, varies,
respectively, between 202-269 °C (average: 231 °C)
and 3.71-7.16 (average: 5.43) wt.% NaCl eq. The Tn

and salinity for the halite bearing inclusions,
homogenized by halite dissolution, varies between
240-480 °C (average: 345 °C) and 33.40-56.90
(average: 42.80) wt.% NaCl eq.

Discussion

The textures, structure, and spatial relations with the
host volcanic rocks suggest that the Meideh silicic
zone developed as a result of pervasive silicic
alteration, rather than open space filling. Textures
indicative of open space filling, including
crustification and symmetric banding, are absent in
Meideh. The silicic ledges in Seridun, and the N-S
striking silicic zones in east of Sarcheshmeh, are the
products of pervasive silicic alteration of the host
volcanic and intrusive rocks.

The XRD analysis of representative samples from
Meideh indicated the occurrence of kaolinite and
illite, in addition to quartz. Minerals characteristic of
advanced argillic alteration (i.e. alunite, pyrophyllite,
diaspore and andalusite) are missing. The minerals,
however, were identified in Seridun. Fluid inclusions
in quartz from the three silicic zones are dominated
by two-phase liquid-dominant L-V inclusions. No
distinction in salinity can be made between the three
zones; Seridun, however, is distinguished by higher
homogenization temperature. The local quartz-
tourmaline zones in Meideh developed from
distinctly higher temperature and salinity fluids
(240-480 °C and 33.9-64 wt% NaCl eq,
respectively). A comparison of fluid inclusion data
with several epithermal base and precious metals
systems in the Urumieh-Dokhtar arc and elsewhere
in Iran suggest that no meaningful distinction can be
made between barren (i.e. Meideh, at current
exposure level) and productive epithermal systems.
Our data indicate that the silicic zone in Meideh
cannot be considered as a porphyry-related lithocap
at current exposure. The quartz-tourmaline rock
developed from fluids of higher salinity and
temperature suggests a link with magmatic-
hydrothermal systems and warrants further
investigation.
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Fig. 1. A: Simplified geological map of Iran showing various geological divisions. The Cenozoic Urumieh-Dokhtar arc
is shown in red. The southern section of the arc, known as Kerman copper belt, is a major host to porphyry copper deposits
(after Alimohammadi et al., 2015), and B: The geological map of the Pariz area (redrafted after Dimitrijevic et al., 1973).
The location of the Meideh silicic zone (asterisk), the vein systems in east of Sarcheshmeh, and several porphyry copper

deposits (square) are indicated.
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Fig. 2. A: A view of the intermediate-mafic lava flows and pyroclastic materials northwest of Meideh; looking southwest,
and B: Outcrop of Neogene sediments in east of Pariz consisting of sandstone, conglomerate, and marl covered by

conglomerate (looking southeast).
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Fig. 3. A view of the Meideh silicic zone (looking south-southwest)
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Fig. 4. A: A view of silicic-argillic halo in the Meideh silicic zone grading outward to andesitic host rock with propylitic

alteration, B: A closer view of the silicic-argillic halo with Fe-oxides/hydroxides, and C: A closer view of the andesitic
host rock with propylitic alteration
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Fig. 5. A: Outcrop of gossan in the silicic-argillic halo in the Meideh silicic zone, and B: Outcrop of the Quaternary
breccia consisting of debris of altered volcanic rocks cemented by Fe-oxide/hydroxide in the northwest margin of the

Meideh silicic zone. The inset shows a close-up of the breccia.
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Fig. 6. A: Outcrop of the Seridun tonalite porphyry with sericitic/argillic and silicic alteration. Fe oxides/hydroxides
staining in front are products of oxidation of pyrite, and B: Outcrop of a silica ledge with massive and brecciated texture

developed in the Seridun porphyric tonalite.
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Fig. 7. A silica vein containing abundant Fe oxide/hydroxide and minor malachite in east of Sarcheshmeh. The pinch and

swell structure is evident in this part of the vein. The inset shows a close-up of the central and wider part of the vein,
pinching on both sides (looking northwest).
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Fig. 8. Photographs of natural outcrops and hand specimens from the Meide silicic zone. A and B: Outcrops of massive
and breccia textures, respectively, C: Hand specimen showing the massive and brecciated texture in the Meideh silicic
zone, D and E: Hand specimens showing variations of color in the silicic rocks. Fe-oxide/hydroxide staining occurs on

weathered surface and across fractures.
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Fig. 9. A and B: A view of the outcrop and cut surface of a hand specimen, respectively, from the quartz (light grey) -
tourmaline (dark grey) rock in the Meideh silicic zone. The width of the picture in A is ~1 m. Fe-oxide/hydroxide staining
can be distinguished, C: Microphotograph of the rock showing the coexistence of quartz (light grey) and tourmaline

(brown); transmitting light, XPL, and D: Microphotograph showing the intergrowth of quartz and radial tourmaline
crystals (green); transmitting light; PPL.
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Fig. 10. A: Breccia texture in a boulder from a silica ledge in Seridun consisting of fragments of silicified rock cemented by
a second generation of silica, B: VVuggy texture visible in an outcrop of a silica ledge in Seridun, and C: Photomicrograph of

a sample from the margin of a silica ledge in Seridun. Silicified plagioclase casts and the porphyritic texture of the original
rock can be distinguished
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Table 1. XRD Analysis of representative samples from Meideh, Seridun and east of Sarcheshmeh silicic zone

Sample code Minerals Silicic zone
NP-5* Quartz, Pyrophyllite, Muscovite, Illite, Anatase Meideh
NP-6* Quiartz, lllite Meideh
NP-13* Quartz, Muscovite, lllite, Jarosite, Anatase Meideh
N.PZ.03 Quartz (low), Tourmaline (Dravite) Meideh
N.PZ.15 Quartz, Muscovite, Goethite Meideh
N.PZ.17 Quartz, Muscovite, Jarosite, lllite Meideh
N.PZ.20 Chlorite, Mica, illite Meideh
PZ.005 Mica, illite, Kaolinite Meideh

SAC-E-03 Quartz, Muscovite, Jarosite (syn), Hllite E. Sarcheshmeh
Se.13 Quartz, Albite, Calc, Muscov, Orthoclase, Alunite, Illite Seridun

*Ashrafpour and Haghighi, 2012

DOI: 10.22067/ECONG.2021.51673.84923 Fooled Y )5 Vv oolasl pwlid e

AN


https://dx.doi.org/10.22067/ECONG.2021.51673.84923

e 30k Jlad con ko 355 55 o o ,b0ke 5 (B ¢ milid S oo S5

OLSes 5 Slas,

S S (6256 5 42 b odae 53 Ll Ol cadoss L5 o0
Ll 03 gy ol pon olie ) (ol SAd g 5 SIS
5 ST O o 5 O 30 685 (e oo S A
S1p 05234 (S B 25 0 1a sl (5 2 53 D g
b god iy )3 5 ol ;i &gy 5 &S, T S

g:,...u‘ ab‘bC)

O (gl 0993 (o
4 e oS on el 095 3 5Ll ol w5
oyl )l PSS LT S S 5 S
Glash o s JET S g saasilis (1) JSK2) o
2k ol IS5 5 SIS e bl ¢ IS
Jom Sle (SIS 53 okas ysb 4 SlaansT glacKes

1000

——NP-4
NP-14

——NP-7
NP-15

[y
o

Sample/Mean Hezar Complex

——NP-8 NNP-lO
100

0/01

Sc Ti V Mn Co Ni Cu Zn Cd Pb Mo Ag Sn As Sb Au Bi Th U

GaeKin S 5 le ) S 0 iy oo ki 033 31 (95503 53 Sbsy olie 5 SLacSKilS ol &, Sl 501 S
sesls ((Ashrafpour and Haghighi, 2012) i 5 55 50 el olar b slaesls) Olo S U oS 55 58 LSS Slza 25T

((Noorizadeh et.al., 2018) o1, Kan 5 o3l36,5 3l Jlp oSS

Fig. 11. The abundances of certain ore and pathfinder elements in samples from Meideh silicic zone, normalized to
average composition of volcanic rocks from Oligocene Hezar complex, Kerman belt (The Meideh chemical data are from
Ashrafpour and Haghighi (2012); the Hezar complex data from Noorizadeh et.al. (2018))
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Table 2. Fluid inclusion data for Meideh, Seridun and east of Sarcheshmeh silicic zones
Sample . Size o Tmice Tm wt.% THv-
coollae Series (um) Type Te (°C) (°C) Halite NaCl (°C)
1 7 L+V -4 6.45 204
2 17 L+V -4.5 7.16 224
8 8 L+V -4.2 6.74 225
4 9 L+V o -2.6 4.34 245
5 6 L+V 2610-3L°C 5, 3.71 237
6 9 L+V -2.5 4.18 230
7 9 L+V+S? -5 7.86 215
3 6 L+V+S? -4.2 6.74 225
9 12 L+V 230
10 6 L+V 238
11 7 L+V 245
12 8 L+V 229
pz-.04 13 7 L+V+S? 224
14 7 L+V+S? nd nd 205
15 9 L+V+S? 202
16 7 L+V 209
17 7 L+V 269
18 6 L+V 202
19 6 L+V 250
L+V+Ha+S
20 9 (Hemat.?) 530 64 190
21 6 L+V+Ha 240 33.39 190
22 7 L+V+Ha 272 35.25 170
23 10 L+V+Ha 389 4551 203
24 10 L+V+Ha 480 56.93 383
1 6 L+V -0.3 0.53 184
2 4 L+V -2 3.39 145
3 7 L+V -25 4.18 165
4 8 L+V -0.1 0.18 170
5 5 L+V -0.3 0.53 176
6 5 L+V -0.3 0.53 220
7 8 L+V -21t0-30°C -0.3 0.53 170
8 5 L+V -0.3 0.53 170
N.PZ 002 9 5 L+V -0.3 0.53 195
10 7 L+V -3.5 571 155
11 5 L+V -0.6 1.05 185
12 5 L+V -3 4.96 202
13 4 L+V -1.5 2.57 193
14 4 L+V 185
15 6 L+V nd nd 140
16 4 L+V 150
1 4 L+V -0.2 0.35 224
N.PZ.15 2 5 L+V -0.2 0.35 263
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Table 2 (Continued). Fluid inclusion data for Meideh, Seridun and east of Sarcheshmeh silicic zones

Sample . Size o Tmice Tm wt.% Thv-i
coge Series (um) Type Te (°C) (°C)  Halite  NaCl (°C)
1 10 L+V -0.4 0.7 165
2 12 L+V -1.4 241 170
3 6 L+V -1 1.74 167
4 5 L+V -0.6 1.05 185
5 5 L+V -0.5 0.88 169
6 8 L+V -0.6 1.05 175
7 7 L+V -0.5 0.88 170
8 10 L+V -2 3.39 178
9 15 L+V -0.8 1.39 167
10 7 L+V -0.8 1.39 170
11 17 L+V -0.8 1.39 161
SAC-E-02 12 9 L+V -21t0-30°C -1 1.74 175
13 18 L+V -0.8 1.39 175
14 6 L+V -1 1.74 160
15 15 L+V -0.9 1.57 237
16 12 L+V -0.8 1.39 140
17 10 L+V -1 1.74 169
18 9 L+V -1 1.74 168
19 9 L+V -0.6 1.05 159
20 6 L+V -0.6 1.05 170
21 7 L+V -0.8 1.39 264
22 7 L+V -2 3.39 160
23 20 L+V -1 1.74 209
1 8 L+V 250
2 8 L+V nd 200
3 5 L+V 320
4 6 L+V 300
5 12 L+V -0.7 1.22 203
Se-05 6 10 L+V nd 1 1.74 203
7 12 L+V -1.1 1.9 195
8 10 L+V -2.5 4.18 305
9 15 L+V -2 3.39 293
10 5 L+V -0.7 1.22 202
nd: not detected; Tm Halite: melting temperature for halite; Te :Eutectic temperature; Tm Ice: Ice melting
temper
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Fig. 12. A and B: Two-phase, liquid (L) + vapor (V) fluid inclusions in the samples SAC-E-02 from east of Sarcheshmeh
and Se.05 from Seridun, respectively, C and D: Polyphase fluid inclusions in the sample N.PZ.04 from Meideh silicic

zone consisting of LVHa (liquid+vapor+halite) and LVS (liquid+vapor+solid) inclusions, respectively

hotir s 35 5(S€-05) 5k ;s «(N.PZ.15 (NPZ.04 (PZ.002) sckon _rkis (61a0355 811 (6 5503055 Sn (slaesls bl ¥ Jguor

(SAC-E-02)

Table 3. Summary of microthermometric data for Meideh (PZ.002, NPZ.15, NPZ.04), east of Sarcheshmeh (SAC-E-02)
and Seridun (Se-05) silicic zones
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Sample code
(Inclusion type)

Phases present (n)

Homog. T. °C
Range (mean)

Salin., wt.% NaCl eq.

Range (mean)

Eutectic
T.(°C)

PZ.002 (A)
N.PZ.15 (A)
N.PZ.04 (A)
N.PZ.04 (B1)
N.PZ.04 (B2)
N.PZ.04 (B3)
SAC-E-02 (A)

Se-05 (A)

L+V (16)
L+V (2)
L+V (14)
L+V+Ha (4)
L+V+S (5)
L+V+Ha+S (1)
L+V (23)

Seridun (10)

140-220 (175)
224-263 (243)
202-269 (231)
240-480 (345)
202-225 (214.2)
530
140-264 (177)

195-320 (247)

0.18-5.71 (1.94)
0.35
3.71-7.16 (5.43)

6.7-7.9 (7.3)

33.4-56.9 (42.77)

64
0.7-3.39 (1.57)

1.22-4.18 (2.28)

-21t0-30

nd

-26to -31

-26 to -31°

-21to-30

nd

L: liquid; V: vapor; Ha: halite; S: solid phase (unknown); nd= not detected; (n): number of analyses
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Fig. 13. A and B: Histograms for homogenization temperature and salinity, respectively, for samples from Meideh,

Seridun and east of Sarcheshmeh silicic zones
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Article History Introduction

Received: 09 March 2021 The Neyshabour Turquoise Mine is located at 55 km North West of
Revised: 10 May 2021 Neyshabour in latitude of E58°, 23" and longitude of N36°, 23". This
Accepted: 24 May 2021 area is situated at the Cenozoic continental magmatic arc in the north

of Sabzevar ophiolite sequence and extends to Binalood Mountains

(Spies et al., 1983; Karimpour and Malekzadeh Shafaroudi, 2013).

Rock units consist of Eocene intermediate volcanic and intrusive

_ bodies and breccia's which are the country rock of ore deposits in the

Turquoise Firouzeh area (Mohammad Nejad et al., 2011a). The Turquoise Mine

Neyshabour was suggested as the first Iron Oxide Cu-Au-U-LREE mineralized

Environmental Impacts - - -

Radioactivity system in _Iran (Karlmpoyr et aI.,_2012). The_ turquoise was formed on
the oxidation zone of this deposit. The mining procedure operates as
underground mining and mine wastes that were recycled for extraction
of turquoise were released in the vicinity of the mine area and the
surrounding Madan village. High radiometric anomaly of Uranium and
Thorium has been reported in the Firouzeh area (Karimpour and
Malekzadeh Shafaroudi, 2013). The aim of this study is to study the
gamma radioactivity of 238U, 2%2Th, and “°*K in different parts of this area
(tunnels, rock units, mine waste, habitations and water resources) and
to determine the origin of gamma radioactivity by gamma spectroscopy

*Corresponding author implement via portable gamma scintillation system (MCA) with

sodium iodide Nal (TI) detector.
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Results

The total average natural gamma radioactivity in the
mine tunnels was measured to be 98.31 cps. The
average gamma radioactivity associated with 228U in
the tunnels was 5.2 cps. The average gamma
radioactivity associated with 22Th (1.4 cps) in all
samples from the tunnels is less than 2%8U. Highest
natural gamma radioactivity associated with “°K
was measured in the mine tunnels. Trachyte rock
units and the Limonitic soils had the maximum
natural total gamma radioactivity and andesite unit
shows the least values. The high concentration of
these elements in limonitic soils was formed by
adsorption of radioactive cations by Fe Oxides. The
lowest gamma radioactivity was determined in
andesite rock units, coarse grain alluvium and
coarse grain soils. Mine wastes from the turquoise
mine are explored again by villagers and this might
cause exposure to additional dose in this way. The
average total gamma radioactivity is 75.26 cps in
mine wastes. The highest and lowest gamma
radioactivity in the mine waste was associated with
K and #2Th, respectively. There is a high gamma
radioactivity in homes that have been made by local
raw materials. Average total gamma radioactivity in
rural houses is 83.73 cps. The maximum and
minimum total gamma radioactivity was associated
with “K and 22Th, respectively. There is high
natural gamma radioactivity in mine drainage
waters and springs that which occur on marl unit.
The mine tunnels had the most gamma radioactivity
and stream sediments show the lowest gamma
radioactivity in different samples in the area. 23U,
232Th and “°K radio activities have strong positive
relationships and they probably have a similar
source. “°K has the most gamma radioactivity in this
region. Therefore, trachytic rocks are the source of
natural gamma radioactivity in the studied area.

Based on mineralogical studies on Neyshabour
turquoise mine (Mansouri Gandomani et al., 2020),
there are no radioactive elements in Turquois
mineral. There are not reliable statistics on
occupational diseases and cancer among miners
because these patients are sent to Mashhad hospitals
or migrate from this area. However, the number of
people infected by lung disease such as
pneumoconiosis and silicosis is growing and many
pensioners and old miners are suffering from
different forms of cancer such as cancer of digestive
and respiratory systems. The average number of
victims of cancer in the Madan village (next to the
turquoise mine) is more than other habitants in the
Neyshabour area. Although development of cancer
is related to several factors, but exposure to
radioactivity in job conditions, geological features,
presence of radiogenic radon gas in water and air of
the area, and presence of 28U, 2%2Th and “K in
geological formations in the region suggest that
radioactive emissions could be considered as the
key factors contributing to cancer in this region.

Discussion

The average level of natural total gamma
radioactivity associated with 2%U, #32Th and “°K in
the Neyshabour turquoise mine area was 87.78 cps.
Mine tunnels, houses, mine wastes and geological
outcrop have the highest natural total gamma
radioactivity, respectively. Trachyte rocks unit has
the highest natural gamma radioactivity and
andesite coarse-grained clastic sediments display
the lowest values. “°K has the most total gamma
radioactivity in the study area. Trachytic rocks are
the source of natural gamma radioactivity in this
region. The radioactivity of 238U, 2%2Th and “°K in
geological formations can be considered as a main
factor contributing to cancer.
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Table 1. Gama radioactivity of 28U, 22Th, and *°K at rocks units of tunnels on Nyshabour Turquoise Mine

Sample. N 28y 22Th WK
No. Local Situation Rock type (CPS) (CPS) (CPS)
10 Entrance of Mal_n Tunnel (near the Andesite 4784 1367 15.43

turquoise store)
11 Main Tunnel (15 m. after entrance) Trachyte- Andesite 4.596 1.367 14.83
12 First Intersection Breccia 4.781 1.367 15.437
13 Stair Position Andesite 4.932 1.409 15.914
14 First Shaft Position Andesite 4.780 1.367 15.437
15 Main Tunnel (30 m. after entrance) Andesite 4.780 1.368 15.450
67 Main Tunnel (173 m.) near Trachyte 8773 1925 9171
intersection
36 m. after Second Shaft (end of
68 tunnel No. 225) Trachyte 13.287 3.090 16.933
23 Stair of T23 (Depth of 7.5 m.) Trachyte- Andesite 4.583 1.101 12.855
24 Stair of T25 (Depth of 15 m.) Trachyte 4.376 1.096 12.791
25 Depth of 20m. of water well Breccia 4.172 1.105 12.898
26 Depth of 40m. of water well Andesite 4.158 1.101 12.855
27 58m. after Tunnel.No.15 Andesite 2.702 1.234 4.454
28 Main Tunnel (Tsfgm' afer 15 Andesite+ Fe- Oxides 2720 1234 4572
29 Main Tunnel, near second Shaft Breccia+ Soil 2728 1235  4.458
. Andesite+
64 Main Tunnel (40m. after entrance) Soil+Evaporites+ Salt 4.611 1.448 4.255
Andesite+
65 Main Tunnel (83m. after entrance) Soil+Evaporites + 6.372 1.428 5.598
Salt
66 Main Tunnel (143m. after entrance)  Porphyritic Andesite ~ 7.854 1.933 8.886
19 Inside of above Tunnel Breccia 4.784 1.367 15.437
22 Entrance of Zak Tunnel Porphyritic Syenite 4.158 1.101 12.855
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Fig. 7. A: Gamma radioactivity diagram associated with 23U, 232Th, “°K at mine wastes on Nyshabour Turquoise mine
area, and B: Gamma radioactivity diagram associated with 23U, 232Th, “°K of houses at Madan village
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Fig. 8. A: Gamma spectroscopy of 228U, 2%2Th, “°K at a Qanat on Nyshabour Turquoise mine area, and B: Gamma
radioactivity diagram associated with 238U, 232Th, 4°K at water resources of Nyshabour Turquoise mine area
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Table 2. Gama radioactivity of 238U, 22Th and “°K in ground sample, habitation and water resources of Nyshabour

Turquoise Mine area

Sample No. ; Location : Rock tsyat)lf] Slre ;ype of (22%) (Zz;l'g) ( éOFIfS)
16 623842 4039126  Corse grain sediments 4.75 1.3596 15.348
51 626829 4038456 Basalt- Andesite 4.124 1.0926 4.0488
54 623913 4038640 soil (Fe Oxide Rich) 3.570 0.8908 3.365
41 624520 4038624 Trachyte- Andesite 3.56 0.8894 3.3594
42 624555 4038607  Andesite (Mt. Content) 3.49 0.8712 3.291
43 625114 4038448 Soil 3.57 0.8908 3.365
60 634807 4034202 Gypsum, Halite 1.36 0.317 1.0726
32 623574 4039305 Andesite 0.714 0.1664 0.5629
33 624555 4038607 Basalt- Andesite 3.612 0.317 1.0726
34 623548 4039264 Alluvium 0.718 0.1672 0.5657
55 624699 4038730 Marl 7.325 1.0333 6.005
38 623772 4038916 Trachyte 7.232 1.0333 6.005
39 624303 4038546 soil (Fe Oxide Rich) 7.220 1.0316 5.995
69 623871 4039161 Trachyte 7.303 1.7569 10.214
70 623534 4039252 Trachyte 1.68 0.9083 11.199
71 624978 4038449 Limonite 7.51 0.6042 2.0958
72 624751 4038701 Marl, Sand Dune 7.188 1.1422 7.3188
37 636373 4039257 Stream Sediment 1.325 0.6348 2.6989
40 624266 4038638 Stream Sediment 1.188 0.5692 242
44 626789 4038435 Stream Sediment 1.391 0.6318 2.6864
52 626546 4038580 Stream Sediment 1.147 0.4709 1.7998
58 626054 4038696 Stream Sediment 3.605 0.9883 3.785

1 625736 4038629 Mining Waste (Rock) 5.99 1.3967 7.7
2 625694 4038629 Mining Waste (Rock) 4.673 0.9987 3.51
3 625289 4038389 Mining Waste (Rock) 4.607 0.992 3.50
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Table 2 (Continued). Gama radioactivity of 22U, 2%2Th and “°K in ground sample, habitation and water resources of
Nyshabour Turquoise Mine area

sample No. Location Rock type or type of 238y 232Th K
~ v Samples (CPS) (CPS) (CPS)
9 626350 4038694  Mining Waste (Rock) ~ 3.7671 1.0768 12.15
17 623833 4039123 Mining Waste (Rock) 3.191 0.8083 2.70
18 624296 4039453 Mining Waste (Rock) 3.5 0.8056 2.69
20 624377 4039315 Mining Waste (Rock) 3.162 0.8077 2.69
21 624564 4039663 Mining Waste (Rock) 3.5162 0.8077 2.69
50 626974 4037895  Mining Waste (Rock) 3.6558 1.5058 6.38
73 626202 4037368 Mining Waste (Rock) 5.8842 1.125 5.62
30 623863 4039149  Water (Mine Drainage)  1.1775 0.564 2.398
31 623906 4039199 Drinking water 1.1883 0.5692 242
49 626727 4037738 Water (Spring) 2.443 1.2422 4.4845
53 625559 4038349 Water (Aqueduct) 1.0481 0.6747 36855
56 626801 4038693 Water (Aqueduct) 1.2842 0.535 1.8842
59 625869 4037177 Water (Aqueduct) 3.5192 0.8083 2.7017
4 636000 4038434 Mosque (Alluvium) 3.1975 0.851 2.86
5 625887 4038188  House (Clay materials) 1.462 0.866 4.11
6 625951 4038232  House (Clay materials) 1.456 0.868 4.78
7 625906 4038472  House (Clay materials)  5.3907 1.12 4.469
8 625908 4038472  House (Clay materials)  3.8273 1.094 3.135
47 626275 4038748 House (Clay materials)  2.6158 1.085 4.962
48 626524 4037664 House (Clay materials)  3.8342 1.592 6.185
46 626335 4037488 House (Clay materials)  3.8342 1.602 6.181
57 626001 4038393 Mosque (Alluvium) 1.1864 0.568 2412
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Fig. 9. A: Gamma radioactivity diagram associated with 238U, 2%2Th, 40K at stream sediments of Nyshabour Turquoise
mine area, B: Mean of total gamma radioactivity associated with the 238U, 232Th, and “°K on different parts of study
area, C: The share of each of these elements at total radioactivity on Neyshabur Turquoise Mine area, D: Correlation
charts of total gamma radioactivity between 23U with “°K on Neyshabur Turquoise Mine area, E: Correlation charts of

total gamma radioactivity between 228U with 232Th on Neyshabur Turquoise Mine area, and F: Correlation charts of total
gamma radioactivity between 232Th with “°K on Neyshabur Turquoise Mine area
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ARTICLE INFO EXTENDED ABSTRACT

Article HiStOI'y Introduction

Received: 28 July 2020 Granitoids are one of the most abundant and common igneous rocks in
Revised: 10 March 2021 the continental crust and they formed the world's largest batholiths. They
Accepted: 17 April 2021

are widely distributed in Precambrian to Cenozoic orogenic belts (e.g.,
Raymond, 2002), but some are formed in non-orogenic zones (Blatt et
al., 2006). Because much of the continental crusts in orogenic belts are
composed of granitoids, they are of particular importance in explaining
the petrologic processes in orogenic belts.
G 2 Cenozoic magmatism of Urmieh-Dokhtar magmatic arc is intruded by
ranodiorite . . . - . .
Geochemistry Ollgo-Mlocen_e plutc_mlc rocks in some regions (Arvin et al., 2004). An
Bideshk outcrop of Oligo-Miocene granites is found in Zafarghand area in the
Urumieh-Dokhtar southeast of Ardestan in Isfahan Province. Sarjoughian et al. (2018),
Aminoroayaei Yamini et al. (2017), Sadeghian and Ghaffary (2011),
Khalatbari Jafari et al. (2016), and Ghalamghash et al. (2019) suggested
that this magmatism is a result of lower crust melting during mantle
wedge metasomatism, occurred by Neo-Tethys subduction.
This study aims to investigate the Oligo-Miocene granodiorites of East
Bideshk, which is exposed in the central part of the Urumieh-Dokhtar
magmatic arc in the northeast of Isfahan city. Despite the
tectonomagmatic importance of this pluton in completing the geological
history of Urumieh-Dokhtar magmatic arc, there are no comprehensive
petrological studies performed on Bideshk granitoid. Thus, this study
Seyed Mohsen Tabatabaei Manesh considered the mineralogy, geochemistry, tectonic environment, and
™ tabataba@sci.ui.ac.ir origin of this granodiorite.
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Materials and methods

Microprobe analysis of the minerals was performed
using a CAMECA SX 100 model with 15 kV
accelerator voltage and 20 nA current at Stuttgart
University, Germany. The Minpet software was also
used to calculate the structural formula of the
minerals and plot the diagrams. Intact and less
altered rock samples are selected for geochemical
analysis of major, trace, and rare earth elements by
ICP-MS and ICP-OES methods in the geochemical
laboratory of ALS Chemex in Ireland. The LOI
values are also obtained by the gravimetric method.
Fe?* and Fe®* are calculated based on the method by
Middlemost (1989). Abbreviations for minerals are
from Whitney and Evans (2010).

Results and discussion

The Eocene Granodiorite - diorite rocks outcrop in
the east of Bideshk area, in the northeast of Isfahan,
and along the Urumieh-Dokhtar magmatic zone.
According to lithological studies, they are mainly
composed of granodiorite with predominant texture
are granular, granophyre, and porphyroid.

The major minerals are plagioclase, quartz, K-
feldspar, hornblende, and biotite. Accessory
minerals include magnetite, and apatite. Calcite and
chlorite are the secondary minerals. Embayed
plagioclases and quartz with rounded margins and

plagioclases with oscillatory zoning, sieved texture,
and dusty rims show non-equilibrium conditions
during magma mixing. The composition of calcic
amphiboles in these rocks is actinolite- tremolite,
hornblende, and magnesio- hornblende. Plagioclases
in the rocks of the east of Bideshk are andesine to
labradorite in composition, and some show
oscillatory zoning. Thermobarometry results indicate
pressure, temperature, and crystallization depth
decrease from the core (average ~ 3.01-3.63 kb, 685-

732°C) of hornblende crystals. Geochemical
investigations show that this granitoid is
metaluminous, calc-alkaline, and I-type. The

primitive mantle and the chondrite- normalized
patterns of Bideshk whole-rock samples show
enrichment of LREE against HREE. It is in
accordance with magmatism in a subduction zone.
Geochemical diagrams and variation in Rb content
relative to Nb can also indicate a subduction-related
magma source and mantle wedge metasomatism in
the east of Bideshk, during Neo-Tethys subduction
beneath central Iran.
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Fig. 3. Photomicrograph (in XPL) of Bideshk granodiorite A: Chessboard twinning in plagioclase, B: Oscillatory zoning
in plagioclase, C: Green and euhedral hornblende with altered rims, and D: Chlorite formed by amphibole alteration.
Abbreviations after Whitney and Evans (2010) (PI: plagioclase, Amp: Amphibole, Chl: Chlorite, Or: Orthoclase).
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Table 1. Electron microprobe analyses (in weight percent) and calculated structural formula based on 23 oxygens (in

a.p.f.u.) for amphiboles in granodiorite of east Bideshk

Point No. 103C 115C 122C 125C 127C

109R 185R 167R 191R 201R 194R 113R

SiOz 51.05 52.61 5098 5247 52.75
TiO2 0.67 0.41 057 047 0.43
Al203 3.93 2.89 3.79 3.04 2.40
FeO 1156 1126 11.46 11.00 10.65
MnO 0.25 0.28 032 023 0.22
MgO 1722 1751 169 1732 17.78
CaO 11.08 1135 1165 1159 11.30
Na:O 1.41 1.03 1.1 0.90 0.86
K20 0.25 0.20 026  0.27 0.24
Total 9741 9754 97.03 97.29 96.63

Si 724 743 7.29 7.45 7.50
Ti 0.07 0.04 0.06 0.05 0.05
Al 0.66 0.48 0.64 051 0.40
AlV! 0.03 0.03 0.02 0.04 0.02

Fe 044 050 063 063 047
Fe 3 082 074 067 063 0.70

Mn 003 003 004 003 003
Mg 3.64  3.69 3.60 366  3.77
Ca 1.68 1.72 179 1.76 1.72
Na 032 028 022 024 024
K 005 004 005 005 0.04

Cations 1512 15.03 15.14 15.06 15.00

4722 47.66 5056 4791 469 47.78 47.47
1.08 1.05 043 0.95 124  0.99 1.01
7.18 6.74  3.28 6.83 7.29 6.81 7.03
14.48 1453 1351 15.01 1531 1417 1517
0.36 0.43 0.36 0.47 044 048 043
1465 14.63 15.00 1452 1489 1488 1437
10.62 10.61 1158 10.11 1046 10.34 10.27
1.85 1.44  0.87 1.34 1.47 1.84 1.37
0.31 025 0.37 0.22 0.32 024 030
97.74 9733 9595 9735 9833 9753 9741
6.77 6.83 7.41 6.83 6.64 6.83 6.78
0.12 0.12 0.05 010 0.13 0.11 0.11
1.21 1.14 057 1.15 1.22 1.15 1.18
0.09 0.09 0.04 011 0.04 010 0.0
0.54 047 1.09 0.28 0.21 0.42 0.36
1.17 124 055 1.48 1.46 1.24 1.42
004 005 0.04 0.06 0.05 0.06 0.05
3.13 3.13 3.28 3.08 314 317 3.06
1.63 1.63 1.82 1.54 1.59 1.58 1.57
0.37 0.37 0.18 0.37 040 042 0.38
0.06 0.05 0.07 0.04 0.06 0.04 0.06
152 15.07 1513 1495 15.05 1514 1501
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Fig. 4. Composition of amphiboles in Bideshk granodiorite on A: classification diagram of amphiboles (Leake et al.,
2004), B: Classification of calcic amphiboles (Leake et al., 2004), and C: Discrimination diagram for igneous and
metamorphic amphiboles (Giret et al., 1980). The solid circles are related to the core and the hollow circles show the

margin of the amphiboles.
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Table 2. Electron microprobe analyses (in weight percent) and calculated structural formula based on 8 oxygens (in
a.p.f.u.) for plagioclase in granodiorite of east Bideshk

Point No. 149 150 151 152 153 154 155 156 157 158

SiO; 61.13 54.85 5582 5559 5569 5598 56.23 58.06 54.98 5542

TiO2 0.02 0.00 0.01 0.00 0.01 0.00 0.02 0.00 0.00 0.00
Al,O3 2358 2755 2692 2726 2706 2692 26.63 2548 2727 26.97
FeO 0.18 0.24 0.17 0.27 0.23 0.22 0.23 0.29 0.27 0.22

MnO 0.04 0.00 0.04 0.00 0.00 0.00 0.02 0.00 0.00 0.00
MgO 0.04 0.04 0.00 0.00 0.03 0.02 0.03 0.01 0.02 0.01

BaO 0.00 0.00 0.00 0.00 0.02 0.00 0.00 0.00 0.038 0.038
CaO 5.77 10.72 9.96 10.36  10.38 9.83 10.03 8.63 10.71  11.39
Na.O 8.25 5.53 6.06 5.85 5.96 6.05 6.13 6.74 5.56 5.67
K20 0.47 0.17 0.23 0.21 0.25 0.21 0.17 0.24 0.18 0.21

Total 99.48 99.10 9921 9954 99.63 99.23 9949 9945 99.02 99.92

Si 2.74 2.50 254 2.52 2.52 254 2.51 2.55 2.51 2.50
Al 1.24 1.48 1.44 1.46 1.44 1.44 1.44 1.42 1.47 1.46
Fe?* 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Mn 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01
Mg 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Ba 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Ca 0.28 0.52 0.49 0.50 0.50 0.48 0.00 0.00 0.52 0.00
Na 0.72 0.49 0.53 0.51 0.52 0.53 0.55 0.49 0.49 0.55
K 0.03 0.01 0.01 0.01 0.01 0.01 0.50 0.54 0.01 0.49

Cations 5.01 5.01 5.02 5.01 5.02 5.01 5.02 5.02 5.01 5.02

Ab 70.20 4780 51.70 50.00 50.30 52.10 46.80 52.00 48.00 46.70
An 27.20 51.20 47.00 48.90 4840 46.80 52.00 47.10 51.00 52.30
Or 2.60 1.00 1.30 1.20 1.30 1.20 1.10 1.00 1.00 1.00
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Table 3. Major (in weight percent), trace and rare earth (in ppm) elements data for igneous rocks of east Bideshk

Sample No. 22 222 z35 266 z8 z52  SampleNo. z2 z22 235 z66 z8 252

SiO2 62.8 658 643 6400 544 604 Ga 16.1 144 157 159 151 16.4
TiO2 055 046 06 058 084 0.65 Y 112 84 105 110 224 192
ALO; 1885 1585 162 16.05 16.85 16.35 cr 10 10 20 10 120 10
Fe:Os* 489 461 601 619 88 7.4 Hf 3.7 300 33 35 25 28
Fe:Os(cal) 1.83 173 225 293 33 272 Cs 0.13 052 051 051 0.27 1.19
FeO(cal) 275 259 338 293 495 407 Ta 04 05 04 05 04 04
MnO 007 005 006 013 011 0.08 La 11.4 11.00 152 18.7 11.9 6.8
MgO 196 191 23 232 564 324 Ce 245 215 449 354 245 14.7
CaO 6.78 535 556 526 7.7 583 Pr 311 262 4.68 4.02 3.16 1.89
Na:0 393 305 321 362 267 3.39 Nd 13 113 165 155 129 86
K20 032 115 1.00 174 047 147 Sm 3.03 3.13 315 324 32 272
P.Os 018 013 022 019 015 0.3 Eu 0.83 0.84 1.04 1.02 1.13 0.85
LOlI 0.67 201 228 132 237 233 Gd 3.32 281 284 3.42 367 3.15
Total 98.01 98.89 101.76 101.44 100.00 101.12 Tb 0.48 0.44 0.48 0.60 0.60 0.61
Ba 106 244 1745 434 114 225 Dy 3.34 3.09 3.13 3.34 4.08 3.81
Rb 142 375 385 461 106 451 Ho 0.66 0.56 0.64 0.72 0.58 0.81
Sr 393 312 379 282 393 363 Er 1.85 1.87 1.98 2.11 2.38 2.35
\4 189 166 187 21.00 224 241 Tm 0.26 0.30 0.30 0.36 0.34 0.36
zr 121 104 103 111 78 101 Yb 202 201 1.94 256 2.42 2.68
Nb 63 55 56 6.8 4.9 4.4 Lu 0.34 0.34 031 0.35 0.35 0.40
Th 556 6.06 4.92 643 198  4.88 Eu/Eu* 08 09 11 09 10 09
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Fig. 6. Composition of granodiorite in the east of Bideshk on A: Na,O+K;0 vs. SiO, diagram (Cox et al., 1979), and B:
AFM diagram (Irvine and Baragar, 1971)
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Fig. 7. Composition of granodiorite in the east of Bideshk on A: ASI vs. SiO; (in wt.%) diagram (Frost and Frost, 2008),
B: NazO vs. K;0 (in wt.%) diagram (Chappell and White, 2001), C: Rb vs. Y+Nb (in ppm) diagram (Pearce et al., 1984),
and D: Nb vs. Y (in ppm) diagram (Pearce et al., 1984) (VAG: Volcanic arc granite, Syn-COLG: Syn-collisional granite,

WPG: Within-plate granite, ORG: Oceanic ridge granite)
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«(Wright and McCurry, 1997) (¢, S¢S 5 Caly olal
5ol a3 3,8 pam ey 55 YD s e JlegT
s Sole il SIS ol s e ol OLels 4
S 3,8 WL HREE « o W LREE ,_sle Sus oo
&YT;&g;Sé@):w@o@quﬁ):Q)\f
5,5k «(Almeida et al., 2007) glaxuy 3140 o LE L
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w49 Ly (Tankut et al., 1998) ol,en 5 & Sl
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Table 4. Thermobarometry of amphiboles of east Bideshk based on formula by Otten (Otten, 1984) and Schmidt

(Schmidt, 1992)

Amphibole Schmidt (1992) Otten (1984)
No P(kb) T°C Depth(km)
1 3.63 696.1 15.06
2 3.42 695.1 14.95
3 3.32 698.8 14.90
4 3.28 685.2 14.88
5 3.36 694.9 14.92
6 3.17 687.3 14.83
7 3.25 7329 14.87
8 3.01 710.2 14.75
9 3.43 722.3 14.96
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Fig. 9. A: Amphibole barometry diagram of east of Bideshk (Schmidt, 1992)
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Fig. 10. A: TiO; versus Al,Os diagram based on amphiboles composition of Bideshk (Jiang and An, 1984), B: La versus
Nb diagram (DePaolo and Daley, 2000), C: Nb/La versus La/Yb diagram (Moharami et al., 2014), D: Th/Nb versus SiO;
diagram (Sarrionandia et al., 2012), and E: Rb/Y versus Nb/Rb diagram (Temel and Gondogdu, 1998)
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Fig. 11. Amphibole composition on A: NazO vs. SiO- (in wt.%) diagram (Coltorti et al., 2007), and B: Fe/(Fe+Mg) vs.
AI"Y (in a.p.f.u.) diagram for determination of oxygen fugacity (Anderson and Smith, 1995)
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ARTICLE INFO EXTENDED ABSTRACT

Article History Introduction

Received: 02 February 2021 Considering the wide extent of the Urumieh-Dokhtar magmatic arc and
Revised: 14 June 2021 the presence of many intrusive and volcanic rocks in this belt, an
Accepted: 26 June 2021 important question from scientific and exploration points of view is

“Why are some plutons productive whereas others are sub-productive
and/or barren?” Barren and productive magmatic systems related to
calc-alkaline arc magmatism are identified as normal or non-adakitic
(low Sr/Y<20) and adakitic (high Sr/Y>20) magmas, respectively.
Barren magmas are non-mineralized and have a low Sr/Y ratio, while
high Sr/Y magmas are responsible for Cu-mineralization and are known
as productive magmas that occur in all major orogenic belts worldwide
(Cooke et al., 2005). Understanding their origin and petrogenesis is of
critical importance to decipher their long-term growth and stabilization
of the continental crust, and formation of economically valuable ore
deposits (Monecke et al., 2018). Barren granitoid magmas typically
form in pre-collisional subduction zone environments (Shahabpour,
1992), which is confirmed by the results obtained in this study.
Magmatism in this region began in the Early Eocene and continued until
the Pliocene. The volcanic and intrusive barren-type rocks (Eocene) that
formed in a subduction-related tectonic setting are characterized by calc-
alkaline and tholeiitic geochemical signature (Shahabpour, 2005). The
*Corresponding author northwest of Saveh magmatic complex is situated at the central part of
the Urumieh-Dokhtar magmatic belt. The volcanic rocks of northwest
of Saveh are crosscut by Late Eocene-Early Oligocene granitoids that
are exposed over an area of about 100 km?,
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Materials and methods

Approximately 70 samples were intrusively
collected from Mount Shahpasand and Neivesht
volcanic rocks. Subsequently, 9 granitoid rocks and
7 volcanic rocks that showed the least amount of
alteration were selected for whole-rock geochemical
analysis. The main elements analysis was performed
by X-ray fluorescence method using Optima 100V
device and the analysis of rare earth elements was
performed using Inductively Coupled Plasma Mass
Spectrometry method and with ICP NeXION 300
device in the Lab West Laboratory of Australia.

Results

The northwest of the Saveh magmatic complex is
situated at the central part of the Urumieh-Dokhtar
magmatic belt. The volcanic rocks of this area are
crosscut by the Late Eocene-Oligocene granitoids.
Whole-rock geochemistry shows that the studied
igneous rocks with low to medium potassium calc-
alkaline geochemical signatures have strong
depletion in Nb and Ti and enrichment in LREE and
LILE, which imply formation during normal arc
magmatism. Sr/La and La/Yb trace element ratios
show that all samples have evidence for slab fluid
metasomatism and a mantle source affected by
metasomatism. La/Nb and La/Ba ratios also confirms
a subduction-modified lithosphere mantle source for
the magmatic rocks in the northwest of Saveh.
Geochemical evidence shows that these rocks are
barren-type igneous rocks that have the same origin
and differential crystallization is the dominant
process in their petrogenesis. Barren magmatism in
the northwest of Saveh is likely a result of partial
melting of juvenile lower crust caused by subduction
of the Neo-Tethys oceanic lithosphere, whereas
productive adakitic rocks within the Urumieh-
Dokhtar magmatic belt have formed by partial
melting of thickened lower crust.

Discussion

Granitoids have gabbrodiortite-diorite, Quartz
monzonite, granodiorite and granite composition,
while volcanic rocks are petrologically classified as
basaltic andesite, andesite and dacite-trachydacite.
Geochemical studies of whole rocks indicate that
they have strong depletions in HFSE (Nb, Ti, Zr) and
enrichments in light rare earth elements and large ion
lithophile elements compared to N-MORB.
Geochemical signature of the igneous rocks in
northwest of Saveh (low Sr/Y ratio of almost <30)
and their negative Eu anomalies (Eu/Eu* = 0.62—
1.05) suggest generation in a subduction zone and
pre-collisional setting. However, productive rocks
elsewhere within the Urumieh-Dokhtar magmatic
belt exhibit adakite-like calc-alkaline magmatic
characteristics (high Sr and Sr/Y, but low Y).
Signature of this magmatic complex is consistent
with other barren-type magmas through the
Urumieh-Dokhtar magmatic belt. The low ratios of
(La/Sm)n and (Dy/Yb)n (0.50-1.18 and 0.91-1.35,
respectively) are similar to those from barren-type of
granitoids. Examination of the studied samples on a
Y versus MnO diagram (Baldwin and Pearce, 1982)
shows that the samples have characteristics of
barren-type igneous rocks. Haschke and Pearce
(2006) suggested that a high Y content in barren
magmas may record the participation of anhydrous
phases during the early stages of magma genesis and
so account for lack of associated mineralization.
However, it may be possible that partial melting of
the source is superficial, in agreement with a
moderate pre-collisional crustal thickness of 3545
km. Low Sr/Y (< 30) ratios measured in the Eocene—
Oligocene northwest of Saveh igneous rocks suggest
generation via island-arc magmatism, while a Sr/Y
ratio of > 56 for productive rocks implies garnet,
hornblende, and clinopyroxene minerals in the
source, leading to enrichment of LREE/HREE
(Castillo, 2012).
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Fig. 1. Main structural units of Iran (Shafaii Moghadam et al., 2016) and location of the study area on the Urumieh-
Dokhtar magmatic belt (green star)
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Fig. 2. Geological map of the northwestern region of Saveh (scale 1: 100000, (Ghalamghash, 1998)). The study areas are
marked with green stars.
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Fig. 3. A and B: Outcrop and field photographs of volcanic and granitoid rocks in the NW Saveh (view to the north), and

C: A close view of the volcanic rocks
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Fig. 4. Microscopic images from volcanic and granitoid rocks of NW Saveh. A: Granular texture and presence of apatite
mineral in plagioclase as a inclusion in granite sample ( XPL light), B: Inclusions of plagioclase in amphibole crystals in
granodiorite sample as a poikilitic texture (XPL light), C: Presence of pyroxene, biotite and amphibole in diorite sample
(XPL light), D: Existence of two generations of plagioclase in granodiorite sample (XPL light), E: Amphibole phenocrysts
with twinning in a glassy background in the andesitic sample (XPL light), F: Presence of needle apatite mineral in the
plagioclase crystals in basaltic andesite sample (PPL light), and G: Euhedral to subhedral plagioclase in the dacite sample
(XPL light). Abbreviations after Whitney and Evans (2010) (PI: Plagioclase, Amp: Amphibole, Kfs: K-feldspar, Bt:
Biotite, Ap: Apatite, Px: Pyroxene, Opg: Opaque).
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Table 1. Chemical analyses of plutonic rocks of the NW Saveh (north of Shahpasand mountain), Major elements (by

XRF, wt.%) and trace element (by ICP-MS, ppm)

Samples Kh4 Kh5 Kh10 Kh32 Kh33 Kh62 Kh8 Khé8 Kh71
Rock Granodiorite Diorite Qtz Gabbrodiorite ~ Granit
Major element (wt.%0)
SiOz2 64.14 62.79 66.65 5587 5549 60.59 52.28 53.93 73.45
TiO2 0.64 069 089 075 0.70 0.70 0.81 1.15 0.39
Al203 1540 1597 18.66 1754 1752 15.68 18.08 16.50 14.08
FeOt 4.65 4,74 0.57 6.52 5.92 421 7.7 7.46 0.76
MnO 0.15 0.15 0.03 0.22 0.14 0.19 0.24 0.25 0.04
MgO 2.24 2.26 0.60 3.80 3.77 3.71 4.65 3.54 0.69
CaO 4.67 4.95 4.42 7.16 7.26 2.73 8.49 8.26 2.07
Naz20 3.30 3.37 6.21 3.14 4.49 2.20 3.35 3.59 6.34
K20 2.07 2.13 0.68 141 1.01 6.65 1.06 0.99 0.59
P20s 0.16 0.19 0.02 0.17 0.17 0.21 0.14 0.13 0.06
LOI 2.43 2.26 1.27 2.31 2.08 1.89 1.99 2.88 1.47
Total 99.85 99.50 100.0 98.89 9855 98.76 98.26 98.68 99.94
K20/Naz 0.63 0.63 0.11 0.45 0.22 3.02 0.32 0.28 0.09
A/NK 6.74 6.87 3.68 7.00 491 13.78 6.46 5.59 2.81
AICNK 0.73 073 059 070 058 1.17 0.64 0.57 0.50
Trace element (ppm)
Ba 100.00 3210. 6150 276.0 103.0 534.00 12500 175.00 398.00
Rb 1830 181.0 7430 28.80 19.60 58.30 1500 17.30  32.20
Sr 217.00 112.0 388.0 401.0 380.0 264.00 255.00 374.00 401.00
Y 1090 16.70 23.20 16.00 28.30 26.20 43.00 9.00 14.80
Cs 0.30 180 340 200 1.40 1.30 0.30 0.30 1.50
Ta 0.17 075 047 018 047 0.50 0.55 0.22 0.26
Hf 0.97 2.73 0.29 0.38 0.85 3.57 0.46 0.28 0.27
Pb 940 1470 12.00 1270 230  8.70 2.00 7.30 7.60
U 016 164 128 045 086 1.17 0.99 0.74 0.98
Th 037 586 567 130 453 4.04 7.43 1.12 2.47
Zr 23.00 107.0 5.00 8.00 17.00 132.00 8.00 6.00 6.00
Nb 3.50 1340 8.10 4.00 6.70 9.10 9.00 4.20 4.80
Ni 18.00 45.00 16.00 57.00 15.00 10.00 14.00 14.00 10.00
Cr 51 87 71 76 104 50 124 75 85
La 340 18.30 18.90 10.80 15.60 19.00 20.60 6.26 10.00
Ce 9.29 38.60 36.30 20.60 43.70 37.90 45.60 15.80 20.20
Pr 1.15 4.40 4.40 2.67 6.01 4.84 5.83 1.74 2.54
Nd 5.58 17.10 18.10 11.60 24.00 20.50 24.80 7.39 10.80
Sm 1.58 3.64 4.23 3.02 5.55 4.97 6.38 1.77 2.68
Eu 0.47 1.10 1.07 0.94 1.57 1.28 1.23 0.51 0.77
Gd 1.47 3.86 4.01 2.80 4.51 4.58 5.76 1.54 2.47
Tb 0.34 0.53 0.72 0.57 0.93 0.88 1.26 0.30 0.46
Dy 211 3.15 4.33 3.47 5.74 5.38 7.81 1.81 2.81
Ho 0.46 065 091 073 119 1.11 1.67 0.38 0.58
Er 1.31 187 266 218 356 3.23 4.96 1.07 1.67

Note: Qtz mz: Quartz monzonite
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Table 1 (Continued). Chemical analyses of plutonic rocks of the NW Saveh (north of Shahpasand mountain), Major
elements (by XRF, wt.%) and trace element (by ICP-MS, ppm)

Samples Kh4 Kh5 Kh10 Kh32 Kh33 Kh62 Kh8 Kh68 Kh71

Rock Granodiorite Diorite Qtz mz Gabbrodiorite Granite
Trace element (ppm)

Tm 0.19 027 039 032 052 0.46 0.71 0.15 0.24

Yb 1.10 176 249 195 312 2.86 4.44 0.90 1.49

Lu 0.15 024 036 029 043 0.42 0.61 0.13 0.22
Eu/Eu* 0.95 090 080 099 0.96 0.82 0.62 0.95 0.92
(La/Yb)n 2.07 695 508 370 334 4.44 3.10 4.65 4.49

SrlY 19.91 6.71 16.72 25.06 13.43 10.08 5.93 41.56 27.09
(La/Sm)n 0.50 118 1.05 084 0.66 0.89 0.76 0.83 0.87
(Ce/Yb)n 2.15 558 371 269 356 3.37 2.61 4.46 3.45
(Dy/Yb)n 1.23 1.15 1.12 1.14 1.18 1.21 1.13 1.29 1.21

Note: Qtz mz: Quartz monzonite

J...a\;;) (wt.% e XRF -d:..»:) 4;) dLa\j..pL& ‘5\.&.\:_.5\ u(g'_..&}:;) o)Lw ufdb..& U.:L.Z..Q..ZJT 5&&# g_g,’,l':“',‘."; @ @b Yy Jj»

Table 2. Chemical analyses of volcanic rocks of the NW Saveh (Neivesht), Major elements (by XRF, wt.%) and trace
element (by ICP-MS, ppm)

Samples N31 N67 N78 N77 N76 N14 N98
Rock Basaltic andesite Andesite Dacite Rhyolite
Major element (wt.%0)
SiO2 51.94 54.27 56.26 57.83 65.93 67.61 70.44
TiO: 0.79 1.16 0.77 0.86 0.64 0.94 0.4
Al203 19.29 19.16 18.21 16.88 15.28 18.71 13.25
FeOt 6.89 8.04 6.44 6.36 3.17 0.46 0.91
MnO 0.2 0.28 0.22 0.08 0.23 0.02 0.06
MgO 4.56 3.53 3.02 2.78 1.32 0.35 0.17
CaO 7.54 6.86 7.15 6.93 2.7 3.56 3.12
Naz20 441 4.23 3.62 3.84 4.97 6.48 5.54
K20 1.25 0.99 1.01 0.69 2.43 0.7 2.76
P20s 0.12 0.12 0.31 0.23 0.17 0.02 0.08
LOI 1.27 0.88 1.2 1.76 1.72 0.94 2.82
Total 98.26 99.52 98.21 98.24 98.56 99.79 99.55
K20/Na20 0.28 0.23 0.28 0.18 0.49 0.11 0.50
AINK 5.62 4.82 6.04 5.09 5.50 3.59 5.15
A/CNK 0.63 0.57 0.68 0.62 0.64 0.60 0.49
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Table 2 (Continued). Chemical analyses of volcanic rocks of the NW Saveh (Neivesht), Major elements (by XRF, wt.%)
and trace element (by ICP-MS, ppm)

Samples N31 N67 N78 N77 N76 N14 N98
Rock Basaltic andesite Andesite Dacite Rhyolite

Trace element (ppm)

Ba 158 159 219 123 763 542 97.1
Rb 28.8 16.9 15.1 143 465 199 57.8
Sr 305 218 271 352 255 821 422
Y 133 13.1 14.4 17.3 252 239 27.4
Cs 1.6 0.2 05 1 0.2 1.2 0.2
Ta 0.1 0.17 0.25 0.3 043 033 0.47
Hf 0.75 1.04 0.49 1.57 249 273 0.82
Pb 4.2 16 4.8 55 6.3 11 2.2
U 0.08 0.23 0.33 0.52 066  0.86 1.04
Th 0.24 0.4 1.4 1.72 283 352 4.27
Zr 17 29 10 53 72 106 17
Nb 2.4 35 4.4 5.7 7.6 5.9 6.9
Ni 24 16 15 15 12 12 13
Cr 28 15 13 13 16 18 14
La 5 3.62 9.27 5.78 237 137 14.2
Ce 12 10.1 20.2 14.1 504 258 39.5
Pr 1.47 1.28 2.48 1.73 634  3.06 5.61
Nd 6.84 6.2 11.1 8.11 263 125 23.3
Sm 1.93 1.91 2.7 2.54 6.05 2.9 5.4
Eu 0.59 0.62 0.86 0.81 1.57 0.8 1.44
Gd 1.84 1.79 2.37 2.45 543  2.89 4.34
Tb 0.4 0.43 0.45 0.59 0.93 0.9 0.58
Dy 2.49 2.7 2.74 3.7 545  3.79 5.45
Ho 0.52 0.58 0.58 0.78 1.07 115 0.86
Er 1.52 1.66 1.69 2.24 294 267 3.37
Tm 0.21 0.23 0.25 0.3 041 048 0.41
Yb 1.29 1.38 1.49 1.81 258  2.66 2.83
Lu 0.17 0.19 0.22 0.23 036  0.39 0.38
Eu/Eu* 0.96 1.03 1.05 1.00 084 085 0.91
(La/Yb)y 259 1.75 4.16 2.14 6.14  3.44 3.36
SriY 2293 1664 1882 2035 1012  3.44 15.40
(La/Sm)n 061 0.44 0.80 0.53 092 111 0.62
(CelYb)y  2.37 1.86 3.45 1.98 497 247 3.55
(Dy/Ybn 124 1.25 1.18 131 135 091 1.24
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Fig. 5. Discrimination diagrams for the NW Saveh magmatic rocks. A: An-Ab-Or (O’Connor, 1965), B: Na,O + K,O
versus SiO; (Middlemost, 1994) for volcanics and granitoids, C: Zr/TiO; versus SiO, (Winchester and Floyd, 1977) for
volcanic rocks, and D: K,O versus SiO, diagram with field boundaries between Low-K medium-K, high-K and

shoshonitic series according to Peccerillo and Taylor (1975)
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(Sun and McDonough, 1989) for the northwest of Saveh magmatic rocks
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Fig. 7. Geochemical identification plots of the barren to productive in the northwest of Saveh magmatic rocks A: Rb
diagram versus Y + Nb (Pearce et al., 1984), B: R1 [4Si - 11(Na + K) - 2(Fe + Ti)] versus R2 [5Ca + 2 Mg + Al] diagram
(De la Roche et al., 1980), C: Plots of MnO versus Y (Baldwin and Pearce, 1982), D: La/Yb versus SiO; (Richards et al.,
2012), and E: Sr/Y versus Y diagram (Defant and Drummond, 1990). Geochemical plots illustrating differences between
the productive porphyries and barren igneous rocks.
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ARTICLE INFO EXTENDED ABSTRACT

Article History Introduction

Received: 01 November 2019 Podiform chromite deposits are small magmatic chromite bodies formed
Revised: 26 April 2021 in the lower section of an ophiolite complex. The Khoy ophiolite covers
Accepted: 27 April 2021 an extensive area in the northwest of Iran along the Iran-Turkey border.

In this research study 1200 magnetometry data and geoelectric studies
along 5 profiles were designed for prospecting chromite lenses.
Mineralogical and geological studies have shown that pyrite, magnetite
o and other metallic sulfides are formed during the serpentinization
Ophiolite _ process in the fractures of chromite lenses. The amount of released
g(r’gs'{)%gncgmm'te magnetite in the chromitites is less than the amount released in the
Resistivity harzburgite and dunites. Therefore, the number of magnet_ic anomalies
Induced polarization created are less than those generated by bedrocks (Imamalipour, 2009).
Magnetometry These metal sulfides increase the chargeability of positive anomalies in
the cross-sections. Resistivity also shows a significant reduction
compared to the bedrocks due to the metallic properties of chromite
lenses.

Keywords

Materials and methods

In this research study, geological methods were used to interpret
geophysical data in the Khoy ophiolite. Geological surveys at a scale of
1:20000 were implemented in an area of about 70 km2. 1200 magnetic

*Corresponding author points and resistivity and induced polarization along 5 profiles with a
Ali Imamalipour geological map and mineralogical studies were used. Magnetometric
& a.imamalipour@urmia.ac.ir data at the 5*10m grid and Ip-Rs data with 10 m interval electrode

spacing were collected.
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For the inversion modeling of Ip-Rs data, Res2d inv
software was used and geological and mineralogical
data were integrated with magnetometric results.

Discussion

Exploration of podiform chromite deposits has been
a challenge due to their unpredictable occurrence,
small size of most orebodies, and intensive tectonic
dislocations (Mosier et al., 2012). Moreover, the
absence of primary geochemical halos and
associated alteration are issues that lead to
difficulties in prospecting for podiform chromites.
Chromite is an accessory mineral associated with the
harzburgite host rock. The results of geophysical
studies show that chromite lenses have lower
magnetization  than  gabbro and  higher
mangnetization than harzburgite (Frasheri et al.,
1995). The reason is the mineralogical conditions of
chromite lenses and their host rocks. Mineralogical
study showed that some chromite lenses have
fractures that are filled with silicate secondary
minerals (serpentine). Chromite and serpentine are
the main minerals, and hematite and magnetite are
minor minerals in the chromite orebodies. Although
these minerals have been altered and have mostly
been converted to serpentine, the earliest
composition is likely to be olivine. Dunite and
harzburgites are chromite lenses host rock and are
mainly serpentinized and contain fine magnetite
particles, which can cause positive magnetic
anomaly (Imamalipour, 2009, Masoudi and
Imamalipour, 2019). These small metallic minerals
cause high induced polarization and the embedded
rocks show a higher degree of charge. Because of the
metallic nature of chromite lenses, the resistivity has
a much lower value. Therefore, using resistivity,

induced polarization, and magnetic geophysical
methods, chromite lenses can be separated from
harzburgite host rocks.

Results

In this study, geophysical resistivity and inductive
polarization method with magnetometry, which is
one of the most important methods for the
exploration of subsurface deposits in the Khoy
ophiolitic zone, have been used. As a result, it was
found that podiform chromite does not show much
difference in the magnitude of the magnetic field.
Therefore, this method cannot alone be used to
explore chromite deposits. However, the IP-Rs
method can be used as a practical method for
exploration of these reserves. Chromite lenses have
low resistivity values of about 400 to 600 ohm-m.
The amount of induced polarization is also much
lower than its host rock, with values of 3 to 6 mv/v.
Therefore, these properties can be used for chromite
exploration at a much lower cost than gravimetric
and electromagnetic methods. The reason for these
values can also be found in the mineralogy of the
chromitite lenses. During the serpentinization
process of harzburgite and dunite, magnetite
minerals, chalcopyrite, and some metallic elements
are released. Released magnetite increases the
magnetic properties of chromitite. However, this
increase is less than the magnetism of the host rock.
The released metallic elements such as chalcopyrite
with serpentinite also increase the changeability of
the host rocks and chromite lenses with low
induction polarization and much lower resistivity
could be identified.
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Fig. 1. Geology map (1:20000) of Kochuk area, part of Khoy ophiolite (west of the Khoy city) and location of chromite
bearing zones (Masoudi and Imamalipour, 2019)
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Fig. 2. Kochuk chromite ore samples (west of Khoy city) in transmitted-light microphotographs (XPL), A: a dunitic

envelope of a chromite ore body from Kochuk area, the microfractures in olivine grains have been filled by serpentine as
mesh structure, and B: harzburgite adjacent a chromite ore body, olivine shows mesh texture due serpentinization and
chromite are seen as a minor mineral. Abbreviations after Whitney and Evans (2010) (Ol:olivine, Chr:chromite,
Opx:orthopyroxene, Srp:serpentine).
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Fig. 3. A: Structure of the Kochuk chromite ore body (Khoy area) within serpentinized harzburgite (view to south), B:
sharp contact between chromite ore body and host rock, C: outcrop of chromite bearing dunite and lack of vegetable cover
in the chromite bearing zone; From Kochuk chromite ore field in the Khoy ophiolite, and D: dunite and harzburgite
envelope around chromite ore body. Symbols from Whitney and Evans (2010) (Cr: chromite, Hz: Serpentinized
harzburgite, Du: dunite).
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Fig. 6. A: Inverse modeling cross-section of profile P13, and B: Cross section of profile P16 on the B mineralized zone

of Kochuk chromite deposit (Khoy area)
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Fig. 8. A: Inverse modeling cross section of profile P11, and B: Cross section of profile P1lon the B zone of Kochuk

chromite deposit (Khoy area)
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Table 1. Geophysical properties of chromite and Khoy ultramafic rocks
Geophysical properties

Density Total magnetic field Chargability Resistivity

it SEe e Ton/m3 (nT) mV/V Ohm-m
Min Max Min Max Min Max Min Max
Chromitite 2.58 4.4 48300 48500 3 6 400 600
Duniteserpentinized 258 31 48000 48800 15 22 2500 4000
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ARTICLE INFO EXTENDED ABSTRACT

Article History Introduction

Received: 26 February 2020 The lenticular Shahneshin barite deposit (N: 35°39'36"and E:
Revised: 07 March 2021 46°36'11") is located 80 km northeast of Marivan, Kurdistan Province;
Accepted: 17 April 2021 north Sanandaj-Sirjan Zone (Stocklin, 1968). The deposit consists of

stratiform ore and stringer zone. The stringer zone has occurred with
alteration sericite- quartz in the footwall dacitic unit (K") and evident
in a series of vein-veinlets under stratiform ore. The stratiform ore has
) been located concurrently on the dacite unit and below the Sanandaj
Shahneshin Shale unit (Hasankhanloo, 2015).

Keywords

gaErliEts The study area mainly consists of Mesozoic succession dominated by
S isotope the dacite tuff, andesitic-basaltic lava and pillow lava (K": the host
Sr isotope rock), black slate and phyllite (Ks*: Sanandaj Shale), dolomitic

limestone with intercalation of sandstone (K'), and black shale and
slate (K% Sanandaj Shale). In this study, samples of the Shahneshin
barite deposit have been analyzed for their &Sr/%Sr and &%S isotopes
and trace elements (plus REE) geochemistry to assess the source of the
deposit.

Materials and methods

Forty samples were collected from the Shahneshin barite deposit and

country rocks. Polished blocks (6 samples) and thin sections (34
*Corresponding author samples) were prepared for SEM images and petrographic examination
at the University of Kurdistan. Trace elements (plus REE) were
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act Amin-rasol determined by ICP-MS in the Geological Survey center of Iran (Karaj).

™ h.aminrasouli@uok.ac.ir

How to cite this article

Amin-Rasouli, H., Moradi, M. and Baleshabadi, Z., 2021. Geochemistry, S and Sr isotopes and origin of the Shahneshin barite
deposit, NW Kurdistan Province, Iran. Journal of Economic Geology, 13(4): 789-815. (in Persian with English abstract)
https://dx.doi.org/10.22067/ECONG.2021.51781.85753

©2021 The author(s). This is an open access article distributed under the terms of the Creative Commons
Attribution (CC BY 4.0), which permits unrestricted use, distribution, and reproduction in any medium, as long as
the original authors and source are cited. No permission is required from the authors or the publishers.


https://dx.doi.org/10.22067/ECONG.2021.51781.85753
https://portal.issn.org/resource/ISSN-L/2008-7306
https://portal.issn.org/resource/ISSN-L/2008-7306
https://econg.um.ac.ir/
https://econg.um.ac.ir/
https://econg.um.ac.ir
https://www.um.ac.ir
https://dx.doi.org/10.22067/ECONG.2021.51781.85753
https://dx.doi.org/10.22067/ECONG.2021.51781.85753
mailto:h.aminrasouli@uok.ac.ir
https://dx.doi.org/10.22067/ECONG.2021.51781.85753
https://creativecommons.org/licenses/by/4.0/
https://dx.doi.org/10.22067/ECONG.2021.51781.85753
https://orcid.org/0000-0003-3366-9459
https://creativecommons.org/licenses/by/4.0/

Amin-Rasouli et al.

Geochemistry, S and Sr isotopes and origin of the Shahneshin barite deposit, NW Kurdistan Province, Iran

The detection limits for elements are between 0.08-
0.6 ppm. Three whole-rock samples for Sr and S
isotopes were analyzed at the Department of Earth
and Space Sciences of the University of Science and
Technology of China.

Sulfur isotope analyses were measured by the use of
a Delta V Plus Gas Isotope Ratio Mass
Spectrometer. The analysis accuracy was
determined to be +0.2%0 (20) by using Canyon
Diablo  Troilite (CDT) as a standard
(3*S/%2S=0.0450045). The strontium isotopic
composition was completed on a Thermal
lonization Mass Spectrometry instrument by
Phoenix. The measured strontium isotope
normalized to ®Sr/%Sr=0.1194 and its NBS-987
standard was 0.7102477+0.000014 (20).

Results

Strontium isotopes, sulfur isotopes, trace-element
(plus REE) composition, fluid inclusion, and
petrography of barites help to identify sources of
mineral-forming components and environments of
precipitation (Baioumy, 2015). The Shahneshin
barite deposit includes sulfate barium without
valuable Pb and Zn elements. Barite crystals are
mainly coarse (>20 um) with euhedral, tabular, and
bladed morphologies. Fluid inclusion
microthermometry indicates that the barite formed
from low salinity (2.0-8.5 wt.% NaCl eq.) fluids at
low temperatures, between 115 to 215°C
(Hasankhanloo, 2015).

Chondrite-normalized REE patterns for the barite
samples reflect enrichment of the LREE/HREE
ratios, as is shown by the high (Nd/Er)cn> 11 ratios.
They also show Eu/Eu*cy (0.5-7.0), Ce/Ce*sy (0.1-
1.16), La/Lu*cy >1, and ratios of the Ce/lLa
(mostly>1), and Eu/Sm  (0.1-2.83). The
geochemistry of the barite samples represents
variation in the abundance of trace elements and
REEcn patterns. The 8’Sr/%Sr and S-isotopic values
of Shahneshin barite samples are 0.70649-0.70651
and 6*S=19.05-21.53%o, respectively.

Discussion
Barite has very little Rb in its structure, and the
isotopic composition of the original Sr is preserved

in it (Martin et al., 1995). The 8’Sr/®®Sr values of the
barite samples are consistent with
87Sr/8%6Sr=0.70649-0.70651, which itself is higher
than those for host volcanic rocks (0.704-0.705) but
lower than that of the Cretaceous seawater (0.7075),
the time of barites formation. We may conclude that
strontium in the barites is a mixture of
predominantly juvenile hydrothermal fluid of low
Sr isotope and seawater that contains more
radiogenic strontium. §*S (=19.05-21.53%.) of the
samples indicate that much of the sulfur in barite
was derived from seawater (5%S=20-22%o).

Fluid inclusion salinities (Hasankhanloo, 2015),
crystal sizes and morphology, abundance of sulfate
mineral, lack of valuable Pb and Zn, distribution
patterns of trace elements (plus REE) of barite
reveal that mixture of magmatic fluid and seawater,
with different ratios, were the source of the barite-
forming fluid. That is supported by the %S values,
the location of samples on the Th-U diagram
(seawater sources), variations in trace element (plus
REEs), and Au anomaly (magmatic sources) in the
samples. REEs, La enrichment, variations in
abundance of trace elements, as well as §%S and
87Sr/%6Sr  isotope values of the samples are
consistent with the Kuroko massive sulfide-type
(Marumo, 1989)and submarine hydrothermal
volcanic model. In this model, barium has leached
from the bedrocks by circulation of reduced
hydrothermal fluid and transported along the syn-
sedimentary normal faults to the sea-floor. Then,
fluid is mixed with SO4* of seawater and it causes
the barite to precipitate. These barites have been
formed in an open system, on or immediately below
the sea-floor.

The Shahneshin barite deposit was, most probably,
formed within caldera structures on top of the
volcanic complexes in the late-stage of submarine
volcanic  activity  with  andesite-dacite  in
composition. It has occurred at continental margin
tectonic setting between subduction zone and
passive continental margin due to oblique collision
along the Sanandaj-Sirjan Zone in the Late
Cretaceous.
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Fig. 1. A: Map showing the location of the Shahneshin barite deposit (red star), B: Geological map of the study area

based on Bayenjub map, scale 1:100,000 (Shahpasandzadeh and Gurabjairi, 2006), C: Map of Shahneshin mine
showing main structural features, and D: Lithostratigraphic column of the Upper Cretaceous for the study area
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Fig. 2. Shahneshin barite deposit, A: Figure shows K", K% units, and stringer and stratiform barite deposit. Arrows
indicate the main direction of sampling, view to the east, B and C: Sanandaj shale unit (K%) in the hanging- wall of
deposit from far (B) and close views (C), D and E: Stringer barite from far (D) and close views (E), view to the
northeast, F and G: Close views of stratiform barite (F) and brecciated barite (G), H: Figure shows the footwall dacite, I:
A view of fault in the district &rea, J: Fractures in volcanic rocks, their shear, and creating a path for fluid Flow, and K:
A view of brecciated slate with angular pyroclastic fragments
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Fig. 3. Shahneshin barite samples showing coarse, mainly, and fine barite crystals in microscopic (A-C) and SEM (D-F)
images.
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Table 1. Results of ICP-MS analysis of the Shahneshin barite samples

Sam. no. 1 2 3 4 5 6 7 8 9
Ba ppm 3381 3135 5238 4315 6395 4057 2179 2826 3423
S >10000 >10000 >10000 8530 >10000 4991 >10000 7192 2293
Ag 0.8 1.9 14 14 35 2.2 10.5 1.6 2.2
As 110 157 206 171 304 124 408 135 172
Cd 0.7 1.1 1.0 2.1 6.7 2.9 12.0 2.1 3.2
Co 13.7 14.4 7.3 5.1 4.4 11 6.6 1.2 4.4
Cr 85.1 90.2 72.6 89.1 6.3 5.1 4.2 5.7 4.9
Hf 8.3 11.6 5.5 3.2 6.1 14 3.6 2.1 2.8
Mn 210.9 256.9 69.2 62.5 474 31548 40.0 13934 6185
Ni 38.9 42.0 21.9 16.8 10.3 5.7 31.2 3.1 9.8
P 496 380 72 138 278 124 285 1246 1372
Pb 53 75 51 222 379 176 626 111 119
Rb 120.1 38.3 115.6 326.9 450.2 648.1 10039 627.0 564.4
Sc 12.1 14.4 5.3 3.1 3.8 0.7 0.7 0.4 0.3
Sr 296 118 291 1014 1372 1950 2914 1878 1708
Th 19.1 26.4 12.8 8.9 12.8 2.6 7.8 4.1 6.4
U 3.9 5.6 2.9 1.3 2.7 15 2.0 1.7 1.5
Y 12 15 4 3 6 2 1 4 5
Zn 94 136 66 130 730 255 1334 108 416
Zr 111 161 45 29 56 3 5 <1 2
La 23.4 31.1 9.6 3.8 1.8 25 1.4 6.6 5.7
Ce 48.0 68.8 175 6.6 3.9 2.8 7.1 11.3 16.4
Pr 35 5.7 2.2 3.1 2.1 2.0 <05 2.8 2.3
Nd 20.8 26.6 6.1 1.3 3.1 <0.6 <0.6 <0.6 0.9
Sm 3.0 3.6 1.6 1.3 15 1.3 0.8 1.7 0.6
Eu 0.6 0.6 0.3 0.3 0.5 0.8 0.3 1.6 1.7
Gd 3.1 3.9 1.6 1.1 1.8 <05 1.0 0.6 1.1
Tb 0.5 0.8 0.3 0.2 0.3 0.1 0.1 <0.1 0.1
Ho 0.2 0.3 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1
Dy 1.9 25 0.1 <0.08 0.7 34 <0.08 2.2 0.8
Er 1.2 1.6 <05 <05 <05 <05 <05 <05 <05
Tm 0.2 0.3 <0.1 <0.1 0.1 <0.1 <0.1 <0.1 <0.1
Lu 0.2 0.4 0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1
Yb 1.4 2.0 0.6 0.4 0.6 0.4 0.2 0.5 0.5
>REE 104.9 144.3 36 17 14.6 13.3 9.9 26.7 29
La/La*cn 9.5 25 0.8 0.2 0.1 nd nd nd 0.4
La/Lucn 10.1 8.0 5.7 nd nd nd nd nd nd
Eu/Eu*cn 0.7 0.5 0.7 1.0 11 nd 1.1 5.6 7.0
Ce/Ce*sn 11 1.1 1.0 0.4 0.4 0.3 nd 0.6 1.0
Pr/Pr*sn 0.7 0.8 1.3 5.8 3.4 nd nd nd 2.3
Gd/Gd*cn 0.8 0.8 0.8 0.8 0.8 nd 1.2 nd 1.4
Ce/Yben 6.9 7.0 5.6 3.5 1.2 1.3 9.1 5.0 7.2
Ce/Smcn 3.7 45 2.6 1.2 0.6 0.5 2.2 1.6 5.9
Nd/Ercn 18.0 16.2 nd nd nd nd nd nd nd
Y/Ho 52.1 56.0 nd nd nd nd nd nd nd
CelLa 2.1 2.2 2.4 1.7 2.2 1.1 5.1 1.7 2.9
Eu/Sm 0.2 0.17 0.19 0.23 0.33 0.62 0.38 0.94 2.83
U/Th 0.20 0.21 0.23 0.15 0.21 0.58 0.26 0.41 0.23
87Sr/88Sr 0.7065
8%4S%o 21.53
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Table 1 (Continued). Results of ICP-MS analysis of the Shahneshin barite samples

Sam. no. 10 11 12 13 14 15 16 17 18
Ba ppm 3494 5600 3725 4401 2829 1543 3037 3487 3583
S 5262 2917 8503 7730 5935 >10000 >10000 1911 >10000
Ag 1.8 2.1 2.2 6.8 1.6 249 13.1 10.1 7.9
As 114 56 151 290 132 1178 657 384 632
Cd 3.7 2.3 3.0 12.1 1.2 21.1 21.2 5.9 18.9
Co <05 2.6 4.6 2.8 13 7.6 3.3 2.3 35
Cr 5.3 7.9 86.4 3.3 5.6 3.9 47 2.4 3.2
Hf 1.0 <05 2.8 1.8 15 7.0 45 3.7 4.1
Mn 112.7 324 93.3 57.6 731.8 17.4 29.1 62.1 31.3
Ni 5.0 7.2 9.7 22.3 1.7 34.0 20.3 6.3 7.4
P 684 252 82 264 313 1115 41 413 196
Pb 327 568 537 675 121 1364 1531 1157 1223
Rb 555.3 236.3 5665 3114 4457 588.9 335.2 456.7 408.1
Sc 0.4 0.3 2.1 0.4 0.3 0.3 0.4 0.2 0.3
Sr 1647 704 1673 927 1307 1717 974 1330 1186
Th 3.0 1.7 7.7 47 3.8 17.8 12.3 10.7 10.9
U 0.7 <05 1.7 1.0 1.9 3.9 2.3 1.7 2.0
Y 2 1 2 1 1 3 <04 1 1
Zn 422 441 452 1295 120 1684 2126 335 1319
Zr <1 <1 21 <1 <1 2 1 <1 2
La 2.3 1.2 14 1.1 2.3 1.8 1.0 2.8 1.6
Ce 6.2 5.0 4.0 2.2 <0.6 2.2 3.3 3.9 2.2
Pr <05 <05 0.9 <05 46 42 <05 14 1.8
Nd <0.6 <06 <06 <0.6 <0.6 <0.6 0.9 <0.6 0.8
Sm 1.0 0.8 1.0 0.8 0.7 14 0.6 1.0 0.9
Eu 0.6 0.4 0.1 0.3 0.8 0.5 0.1 0.4 0.9
Gd <05 <05 0.9 <05 <05 1.6 0.9 0.9 1.0
Th <0.1 <0.1 0.1 0.1 <0.1 0.3 0.3 0.2 0.2
Ho <0.1 <01 <01 <01 <0.1 <0.1 <0.1 <01 <01
Dy <0.08 <0.08 <0.08 <0.08 0.9 <0.08 <0.08 <0.08 <0.08
Er <05 <05 <05 <05 <05 <05 <05 <05 <05
Tm <01 <01 <01 <01 <01 0.1 <0.1 <01 <0.1
Lu <0.1 <01 <01 <01 <0.1 <01 <01 <01 <01
Yb 0.1 0.1 0.3 0.1 0.2 0.3 0.1 0.1 0.1
>REE 10.2 75 7.8 4.6 9.5 10.8 6.3 9.8 8.5
La/La*cn nd nd nd nd nd nd nd nd 0.1
La/Lucn nd nd nd nd nd nd nd nd nd
Eu/Eu*cn nd nd 0.5 nd nd 1.1 0.6 1.3 3.3
Ce/Ce*sn nd nd 0.8 nd nd 0.1 nd 0.4 0.3
Pr/Pr*sy nd nd nd nd nd nd nd nd 8.0
Gd/Gd*cn nd nd 0.8 nd nd 0.8 0.7 0.7 0.9
Cel/Yben 8.5 8.1 2.7 43 nd 1.7 5.4 5.2 41
Ce/Smen 15 15 0.9 0.7 nd 0.4 1.2 0.9 0.6
Nd/Ercn nd nd nd nd nd nd nd nd nd
Y/Ho nd nd nd nd nd nd nd nd nd
CelLa 2.7 42 2.9 2.0 nd 1.2 3.3 1.4 14
Eu/Sm 0.6 0.5 0.1 0.38 1.14 0.36 0.17 0.4 1
U/Th 0.23 nd 0.22 0.21 0.50 0.22 0.19 0.16 0.18
87Sr/%Sr 0.7065
54S%o 20.62
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Table 1 (Continued). Results of ICP-MS analysis of the Shahneshin barite samples
Sam. no. 19 20 21 22 23 24 25 26 27
Ba ppm 2073 8988 1883 8678 7524 2091 4184 3910 5945
S >10000 4455 2262 950 1700 >10000 1280 1547 9605
Ag 16.3 0.2 <01 0.87 1.03 23.0 23.4 6.3 15
As 842 29 16 151 24.22 628 538 160 150
Cd 14.8 <01 <01 6.02 0.12 77.5 9.2 2.6 0.7
Co 8.0 2.6 4.9 17.56 1.76 10.1 55 3.4 6.7
Cr 6.8 40.9 18.0 35.14  38.13 4.5 3.7 2.8 102.7
Hf 8.6 1.8 8.5 9.56 1.43 8.9 4.3 15 31
Mn 45.0 58.8 264.8 680 110 36.8 3415 437.8 1185
Ni 145 6.0 12 24.17 3.15 15.6 13.1 14.9 18.6
P 1068 209 260 479 169 714 442 905 137
Pb 1053 45 23 76.66 15.58 3907 1109 335 98
Rb 492.4 60.3 9.5 5340 63.07 5073 509.8 4365 2109
Sc 0.6 6.5 11.9 16.47 11.00 0.3 0.5 0.5 2.9
Sr 1429 180 27 158 189 1474 1472 1272 620
Th 22.7 10.5 29.6 28.87 7.50 26.8 14.2 5.4 121
U 4.6 0.9 3.9 4.67 0.58 4.8 2.5 0.9 1.6
Y 3 20 30 16.18  25.11 1 3 2 4
Zn 808 79 118 909 124 3715 532 221 94
Zr 5 179 194 60 171 4 3 1 34
La 2.8 25.5 453 15.10 24.56 24 2.5 2.5 5.6
Ce 9.4 45.4 79.9 33.39  43.29 5.8 2.5 4.2 10.1
Pr 2.7 1.2 5.6 2.24 1.23 3.6 2.7 0.7 1.6
Nd <06 17.3 25.6 17.40 14.10 <0.6 <06 <06 2.0
Sm 12 3.3 5.8 3.03 2.82 11 0.6 0.8 0.8
Eu 0.9 0.6 12 0.84 0.59 0.6 0.7 1.1 0.2
Gd 2.0 2.3 4.2 3.33 2.07 1.8 1.2 05 1.2
Tb 0.5 0.2 0.6 0.59 0.10 0.5 0.2 <01 0.2
Ho <0.1 0.5 05 0.16 0.27 <01 <01 <01 <01
Dy 0.3 3.8 5.6 3.43 4.25 0.3 0.4 0.1 0.4
Er <05 15 2.1 131 1.28 <05 <05 <05 <05
™ 0.2 <01 0.2 0.24 <0.1 0.2 <01 <01 <01
Lu 0.1 0.1 0.2 0.18 <01 0.2 <01 <01 <01
Yb 0.4 1.8 2.7 1.42 2.15 0.2 0.2 0.2 0.4
>REE 18.5 101.2  175.3 79.33 94.64 14.9 9.8 9.6 21.3
La/La*cn nd -2.5 3.7 -5.03 -3.64 nd nd nd 0.6
La/Lucn 2.7 245 19.0 8.16 nd 1.3 nd nd nd
Eu/Eu*cn 19 0.8 0.8 0.91 0.84 1.5 2.6 5.7 0.6
Ce/Ce*sn 0.7 11 1.0 1.16 1.12 0.4 0.2 0.7 0.8
Pr/Pr*sn nd 0.3 0.7 0.54 0.29 nd nd nd 2.0
Gd/Gd*cn 0.8 1.0 0.8 0.86 1.15 0.7 1.0 nd 1.0
Ce/Yben 51 5.0 5.9 4.69 4.02 5.6 2.3 5.4 4.8
Ce/Smcn 19 3.3 3.2 2.57 3.58 1.3 0.9 1.2 2.9
Nd/Ercn nd 11.3 12.1 13.3 11.02 nd nd nd nd
Y/Ho nd 43.7 58.8 101 93 nd nd nd nd
CelLa 34 1.8 1.8 2.2 1.8 2.4 1.0 1.7 1.8
Eu/Sm 0.75 0.18 0.21 0.28 0.21 0.55 1.17 1.38 0.25
U/Th 0.20 0.09 0.13 0.16 0.08 0.18 0.18 0.17 0.13
87Sr/%6Sr 0.7065
3%S %o 19.05

La/La*cn=[La/(3Pr-2Nd)]cn; EU/Eu*sn=[2*Eu/(Sm+Gd)]sn; Ce/Ce*sn=[2Ce/(La+Pr)]sn; Pr/Pr*sn=
[2Pr/(Ce+ Nd)]sn; Gd/Gd*cn=[Gd/(0.32Sm+0.67Tb)]cn; SN=Post Archean Australian Shale-norm-
alized; CN=Chondrite-normalized; Cretaceous seawater with &Sr/%Sr= 0.7075 and 5**S= 20- 22%o.
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Fig. 4. Shahneshin barite samples fall in the marine/pelagic field on the U-Th diagram after Bonatti et al. (1976)
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Marine barite (Guichard et al., 1979)
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Fig. 5. A, B and C: Variations in REEscn patterns (Sun and McDonough, 1989) in the Shahneshin barite samples, and

D: The distribution of average REEscn abundances in the studied barite samples compared with REEscn of marine and
low temperature hydrothermal and modern seawater barites (Guichard et al., 1979 and Hein et al., 2007)
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Fig. 6. A: Studied barite samples (blue circles and the star represent each of the samples and their average values,
respectively) compared with marine and low-temperature hydrothermal barites in the Ce/Smcn-Ce/Yben diagram. The
locations of the barite deposits, except Shahneshin, are based on data from Zarasvandi et al. (2014), and B: Samples
from the Shahneshin barite in a binary graph of Ce/Ce*sy vs. Pr/Pr*sy to determine true negative Ce anomalies (Bau
and Dulski, 1996). Field I: no Ce and La anomalies; field Ila: positive La anomaly produces an apparent negative Ce
anomaly; field llb: a negative La anomaly causes an apparent positive Ce anomaly; field Illa: real positive Ce anomaly;
field 111b: real negative Ce anomaly; field 1V: positive La anomaly disguises a positive Ce anomaly. Shahneshin barite
samples fall in the Il1a and 111b fields.
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Table 2. S isotopic values of the Shahneshin barite (A), calculated amounts §%S of the barite-forming fluids SO4*-H,0
(B) and SO4%-H;S (C), and the difference between the isotopic ratio of barite with B (A1) and C (A2) ore- forming

fluids
Sample  3%Svs CDT(%s) SO#-H:0 §%S%e (B)  Al=  SO#2-H2S §%S%, (C) A2
No. 26= +0.02%» (A) 115<T<215°C A-B%o 115<T<215°C A-CY%o
8 21.532 21.259+ 0.096 0.27-0.33 21.200 0.060 0.58-0.92
15 20.616 20.355: 0.092 0.26-0.32 20.298+ 0.057 0.88-0.56
19 19.049 18.807+ 0.085 0.24-0.29 18.755+ 0.053 0.81-0.51

B is calculated based on 10%Inagasos-rz0 = 2.58 (10%/T?) — 4.8 + 0.4 eq. after Kusakabe and Robinson (1977)
C is calculated based on 10%Ina so4? 120 = 6.46 (10%/T2) + 0.57 eq. after Ohmoto and Lasaga (1982)
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Fig. 7. A: Shahneshin barite samples (green circles) on the & Sr/®%Sr isotope ratios vs. **S diagram (Paytan et al., 2002).
The cross of the light blue lines and light blue- red lines designate modern seawater and the Late Cretaceous seawater
isotopic composition of each element, respectively, and B: Data of samples in the 5**Scor vs. Age graphic (Claypool et
al., 1980)
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Fig. 8. Proposed schematic model to explain the generation of Shahneshine barite after Fouquet et al. (2018). A: lava
flows forming the volcanic basement, the magma chamber empties and its summit starts to collapse, B: Formation of
the caldera starts after collapse of the roof magma chamber, C: Refilling and ascent of the magma chamber at depth
promote the uplift of the caldra, and D: Barium-rich hydrothermal fluid mixes with cold, SO4*-rich seawater induces
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rapid precipitation of barite in the sea-floor.
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