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Avrticle info Abstract

Qrtiqle leztgrx 12022 The Gooreh Mountain is located about 55 km northwest of Anarak (northeast of
Aizzgizd': 31 Ja?]ﬂary 2023 Isfahan) and in the western margin of the Central-East Iranian microcontinent (west
Keywords: _ of the Yazd block). The field studies show that the Eocene volcanic rocks in this area
E‘f)tc“e’r']‘;gé;éﬁ'e"agﬁ;g‘l’ﬁzs' present two lithologies of gray-colored dacite and light-colored rhyolite. Dacite lavas
Gooreh Mountain, ' cross-cut the rhyolite ones and are younger. Petrography indicates that dacites contain

Anarak, Central Iran.

the major minerals of plagioclase (labradorite and bytownite), clinopyroxene (augite)
and quartz, and rhyolites are mainly composed of plagioclase, sanidine and quartz.
Chlorite, calcite, hematite and limonite are the secondary minerals in both rock units,
formed by the alteration of clinopyroxene, plagioclase and magnetite. The main
textures of these rocks are porphyritic, glomeroporphyritic, anti-rapakivi, sieved and
poikilitic. The crystallization order of minerals in dacites is magnetite,
clinopyroxene, plagioclase and quartz, and in rhyolites, is plagioclase, sanidine and
quartz. Whole rock geochemical analyses show that the studied volcanic rocks of the
Gooreh Mountain are sub-alkaline (calc-alkaline magma series) in nature. Moreover,
the chondrite and primitive mantle-normalized diagrams are characterized by the
enrichment of LREEs and LILEs and depletion of HFS elements (e.g., Ti, Nb and
Ta). The negative TNT (Ti, Nb and Ta) anomalies probably indicate subduction-
related volcanic arc magmatism. The dehydration of subducting slab and partial
melting of the mantle wedge spinel peridotites produced a basic magma that, during
ascent through the lower and middle continental crust, led to melting of amphibolites
and formation of acidic magmas.

2021). The Anark region belongs to the Yazd

Introduction
The Cenozoic is the era of prolonged

magmatic activity in Iran, during which arc
volcanism is dominated by a Paleogene pulse.
The Central-East Iranian Microcontinent
(CEIM), is one of the major structural units of
Iran where the Tertiary, especially Eocene,
volcanic rocks are well exposed (Goli et al.,

Block, the western segment of the CEIM. In
this research, the Eocene volcanic rocks of the
Gooreh Mountain in the northwest of Anarak
have been studied in terms of petrography,
geochemistry and petrogenetic characteristics.
The study of these volcanic units will be useful
to understand the geological history of the
region, chemical and petrological
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characteristics and tectonic setting of the
studied lavas, nature of the mantle source, as
well as magmatic interactions beneath the
continental crust of the CEIM. The field
studies indicate that the Eocene volcanic rocks
in this area have two main lithologies of dacite
(gray-colored) and rhyolite (light-colored).

Material and methods

40 thin and thin polished sections were
prepared from the samples of the Gooreh
Mountain and their petrographic study was
carried out using the BH2 polarizing
microscope in the mineralogical laboratory of
the Department of Geology, University of
Isfahan. After petrography studies, suitable
minerals were selected for chemical analysis
by the electron microprobe microanalyzer
(EPMA).

For point analysis of minerals, the Cameca
sx100 electron microprobe was used with an
accelerator voltage of 15 kV and a current of
15 nA, at the Institute of Mineralogy, Leibniz
University, Germany. The diameter of the
electron beam was 3 microns, and the counting
time was 40 seconds. The Fe®*" value of
minerals was calculated by mineral
stoichiometry.

Chemical analysis of 10 whole rock
samples was carried out at Kansaran Binaloud
Company, Tehran, by ICP-MS method, on 6
samples of dacite and 4 samples of rhyolite.

Results and discussion

Petrography

According to the field studies and
petrography, the volcanic rocks of this area are
dacite and rhyolite. Dacites have the main
minerals of plagioclase, quartz, and
clinopyroxene, and the rock-forming minerals
of rhyolites are plagioclase, quartz, and

63

sanidine. Sanidine, magnetite, chlorite,
hematite and limonite are minerals in the
groundmass of these rocks. The main textures
of  these rocks are porphyritic,
glomeroporphyritic and sieve. The order of
crystallization of minerals in dacites is
magnetite,  clinopyroxene, plagioclase,
sanidine and quartz while that of the rhyolites
is plagioclase, sanidine and quartz.

Mineral chemistry

After petrography, the polished thin
sections of the fresh samples from dacites
were marked and sent to the Institute of
Mineralogy, Leibniz University, Germany for
EPMA analysis and then, the calculation of
their structural formula was done.

Mineral chemical datashow that opaque
minerals found in dacites are magnetite to
titanomagnetite in composition.
Clinopyroxene is augite in composition
(Wo0s39854212  EnNzeeoa187 FS17.181896), and
plagioclase has labradorite to bytownite
chemical composition (Anzg2.476 Absia702
Oros-1.1).

Whole-rock geochemistry

Whole rock chemical compositions of the
analyzed samples from Eocene volcanic rocks
of the Gooreh Mountain indicate SiO, values
of 64.351t0 79.83 wt.%. The average contents
of SiO; in dacites and rhyolites are 65.80 and
76.98 wt.%, respectively. The average amount
of Na;O+K;O in the studied dacites and
rhyolites are 3.50 and 3.81 wt.%, respectively.
The average values of the LOI (Loss on
Ignition) in dacites and rhyolites of the area are
3.65 and 3.39 wt.%, respectively. The high
LOI values, can be attributed to the presence
of the hydrous minerals produced by
hydrothermal alteration. Despite the alteration
of some rock samples, using the immobile
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elements (e.g. Ti, Zr, Nb, Y and REE)
indicates that the analyzed samples still retain
characteristics of their parental magma.

The source rock and degree of partial melting

Based on the results of geochemical
analysis, the average TiO, (0.53 wt.%) and
K20/Na,O ratio (0.86) values of the samples
are less than 1. The high modal content of
plagioclase, the presence of sanidine in
groundmass, the low amount of TiO,, and the
petrogenic diagrams suggest the calc-alkaline
nature of the samples, and a moderate degree
of partial melting of their mantle source rocks.
Trace element chemical characteristics of
these lavas reveal that the source rock should
be a lithospheric mantle spinel lherzolite with
a depth of less than 80 km.

Tectonic setting

Petrography and geochemical
characteristics of the Eocene acidic volcanic
rocks of the Gooreh Mountain indicate that
they are similar to the rocks in volcanic arcs.
Enrichment in LREEs and LILEs, depletion in
HFSE, and negative TNT (Ti, Nb and Ta)
anomalies of these rocks in the chondrite and
primitive manle normalized diagrams indicate
their subduction-related affinity. Geotectonic
discrimination diagrams also support their
subduction-related signatures. According to
the geological history of Iran, the subduction-
related nature of the studied lavas can be
attributed to the northward subduction of the
Neotethys oceanic lithosphere along the
present Zagros thrust zone beneath the Central
Iran Zone, or the subduction of the Ashin-
Naein ocean which is very close to the study
area. Spatial and temporal evidence supports
the second scenario, i.e. the role of the
subducted Ashin and Naein oceanic
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lithosphere in the petrogenesis of the Gooreh
Mountain volcanic rocks (Torabi, 2004).

Conclusions

The field, petrography, mineral chemistry
and whole-rock geochemical data of the
Gooreh Mountain Eocene volcanic rocks
indicate their acidic (dacite to rhyolite)
composition. Dacite lavas cross cut the
rhyolite ones and are younger. Dacites are
composed of the plagioclase (labradorite to
bytownite), clinopyroxene (augite) and quartz,
whereas the rhyolites rock-forming minerals
are plagioclase, sanidine and quartz. The most
important textures in these rocks are
porphyritic, glomeroporphyritic and sieve
texture. In terms of whole-rock geochemistry,
they are metaluminous, with medium KO
content and the calc-alkaline nature.

According to this study, as well as the
results obtained from the literature, it can be
proposed that the emplacement of the basic
magmas originating from a mantle wedge
spinel lherzolite source, in the lower and
middle continental crust, triggered the partial
melting of the amphibolites and the formation
of the parent melts of the Gooreh Mountain
acidic rocks. The relatively fast ascending of
magma through the Great Kavir Fault and
other active faults of the area, led to the
Eocene volcanic eruptions of the Gooreh
Mountain.
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Fig. 3. Microphotographs of the Gooreh Mountain dacites (XPL). a) Sieve texture in plagioclase, b) Anti-

rapakivi texture, ¢) Zoning in plagioclase, d) Clinopyroxenes of dacites, e) Glomeroporphyritic texture, f)
Porphyritic texture. Mineral abbreviations are: PI: plagioclase, Cpx: clinopyroxenes, Opq: opaque, Chl: chlorite,
Sa: sanidine, Qz: quartz (Whitney and Evans, 2010).
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Glomeroporphyritic texture.
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Table 1. Electron microprobe analyses results of magnetite (wt.%) in the Gooreh Mountain Dacites and their

calculated structural formula based on 4 Oxygens.

Sample KH-25
Point 7 8 9 38 39 40 41
Mineral Magnetite
SiO» 0.20 0.36 1.66 0.64 0.65 0.63 1.45
TiO 11.66 11.42 5.26 12.21 16.55 10.88 15.16
Al-O3 3.24 3.27 0.90 2.37 2.87 2.20 1.19
Cr203 0.15 0.15 0.17 0.09 0.30 0.11 0.12
FeO* 73.00 72.74 78.08 72.87 70.72 74.26 69.49
MnO 0.64 0.65 0.53 1.29 0.85 1.46 0.80
MgO 1.12 1.18 0.05 0.48 0.72 0.39 0.08
Total 90.00 89.76 86.66 89.94 92.65 89.93 88.28
Oxygen# 4 4 4 4 4 4 4
Si 0.02 0.03 0.14 0.05 0.05 0.05 0.12
Ti 0.69 0.68 0.33 0.73 0.96 0.65 0.93
Al 0.23 0.23 0.07 0.17 0.20 0.15 0.09
Cr 0.01 0.01 0.01 0.00 0.01 0.01 0.01
Fed+ 1.71 1.71 2.23 1.66 1.27 1.79 1.33
Fe2* 1.27 1.26 1.21 1.32 1.44 1.28 149
Mn 0.02 0.02 0.02 0.04 0.03 0.05 0.03
Mg 0.07 0.07 0.00 0.03 0.04 0.02 0.00
Sum 4.00 4.00 4.00 4.00 4.00 4.00 4.00
Yo
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Table 2. Electron microprobe analysis of clinopyroxene (wt.%) in the Gooreh Mountain dacites and their
calculated structural formula based on 6 Oxygens.

Sample Kh25
Analysis 10 11 12 13 14 15 16 17 18 2 26 27 28 29 3 30 31 32 33
Mineral CPX

SiO2 51.51 51.42 51.72 50.78 51.36 51.09 50.92 51.05 51.47 51.42 51.23 51.53 51.28 51.18 51.36 51.49 50.92 51.80 51.30
TiO: 0.38 0.36 038 046 046 047 046 050 034 038 041 040 048 044 040 047 039 039 044
Al:0; 136 138 144 172 175 177 176 192 135 146 178 143 180 155 149 181 156 141 1.88
Cr03 0.00 0.05 0.00 0.06 0.00 0.01 0.00 0.00 0.08 0.00 0.05 0.03 0.00 0.10 0.00 0.00 0.00 0.01 0.00
FeO* 10.74 10.68 10.85 11.26 11.38 11.18 10.92 11.20 11.06 11.38 10.37 10.92 10.95 11.29 11.07 10.90 11.06 11.16 10.94
MnO 0.40 052 049 038 041 038 040 0.38 038 040 035 051 039 051 038 036 0.36 0.43 0.38
MgO 13.98 14.16 14.05 14.00 14.09 14.01 14.37 14.53 14.71 14.10 14.50 14.31 14.20 14.20 13.76 14.15 14.24 14.22 14.35
CaO 20.49 20.38 20.30 19.89 19.78 19.98 19.76 19.60 19.48 20.12 20.18 20.27 20.23 19.63 20.26 19.85 20.10 19.56 19.79
Na.O 031 031 025 025 026 034 029 030 024 028 026 025 029 030 0.28 0.28 0.27 0.27 0.29
K20 0.01 0.00 0.01 0.00 0.00 0.01 0.00 0.01 0.01 0.00 0.01 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00
Total 99.18 99.26 99.49 98.80 99.49 99.24 98.88 99.49 99.12 99.54 99.14 99.65 99.62 99.20 99.01 99.31 98.90 99.25 99.37
Oxygen# 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6

Si 194 194 195 192 193 193 192 192 194 193 193 193 192 193 194 194 192 195 193
Ti 0.01 001 0.01 0.01 001 001 0.01 0.01 0.01 001 001 0.01 001 001 001 0.01 0.01 0.01 0.1
Al 0.06 0.06 0.06 0.08 0.07 0.08 0.08 0.09 0.06 0.7 0.07 0.06 0.08 0.07 0.06 0.06 0.07 0.05 0.07
AV 0 0 001 0 001 O 0 0 0 0 001 O 0 0 001 002 0 002 001
Cr 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

Fe** 0.06 0.07 0.04 0.07 0.05 0.7 0.07 0.08 0.06 0.07 0.06 0.06 0.07 0.06 0.05 0.04 0.08 0.03 0.06
Fe?t 028 027 03 029 031 029 028 0.28 0.28 0.29 0.27 0.28 0.27 029 031 031 0.27 033 029
Mn 0.01 002 002 001 001 001 001 001 001 001 001 002 001 0.02 0.01 0.01 0.01 001 001
Mg 079 08 079 079 079 0.79 081 081 083 079 081 08 079 08 078 079 08 08 08
Ca 083 082 082 081 08 081 08 079 079 081 081 082 081 079 082 08 081 079 08
Na 0.02 0.02 0.02 0.02 002 0.03 0.02 0.02 0.02 002 0.02 0.02 0.02 002 002 0.2 0.02 0.02 0.02
K 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

Sum 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4

Wo 42.13 41.74 41.68 41.05 40.71 41.2 40.66 40.12 39.85 41.11 41.42 41.28 41.42 40.39 41.91 41.07 41.16 40.42 40.72
En 39.99 40.35 40.14 40.2 40.35 40.19 41.15 41.38 41.87 40.09 41.41 40.55 40.45 40.65 39.6 40.74 40.58 40.88 41.09
Fs 17.89 17.91 18.18 18.76 18.95 18.61 18.19 18.51 18.28 18.8 17.18 18.18 18.13 18.96 18.49 18.19 18.26 18.7 18.19
WEF 97.68 97.67 98.14 98.1 98.05 97.44 97.81 97.74 98.2 97.9 98.04 98.13 97.82 97.74 97.9 97.91 97.96 97.99 97.82
JD 007 0 03 0 031 012 001 O 0 0 014 0 008 O 033 066 0 066 033
AE 225 233 157 189 164 245 218 226 18 21 182 187 209 226 178 143 204 135 1.85

Mg# 071 073 0.75 0.75 0.74 0.73 0.75 0.74 074 073 0.72 072 0.75 0.79 0.74 0.71 0.73 0.75 0.75

A
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Table 3. Electron microprobe analysis of plagioclase (wt.%) in the Gooreh Mountain dacites and their calculated
structural formula based on 8 Oxygens.

Sample Kh25
Analysis 1 19 20 21 22 23 24 25 34 35 36 37 4 5 6
Mineral Pl
SiO2 55.13 50.31 51.19 5049 5416 5335 5277 5315 5284 5387 52.64 55.07 5452 5289 5576
TiO, 004 000 000 000 000 000 000 000 000 000 000 0.00 0.00 0.00 0.00
AlOs 28.32 3129 3065 3150 2878 2943 29.98 29.75 30.07 28.88 29.72 28.40 28.08 29.89 2824
FeO* 0.63 0.75 0.74 0.76 0.73 0.71 0.76 0.73 064 066 066 061 064 0.68 0.65
MnO 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
MgO 008 008 009 007 010 005 008 007 004 007 010 0.08 0.09 0.06 0.09
Cao 10.71 1421 1346 1427 1146 1213 1218 1243 1239 11.61 12.41 10.83 10.59 1233 10.39
Na.O 5.10 3.38 3.78 3.28 4.81 4.28 4.17 4.34 418 475 419 519 497 414 5.32
K20 015 009 009 010 016 013 012 012 011 015 013 019 018 011 0.17
Total 100.16 100.11 100.00 100.47 100.20 100.08 100.06 100.59 100.27 99.99 99.85 100.37 99.07 100.10 100.62
Si 248 2.30 2.33 2.30 245 2.42 2.39 2.40 239 244 239 248 248 240 2.50
Ti 000 000 000 000 000 000 000 000 000 000 000 0.00 0.00 0.00 0.00
Al 1.50 1.68 1.65 1.69 1.53 157 1.60 1.58 160 154 159 151 151 1.60 149
Fe?* 000 000 000 000 000 000 000 000 000 000 000 0.00 0.00 0.00 0.00
Fe¥* 002 003 003 003 003 003 003 003 002 003 003 002 0.02 0.03 002
Mn 000 000 000 000 000 000 000 000 000 000 000 0.00 0.00 0.00 0.00
Mg 001 001 001 001 001 000 001 001 000 001 001 001 0.01 0.00 001
Ca 052 070 066 070 056 059 059 060 060 056 060 052 052 060 050
Na 045 030 033 029 042 038 037 038 037 042 037 045 044 036 046
K 001 001 001 001 001 001 001 001 001 001 001 001 0.01 0.01 o001
Sum 499 501 501 501 500 499 499 500 499 500 500 500 499 499 499
Ab 4590 2990 3350 29.20 4280 38.60 38.00 3850 37.70 4220 37.60 45.90 4540 37.60 47.60
An 5320 69.60 66.00 70.20 56.30 60.50 61.30 60.80 61.70 56.90 61.60 52.90 53.50 61.80 51.40
Or 090 050 050 060 090 080 070 070 060 090 080 110 1.00 0.60 1.00
\'a%
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Classification diagrams of pyroxenes (Morimoto, 1989). c) Chemical classification diagram for feldspars (Deer

etal., 1992).
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Table 4. Results of whole rock geochemical analysis of the Eocene volcanic rocks in the Gooreh Mountain
(major elements in wt.%, trace elements in ppm).

Rock type Dacite Rhyolite

Sample Kh-1 Kh-3 Kh-9  Kh-10 Kh-25  Kh-29 Kh-15 Kh-18 Kh-20 Kh-21
SiO; 67.48 64.83 64.66 6435 65.14 68.35 72.70 75.76 79.83 79.63
TiO, 0.62 0.59 0.61 0.61 0.77 0.81 0.29 0.38 0.34 0.32
Al,O3 8.92 9.06 9.23 9.28 9.52 8.30 6.47 7.87 6.54 5.04
Fe.Os* 5.30 5.03 6.17 5.61 5.94 5.95 2.56 3.45 291 2.64
Fe20O3(Calc) 141 1.34 1.65 1.50 1.58 159 0.68 1.08 0.91 0.83
FeO (Calc) 3.50 3.32 4.07 3.70 3.92 3.93 1.69 2.13 1.80 1.63
MnO 0.14 0.14 0.16 0.17 0.16 0.21 0.12 0.05 0.04 0.04
MgO 0.38 0.62 0.28 0.26 1.46 2.62 0.08 0.12 0.07 0.04
CaO 10.06 11,71 1231 1262 10.64 5.15 10.53 5.44 3.57 4.18
NazO 1.94 1.96 1.90 1.94 2.00 2.30 151 1.73 2.16 2.09
K20 1.29 1.88 1.66 1.19 1.03 1.95 1.60 2.28 1.82 2.06
P20s 0.02 0.10 0.13 0.20 0.14 0.23 0.01 0.10 0.02 0.04
LOI 3.84 4.07 2.89 3.77 3.20 4.14 4.13 2.83 2.70 3.92
Total 99.99 99.99 100.00 100.00 100.00 100.01 100.00 100.01 100.00 100.00
Mo# 5.56 7.31 11.50 9.40 6.15 7.37 5.31 6.15 11.48 10.44
Ni 10.75 4.10 10.10 1181 10.84 16.19 14.39 12.99 15.78 13.47
Co 10.19 15.65 8.71 8.69 11.42 10.26 3.24 413 3.18 3.14
\Y/ 121.00 112.00 123.00 119.00 158.00 125.00 27.00 43.00 28.00 31.00
Cu 37.56 59.34  17.27 45.56 5.49 27.47 11.56 8.32 6.23 7.20
Pb 11.13 16.66  13.29 11.21 7.13 51.73 5.11 9.89 6.63 9.26
Zn 64.21 96.36 36.51 8437 56.81 154.10 16.24 27.82 19.28 14.40
Rb 29.16 4162 3770 26.33 19.03 39.67 19.04 42.85 34.29 37.56
Cs 2.29 2.25 242 2.69 1.32 1.94 1.04 1.45 1.37 1.39
Ba 1015 421 469 457 255 370 485 448 501 450
Sr 1126 419 373 425 343 479 839 245 272 177
Ga 27.61 15.82 16,59 15.65 1254 15.76 14.51 16.11 16.78 14.31
Ta 0.11 0.15 0.04 0.05 0.03 0.18 0.05 0.06 0.12 0.11
Nb 7.05 7.54 6.11 6.10 6.70 8.37 5.62 6.27 6.82 7.01
Hf 2.62 2.78 2.52 249 247 3.42 1.43 1.72 1.58 1.78
Zr 105 86 101 103 102 162 37 56 38 47
Y 17.26 18,53 1747 17.34 21.17 19.12 12.04 15.58 12.43 10.43
Th 4,06 4.18 3.88 3.81 2.47 4,54 3.53 4.06 4,12 3.68
] 1.26 1.29 1.13 1.14 0.85 1.44 0.76 1.01 1.16 1.16
La 9.19 9.21 8.85 8.37 5.78 12.19 8.82 8.79 8.98 7.49
Ce 20.45 21.36 19.97 18.92 15.38 30.02 18.93 20.88 20.19 18.26
Pr 1.09 112 0.91 0.80 0.54 2.35 0.71 0.92 0.80 0.48
Nd 10.16 10.33 9.71 9.37 9.13 15.22 8.65 9.99 7.97 7.69
Sm 2.66 241 242 2.39 2.58 3.78 2.08 2.32 1.98 1.84
Eu 1.15 0.89 0.88 0.83 0.87 1.14 0.74 0.71 0.73 0.56
Gd 3.26 3.28 3.18 3.24 3.52 3.83 2.81 321 2.89 2.63
Th 0.40 0.43 0.38 0.36 0.49 0.51 0.27 0.38 0.32 0.32
Dy 2.69 271 248 245 3.31 3.48 1.85 2.34 212 1.73
Ho 0.54 0.59 0.56 0.54 0.74 0.71 0.46 0.53 0.49 0.44
Er 1.58 1.83 161 1.55 214 212 131 1.57 1.68 0.98
m 0.26 0.26 0.26 0.24 0.34 0.31 0.21 0.24 0.23 0.21
Yb 1.47 1.62 1.49 1.34 1.90 1.78 1.38 1.38 1.22 1.12
Lu 0.28 0.27 0.27 0.26 0.32 0.31 0.23 0.24 0.23 0.21
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Fig. 6. Geochemical classification diagrams of the Gooreh Mountain samples. Chemical classification diagram

of volcanic rocks from Middlemost (1985) (a) and Le Maitre et al. (1989) (b). Magmatic series of the samples
in TAS diagram of Irvine and Barager, (1971) (c) and Th/Yb vs. Ta/Yb diagram (Muller et al., 1992) (d). e)
The potassium content of the samples in K,O-SiO, diagram (Le Maitre et al., 1989) showing their medium K,O
content. f) A/CNK vs. A/NK diagram (Maniar and Piccoli, 1989) indicating the metaluminous nature of the

samples.
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Fig. 10. Tectonic setting discrimination diagrams of the Eocene volcanic rocks in the Gooreh Mountain. a, b)
Discrimination diagram of granitoid rocks (Pearce et al., 1984). ¢) Th-Nb/16- Hf/3 triangular diagram (Wood,

1980).
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