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Introduction

The magmatic evolution of the Urumieh-Dokhtar arc is related
to the Neo-Tethys subduction and the continental collision
between the Arabian and Eurasian plates, which has led to the
creation of diverse and different magmatism along different
parts of this belt (Shahabpour, 2005; Agard et al, 2011;
Richards, 2015; Karimpour et al., 2021).

Volcanic  rocks, with various lithological compositions
located in the central part of the Urumieh-Dokhtar belt, are part
of the extensive Eocene activity, Knowing the nature of basic-
intermediate volcanic rocks northwest of Nain requires more
detailed investigations. For this purpose, the exploration areas of
Chakad, Safafoulad, and Mehrando, located northwest of Nain,
were selected for further investigations. The main goal of the
present paper is to understand the origin and the tectonic of the
volcanic rocks of this part of the Urumieh-Dokhtar magmatic
belt using their petrography and geochemical characteristics.

Regional Geology

Many outcrops belonging to Tertiary volcanic
lavas and pyroclastic deposits are widespread 50
km northwest of Nain, within the central part of
the Urumieh-Dokhtar magmatic arc (UDMA). The

volcanic units are basic to acidic composition
ranging in age from Eocene to Oligocene (Chiu et
al., 2013) and pyroclastic rocks including tuff,
breccia, and ignimbrite, low in altitude, overlain by
a sequence of Quaternary alluvium. In the
exploration areas of Chakad, Safafoulad, and
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Mehrando, the Eocene basic-intermediate volcanic
rocks with the combination of basalt, basaltic-
andesite and pyroclastic rocks exposed and play as
the host rocks for copper mineralization. The
youngest igneous units observed in the region are a
set of parallel diabase and dolerite dikes as
swarms, intruded the volcanic rocks. Based on
field observations, silica and carbonate veins with
different trends are observed along with copper
mineralization in basaltic- andesite and basalt
units. This ore mineralization occurs mainly as an
oxide (malachite and azurite) accompanies with
propylitic  alteration and less argillic and
silicification along and at the intersection of faults
and fractures.

Materials and methods

Following the preparation of thin sections and
petrographic and mineralogical investigations of these
units, 26 volcanic samples have been analyzed by the
ICP-MS method for trace and rare earth elements.

Petrography

The basic-intermediate volcanic rocks of the region
are mostly basalt and basaltic-andesite, as well as
diabase and dolerite dikes. The studied basalts,
mineralogically, dominated by Euhedral to subhedral
phenocrysts of plagioclases (30 to 50 vol%) and
clinopyroxene phenocrysts, with porphyritic texture.
Small amounts of olivine occur as phenocryst and
iddingsite basaltic- andesite consists of plagioclase (40
to 60 vol%), and clinopyroxene (15 to 20 vol%)
phenocrysts set in a fine-grained to microlithic
groundmass. Clinopyroxene and plagioclase with
intergranular texture are the dominant minerals in
diabase and dolerite. Chlorite, calcite, epidote, and
quartz are the main altered minerals of the rocks under
study.

Discussion and Conclusion

Based on the geochemical data, the basic-
intermediate volcanic rocks with the combination of
basalt and basaltic- andesite have a calc-alkaline
nature, consistent with the features of volcanic arcs in
the subduction zone of the active continental margin.
In the primitive mantle-normalized multi elements
diagram, the patterns of basic- intermediate volcanic
rocks show enrichment of LILE (e.g., Ba, K, Rb) and
depletion of HFSE (e.g., Nb, Ti, Zr) one of the
remarkable features of subduction zone- related
magmas (Yang and Li, 2008; Kuscu and Geneli, 2010).
In the chondrite-normalized REEs diagram, these rocks
exhibit LREE enrichment relative to HREEs. Rare
earth elements such as La and Sm are not significantly
affected by the mineralogical changes of the source
rock, so they can provide information on the chemical
composition of the total source rock. The volcanic
rocks of the region generated by partial melting of 5 to
10% (Aldanmaz et al., 2006) of the enriched garnet-
lherzolite mantle at a depth of 90 to 100 km. It seems
that the parent magma has been metasomatized under
the influence of fluids and sediments derived from the
oceanic lithosphere. As the tectonic setting
identification diagrams display the studied samples
plotted in the range of magmas related to the
subduction zone of the active continental margin. The
magmatism under discussion, is the result of the
subduction of the Neo-Tethys oceanic lithospheric
beneath the central Iranian plate which have given rise
to great magmatism during the Eocene and following
it.
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Figure 2. Field photographs of of different rock units' outcrops in the northwest of Nain; A) A far view of
volcanic and pyroclastic rocks (tuff) from Mehrando exploration area (northward view); B) mafic and felsic dikes
are exposed parallel to each other in pyroclastic units with the Northwest-Southeast trend in Safafoulad
exploration area (northwestward view); C) vein of silica in basaltic-andesite rocks in Chakad exploration area
(northwestward view); D) presence of copper mineralization in fractures and with argillic alteration in Safafoulad
area (southeastward view).
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Table 1. Chemical data of major elements' (in wt%) in the basic-intermediate volcanic rocks in the northwest of Nain.

Rock Type Basalt Basaltic- andesite

Sample No. Mf-03 Mf11-1 Mf-19 S-08 S-12 Ch-7 Ch-19
X 662772 653074 653913 666977 666585 670797 670590
Y 3666210 3666079 3667073 3674506 3674702 3674330 3674832
SiO: 5337 5322 49.79 5533 57.63 60.69 5793
AlLO3 16.90 15.16 14.16 1391 15.17 15.72 1522
BaO 0.08 0.08 <0.05 0.08 0.06 0.11 0.11
Ca0O 7.65 6.26 13.57 5.52 8.28 6.70 6.61
Fex0s3 829 8.75 6.19 9.52 8.32 6.12 9.68
K0 0.06 1.58 0.91 1.67 1.29 3.93 2.69
MgO 597 6.93 323 449 4.20 043 233
MnO 0.46 0.36 0.21 0.34 0.45 0.12 031
Na;O 1.95 1.81 143 2.13 1.75 1.74 1.62
P20s 0.23 0.25 0.33 0.30 0.22 0.22 0.46
SOs 0.06 0.09 0.08 0.07 0.11 0.13 0.09
TiO2 0.90 0.92 0.82 1.02 0.97 0.71 1.29
L.O.L 347 4.59 9.29 5.17 1.55 251 1.66
Total 100.01 100.00 100.06 100.00 100.00 99.13 100.00
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Table 2. Chemical data of trace and rare earth elements (in ppm) in the basic-intermediate volcanic rocks in the

northwest of Nain.

Rock Type Basalt

Sample No. Mf-11-1 Mf- 14 Mf-17 Ch- 06 Ch-10 Ch- 16 Ch-18 Ch-21 Ch-23
X 653074 652845 653480 670633 670433 670599 670731 670896 670896
Y 3666079 3666656 3666918 3674328 3674335 3674427 3674461 3674593 3674593
K 13772 11138 18919 17998 14090 13247 13891 16963 15241

P 783 704 1138 1030 1009 999 712 731 979

Ti 6628 7132 7789 6023 6773 5267 3994 5484 4328

\% 223 274 231 357 368 350 290 226 180
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Table 2. Continued.

Rock Type Basalt

Sample No. Mf-11-1 Mf- 14 Mf-17 Ch- 06 Ch-10 Ch- 16 Ch- 18 Ch-21 Ch-23
Latitude 653074 652845 653480 670633 670433 670599 670731 670896 670896
Longitude 3666079 3666656 3666918 3674328 3674335 3674427 3674461 3674593 3674593
Cr 39 45 31 99 82 74 124 71 111
Co 28.0 26.5 17.2 337 304 229 123 314 114
Ni 28 18 15 32 23 22 28 18 19
Cu 135 34 12 87 161 10429 23851 57 12108
Zn 81 96 73 226 116 96 138 61 8

As 8.7 5.5 10.7 1.7 2.1 15.0 8.4 35 33
Rb 50 29 60 57 33 <1 <1 4 <1

Sr 498.7 406.2 3474 538.0 599.0 218.0 3240 407.0 197.0
Y 194 21.8 25.6 19.5 18.6 13.8 115 152 12.8
Zr 97 85 90 67 58 51 42 49 54
Nb 6.4 54 74 42 6.1 2.1 2.8 6.1 6.9
Mo 0.7 <0.5 0.5 248.0 2.0 5.0 2.0 <0.1 <0.1
Ag 0.1 04 0.2 04 03 0.9 18.1 0.5 04
Sn 14 1.6 2.0 0.2 0.6 0.8 0.3 02 <0.1
Sb <0.5 <0.5 0.9 1.6 <0.5 1.5 1.7 <0.5 <0.5
Cs 5.0 2.0 3.8 32 1.1 <0.5 <0.5 <0.5 <0.5
Ba 586 442 670 492 595 522 610 605 611
La 11 11 17 20 22 28 25 26 24
Ce 28 28 41 34 37 30 32 22 21

Pr 3.56 3.52 4.86 372 4.07 2,61 1.56 0.28 0.64
Nd 19.5 19.1 225 143 18.6 149 172 12.6 12.7
Sm 3.60 3.30 4.50 4.61 417 340 271 3.05 249
Eu 1.21 1.13 1.47 1.54 1.59 0.93 0.82 0.65 0.36
Gd 3.76 3.56 4.80 3.08 2.96 2.03 1.18 1.86 1.83
Tb 0.60 0.70 0.90 0.46 0.53 0.44 0.33 0.32 0.29
Dy 4.10 440 5.50 441 2.62 3.04 1.73 240 220
Er 2.20 2.50 3.00 1.66 1.88 0.93 1.24 1.28 1.01
Tm 0.40 040 0.50 <0.10 031 <0.10 <0.10 0.25 0.19
Yb 2.15 2.66 2.78 340 320 3.50 3.10 2.10 1.80
Lu 0.40 040 0.50 0.27 0.24 0.14 0.11 0.18 0.15
Hf 2.40 2.40 3.40 2.40 223 2.06 1.50 1.80 1.80
Ta 0.50 1.30 0.60 1.59 1.46 1.21 0.93 0.13 0.17
Pb 14 3 45 14 14 13 67 19 13
Th 3.00 3.50 4.40 341 3.66 2.15 240 251 2.61
U 0.9 1.1 1.4 0.9 13 1.7 0.8 0.3 0.8
Zx/Ba 0.16 0.19 0.13 0.13 0.90 0.09 0.06 0.08 0.08
Zx/Nb 15.15 15.74 12.16 15.95 9.50 2428 15.00 8.03 7.82

Nb/Th 2.13 1.54 1.68 1.23 1.66 0.97 1.16 243 2.64
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Table 2. Continued.

Rock Type Basalt Basaltic-andesite
Sample No. S-04 S-07 S- 08 S-09 S-13 Mf- 03 Mf- 04 S-12
X 666649 667084 666977 666953 666900 652772 653093 666585
Y 3675111 3674898 3674506 3674479 3674884 3666210 3666113 3674702
K 13483 12738 11884 15587 14795 5845 13952 13676
P 1485 883 739 747 676 634 865 505
Ti 9672 5540 4243 5439 5569 6550 7206 2912
v 342 248 161 230 248 246 200 44
Cr 51 113 28 62 42 39 38 24
Co 26.3 282 19.6 28.8 27.5 29.5 293 269
Ni 11 38 6 12 9 28 30 <1
Cu 198 77 15112 15606 77 64 127 71
Zn 73 81 71 94 49 107 160 43
As 4.5 2.1 6.9 2.7 4.1 74 31.1 6.0
Rb 19 25 22 18 33 10 43 34
Sr 451.0 295.0 111.0 150.0 369.0 541.1 3274 405.0
Y 293 172 174 24.7 17.5 18.5 21.8 18.1
Zr 138 67 49 57 43 54 68 75
Nb 6.8 52 3.7 33 53 4.8 5.8 7.01
Mo <0.1 <0.1 <0.1 <0.1 <0.1 <05 <0.5 <0.1
Ag 0.5 0.5 33 275 03 0.3 0.1 0.2
Sn 1.2 0.6 1.1 0.8 0.6 1.3 14 13
Sb <0.5 0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
Cs 14 4.7 39 33 43 22 6.2 37
Ba 562 392 344 249 463 623 624 417
La 20 18 16 16 16 18 11 25
Ce 24 29 25 27 25 22 28 34
Pr 5.50 248 224 1.99 2.06 2.96 3.63 3.52
Nd 252 129 11.8 12.0 113 16.6 193 152
Sm 2.72 2.70 247 225 231 3.10 4.20 247
Eu 1.49 1.05 0.55 0.95 0.88 1.27 1.19 0.82
Gd 5.70 3.02 2.82 337 2.84 347 4.11 3.07
Tb 0.92 0.58 0.55 0.63 0.55 0.60 0.80 0.55
Dy 5.89 3.07 3.06 3.57 2.78 4.20 4.60 2.59
Er 351 1.84 2.04 2.52 1.65 2.00 2.70 1.59
Tm 0.56 0.33 0.33 0.35 0.29 0.40 0.50 0.27
Yb 2.90 2.70 220 3.40 2.50 2.38 2.59 2.70
Lu 0.50 0.28 0.26 0.33 0.25 0.40 0.50 0.27
Hf 448 1.81 2.29 2.08 1.62 2.00 2.60 1.74
Ta 0.83 0.60 0.53 0.50 0.60 0.50 0.50 0.66
Pb 12 19 9 15 13 11 29 9

Th 2.67 342 3.61 228 3.90 2.00 340 3.50
U 1.10 0.40 0.80 0.58 0.30 0.70 1.00 1.10
Zx/Ba 0.24 0.17 0.14 0.22 0.09 0.08 0.10 0.17
Zx/Nb 20.29 12.88 13.24 17.27 8.11 11.25 11.72 10.70
Nb/Th 2.54 1.52 1.02 1.44 1.35 2.40 1.70 2.00




W Ol 5 Gl a3 2 m 885T (GloStns (- lsgyrn) olSilr § (DhooS (1) oS 9 (£ S0y (o) gt Sins
Adsl.Y gl
Table 2. Continued.
Rock Type Basaltic- andesite
Sample No. Ch-01 Ch-02 Ch-03 Ch- 07 Ch-11 Ch-19 Mf-19 Ch-22 Ch-20
X 671062 670532 670268 670797 670169 670590 653913 670926 670896
Y 3674031 3674193 3674328 3674330 3674394 3674832 3667073 367398 3674593
K 14838 11048 16310 25077 14526 39344 7917 13365 33077
P 930 337 542 858 303 645 978 802 213
Ti 4876 1946 3187 4024 1073 3303 5962 2974 1672
\4 150 49 137 178 267 37 167 162 21
Cr 29 69 30 67 32 12 200 15 6
Co 16.2 14.4 194 39.2 13.5 135 13.5 14.8 19.5
Ni 9 16 10 13 5 5 65 7 4
Cu 90 61 122 46 9691 26 50 10231 37
Zn 126 47 175 195 135 55 68 7 51
As 11.9 1.9 8.0 12.1 28.1 5.6 7.8 74 4.0
Rb 13 57 53 93 <1 119 31 <1 85
Sr 524.0 138.0 246.0 405.0 178.0 148.0 365.2 141.0 177.0
Y 20.3 223 154 18.5 15.1 26.5 18.9 134 17.0
Zr 76 66 53 128 34 110 121 71 57
Nb 29 2.7 3.6 39 2.7 2.7 94 7.0 39
Mo 12 26 116 82 3 1 <0.5 2 <0.1
Ag 0.4 0.2 0.2 0.5 2.6 04 0.3 1.1 0.3
Sn 0.1 0.2 0.7 0.8 0.4 0.9 1.3 0.3 0.5
Sb 1.9 1.8 1.7 1.1 23 <0.5 0.5 <0.5 <0.5
Cs 1.6 9.4 2.6 32 0.6 0.6 55 <0.5 0.6
Ba 650 683 759 956 610 788 525 710 663
La 26 24 20 23 22 21 14 20 23
Ce 52 36 31 52 36 38 36 28 34
Pr 4.86 3.43 2.69 5.20 0.84 435 4.15 1.07 4.12
Nd 17.9 124 18.9 17.6 13.2 17.0 194 14.6 12.8
Sm 497 3.68 239 397 3.70 4.02 3.50 2.85 3.06
Eu 1.73 1.27 1.22 1.28 0.71 1.11 1.10 0.27 0.28
Gd 3.36 2.38 1.92 2.78 0.60 344 3.68 1.74 2.53
Tb 0.44 0.45 043 0.51 0.19 0.56 0.70 0.27 0.34
Dy 3.24 297 237 427 0.44 3.96 4.00 1.95 2.36
Er 2.12 1.22 1.36 1.54 0.27 2.10 2.20 1.05 1.21
Tm 0.13 0.25 <0.1 0.16 <0.1 0.35 0.40 0.20 0.25
Yb 3.30 2.70 2.40 2.80 240 2.60 2.32 1.70 1.80
Lu 0.21 0.18 0.17 0.24 <0.1 0.31 0.40 0.14 0.23
Hf 2.19 1.85 1.86 2.66 1.49 248 2.50 1.97 1.74
Ta 1.17 1.35 0.66 1.31 0.72 0.39 0.60 0.22 0.40
Pb 16 11 12 17 95 12 20 35 10
Th 2.57 2.90 3.76 3.87 221 2.60 3.70 337 3.60
U 0.90 1.20 1.00 1.70 1.70 2.40 0.60 1.29 2.20
Zr/Ba 0.11 0.09 0.06 0.13 0.05 0.13 0.23 0.10 0.08
Zx/Nb 26.20 24.44 14.72 32.82 12.59 40.74 12.87 10.14 14.61
Nb/Th 1.12 0.93 0.95 1.00 1.22 1.03 2.54 2.07 1.08
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Figure 3. Microphotographs of basalt in the northwest of Nain. A) Fine-grained groundmass containing
plagioclase microlites and microcrystals of pyroxene, olivine, and iron-titanium oxide (in XPL); B) clinopyroxene
phenocryst and opaque mineral in a fine-grained groundmass of opaque and alteration minerals (in XPL); C)
Epidote and chlorite minerals resulted from alteration of pyroxene phenocryst (in XPL); D) Olivine iddingsite of
which only a mold remains (in PPL).
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Figure 4. Microphotographs of basaltic-andesite in the northwest of Nain. A) Glomeroporphyritic texture of
clinopyroxene mineral (XPL); B) Plagioclase phenocryst in a fine-grained groundmass of minerals resulting from
alteration and opaque (XPL); C) Sieve texture of plagioclase phenocryst (XPL); D) Plagioclase phenocryst
altered to epidote mineral (XPL).
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Figure 5. Microphotographs of diabase and doleritic dikes in the northwest of Nain. A) Intergranular texture in
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replacing by amphibole and chlorite along with opaque mineral in the diabase sample; D) Plagioclase mineral
replacing by calcite and epidote in the doleritic sample.
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Figure 6. Microphotographs (in XPL) of the tuffs in the northwest of Nain. A, B) Lithic piece with different sizes
and compositions in andesite tuff sample; C) Kaolinitized potassium feldspar mineral in the rhyolitic tuff sample;
D) Quartz with corrosion Gulf along with secondary epidote in the rhyolite tuff sample.
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Figure 7. Chemical classification and determination of magmatic series of volcanic rocks located in the northwest
of Nain. A) Zr/Ti versus Nb/Y trace elements ratio diagram (Pearce, 1996); B) Zr/Ti versus Nb/Y diagram
(Winchester and Floyed, 1977); C) Zr versus Y diagram (Ross and Bedrad, 2009); D) Th versus Co diagram
(Hastie et al, 2007).
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Figure 8. Trace elements patterns of volcanic rocks located in the northwest of Nain. A) Primitive mantle-
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1989), B) Chondrite-

normalized REEs elements diagram (normalization values from Anders and Grevesse, 1989).
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Figure 9. Composition of the basic-intermediate volcanic rocks of northwest Nain in the varioation
diagrams of trace and rare earth elements versus Zr (in ppm) (Symbols are as Figure 7).
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diagram (Chukwu and Obiora, 2014) (Symbols are as Figure 7).
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Figure 16. Identifying the possible role of melts from the subducting oceanic crust, the effect of
fluid separated from the subducting blade, and the role of sediments in the formation of volcanic
rocks in the northwest of Nain. A) Y versus Sr/Y diagram (Castillo, 2012); B) Th versus Ba/Th

diagram (Kirchenbaur et al., 2012); C) diagram of Th/Nb versus Ba/Th (Orozco-Esquivel et al.,
2007). (Symbols are as Figure 7).
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