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Introduction

The Direklo-Mehdikhan volcanic district is the largest volcanic
region within the Qorveh-Bijar Quaternary volcanic belt, located near
Qorveh in Kurdistan province, Iran. The Qorveh-Bijar Quaternary basic
volcanic belt lies between the provinces of West Azerbaijan and
Kurdistan, within the Sanandaj-Sirjan zone as a segment of the Alpine-
Himalayan Orogeny with a Gondwana-affinity basement. The Orogeny is
strongly influenced by the Middle-Late Tertiary post-orogenic
development that followed the continental collision between the Arabian
and Eurasian plates. Following the collision, the SSZ continental
lithosphere was thickened (Agard et al., 2005), leading to a lithospheric
thickness of ~150-170 km (Priestley and McKenzie, 2006). In this
district, the deposits of pyroclastic origins and scoria, which erupted from
a thick lithosphere, are covered by alkaline basic lava flows (Neill et al.,
2015).

The primary objective of the present study is to provide evidences for
the subduction of the Neotethys oceanic plate beneath the Eurasian
margin and the collision of the Arabian plate. Therefore, this study
focuses on the Direklo-Mehdikhan volcanic district.

Petrographic observations, along with whole-rock district.

geochemstry and clinopyroxene mineral chemistry,
were carried out to enhance our understanding of the
magmatic activity of the Direklo-Mehdikhan volcanic

Research Methods

The study started by fieldwork, petrographic
analysis, and geochemical investigations. Field
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observations were conducted on the lava flow situated
between the villages of Direklo and Mehdikhan.
Samples were collected from various locations within
the lava flow, and thin sections were prepared for
petrographic examination. Additionally, geochemical
data on pyroxene crystals and whole-rock samples
were analyzed to explore the origin and the evolution
of the lava flow body. All EMPA and whole-rock
analyses were performed at the Central Laboratory of
Moscow State University in Russia and the Australian
Lab West, respectively.

Results and Discussion

The main mineral components which are defined
by aphanitic to porphyritic texture, are phenocrysts
mainly consist of olivine and pyroxene. The matrix
includes plagioclase, opaque minerals, glass, and
similar microcrystalline mineral phases. In some
samples, xenoliths and quartz xenocrysts is observed.
These fragments likely detached from adjacent rocks
and were incorporated during magma ascending the
crust. The studied samples primarily exhibit a
porphyritic texture, with additional secondary textures
observable in  some  samples, such as
glomeroporphyritic, sieve, vesicular, vitrophyric,
amygdaloidal, hyalomicrolitic, and  microlithic
porphyritic. The formation of porphyritic texture
formed during a crystallization stage deep within the
Earth (where phenocrysts crystallize), followed by
further crystallization at or near the Earth's surface,
resulting in the development of finer crystals. The
presence of a glassy background and the microlithic
texture is largely due to insufficient time for the
remaining magma to crystallize at shallow depths or
close to the surface (Shea, 2017).

EPMA results of clinopyroxene indicate that the
clinopyroxenes are classified within the iron-
magnesium-calcium pyroxenes quadrilateral and are
identified as diopside type. The Mg number (Mg#)
for these minerals ranges from 0.82 to 0.92 (Figures
5A and 5B). The chemical composition of
clinopyroxene demonstrate the alkaline magmatic
series, as well as the extensional and intraplate
tectonic environments. The crystallization process is
believed to have occurred under conditions of high

oxygen fugacity (Figures 5C and 5D). The calculated
temperature and pressure conditions for the
crystallization of clinopyroxenes indicate a pressure
range of 6 to 10 kbar and a temperature range of 1160
to 1250 °C (Figure 6). The variation in crystallization
pressure is attributed to existence of multiple magma
chambers and the clinopyroxene crystallization
during the rapid ascent of magma (Ozdemir et al.,
2020).

Based on geochemical discrimination diagrams,
the samples plot in the alkaline series and low-SiO;
basalt (Figure 7-A). Normalized rare earth elements
(REEs) diagrams, along with various elemental ratios
such as Nb/Pb, La/Sm, Nb/U, and La/Yb, reveal a
significant enrichment of light rare earth elements
compared to heavy elements. This suggests the
involvement of an enriched mantle, characterized by
the presence of garnet in the source and a low degree
of partial melting. So, the magma originated from a
garnet lherzolite source during a partial melting
process with a melting percentage of less than 5% and
showed some clues of crustal contamination (Figures
14 and 15).

Conclusions

Field studies, petrographic, and geochemical
analysis of the Direklo-Mehdikhan low-SiO, alkaline
basalt reveals valuable insights into the subduction of
the Neotethys Oceanic crust and post-collisional
mantle-derived mafic magmatism within
intracontinental extensional settings. Normalized
elemental diagrams, in comparison to primitive
mantle compositions, reveals an enrichment in large-
ion lithophile elements (LILE) and light rare earth
elements (LREE) relative to high field strength
elements (HFSE). Negative anomalies are observed in
niobium (Nb) and titanium (Ti). Petrographic
evidence and geochemical data indicate that local
extensional and depressurization activities triggered
low-grade partial melting (less than 5%). The parent
magma derived from enriched garnet Iherzolite at the
pressure varying from 6 to 10 kbar and a temperature
ranging from 1160 to 1250 °C. This process engaged
in magma ascending rapidly to surface with minimal
contamination by crust.
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Table 1. Whole rock chemical analysis data for the volcanic rocks from Direklo- Mehdikhan district obtained by
ICP-MS (Major elements' oxides are in wt% and the other elements are in ppm).

Sample No. M1 M2 M3 M4 M5 M6 M7
SiO, 43.41 41.59 44.45 46.15 41.96 43.39 45.00
TiO, 2.40 2.70 2.64 2.52 2.69 247 2.44
Al,O3 12.83 13.36 13.50 12.76 13.23 1321 13.23
Fe,O3* 9.39 10.44 9.58 9.58 10.12 9.49 9.63
MnO 0.10 0.12 0.11 0.15 0.11 0.10 0.10
MgO 10.94 10.05 9.75 8.74 10.10 10.73 11.04
CaO 11.56 12.22 11.82 12.40 12.38 11.00 11.50
Na,O 3.95 4.56 3.79 3.84 4.35 3.96 3.44
K.0 294 2.96 2.66 2.65 2.83 3.20 2.95
P,Os 0.74 0.73 0.63 0.67 0.63 0.76 0.77
LOI 1.84 1.42 0.97 0.63 157 1.66 0.09
Total 100.1 100.15 99.9 100.09 99.97 99.97 100.19
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Table 1. Continued.
Sample No. M1 M2 M3 M4 M5 M6 M7
cr 346 252 244 253 285 380 383
Ni 251 162 156 139 160 244 245
Co 50.8 55.7 54.7 52.7 52.8 50 489
Y% 162 222 227 213 219 169 168
Cu 795 108.2 134.1 183.8 116.3 71.2 80.1
Pb 221 19.3 18.1 20.6 21.6 22 22,6
Zn 180 174 163 166 170 181 186
sn 47 8.2 15.8 233 8 33 31
w 08 12 11 11 11 0.9 04
Mo 5 5 43 44 47 5.1 13
Rb 28.8 48.1 336 343 34.4 26.6 6.3
Cs 11 14 13 13 14 14 15
Ba 1290 1200 1190 1230 1260 1440 1590
Sr 3560 2420 2150 2190 2240 3090 3260
Ga 18.3 19.2 19.6 19.1 18.8 18.8 18.8
Ta 2.26 253 241 2.48 2.34 262 256
Nb 433 473 48 485 46.9 49.1 47.9
Hf 6.6 5.76 5.77 5.74 5.65 6.88 6.87
zr 246 223 221 220 218 249 252
Y 26.8 28 28 27.2 27.9 285 28.8
Th 13.7 18.2 17.7 18 17.1 14.8 14.8
u 2.78 354 33 3.49 3.33 3.06 2.94
La 139 123 119 120 117 137 137
Ce 267 221 217 218 211 258 259
Pr 32 255 245 24.8 24 303 309
Nd 119 92.6 89.2 89 88.6 113 115
sm 16.6 131 12.8 126 12.8 16 16.2
Eu 423 351 3.22 33 33 413 4.26
Gd 19.2 17.3 16.4 17.1 16.4 19.1 19.8
Tb 1.45 13 1.26 1.25 1.26 1.47 1.49
Dy 6.47 6.12 5.92 5.95 5.83 6.59 6.69
Ho 1 1.05 1.01 1.01 1 1.06 1.07
Er 2.34 26 251 2.49 247 25 245
™™ 033 04 0.37 0.37 0.37 034 035
Yb 2.07 241 2.25 231 2.22 2.19 2.18
Lu 0.32 041 0.36 04 0.36 034 035
Sc 17 20 21 18 20 17 17
s 1510 1180 1480 2020 1170 2090 318
Ag 0.79 0.93 0.93 0.95 0.95 0.88 0.87
As 2.7 238 29 18 29 26 8
Be 2.8 2.7 27 28 26 2.9 28
Bi <0.1 0.1 0.1 0.1 0.1 <01 <01
cd 0.24 0.26 021 0.24 0.22 0.24 0.25
Tl 0.1 0.2 02 02 02 0.2 <01
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Table 1. Continued.

Sample No. M1 M2 M3 M4 M5 M6 M7

Sb 1.6 0.8 2.6 2.6 15 1 0.8

Se 0.31 0.34 0.39 0.3 0.26 0.2 0.31

Ge 0.77 0.67 0.76 0.69 0.76 0.82 0.92

In 0.08 0.08 0.08 0.07 0.08 0.07 0.09

P 7360 6320 6290 6710 6310 7620 7680

Li 9.6 104 10.4 10.7 10.3 14.2 15.6

Te <0.2 <0.2 <0.2 <0.2 <0.2 <0.2 <0.2

Re <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01

Hg <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05

(Dy/Yb)n 2.35 2.36 2.40 2.34 2.32 2.36 2.39

(Tb/Yb)y 2.86 2.84 291 2.85 2.99 2.95 2.84

(La/Yb)n 36.20 36.31 35.19 41.24 37.89 40.11 41.12
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Figure 4. A) Olivine and pyroxene mineral assemblage; B, C) Pyroxene mineral assemblage, pyroxenes exhibit
composite zoning; D) Cavity filled by secondary quartz and calcite minerals in the scoria sample; E) Quartz
xenocryst along with the olivine, pyroxene, and plagioclase crystals. A reaction margin has formed at the rim of the
quartz xenocryst; F) Cavity filled by secondary calcite mineral in scoria sample; G) Olivine, pyroxene, plagioclase
and opaque minerals, some pyroxenes exhibiting composite zoning; H, I, J, K) Cavity filled by secondary calcite
mineral in scoria sample; L) Olivine crystals iddingsited at the margin, M) Olivine, pyroxene, plagioclase and
opaque minerals; N) Olivine, pyroxene, plagioclase assemblage, O, P) Olivine, pyroxene and plagioclase minerals

(Ol: olivine; CPX: clinopyroxene; PI: plagioclase; Idd: iddingsite; Cal: calcite; Qz: quartz) (Abbreviation minerals
from Warr (2021)).
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Table 2. Electron microprobe data (in Wt%) for the clinopyroxene in the alkaline basalts from Direklo-Mehdikhan
district and the calculated cation number in the structural formula based on 6 oxygen atoms.

M1c-5 M1c-5 M1lc-5 M1c-5 M1c-5 M1c-5 M1c-5
Sample No.

C C C C.R C.R R R
Mineral 9% py py py py py py
SiO, 49.70 47.38 49.92 46.66 44.80 44.42 43.21
TiO, 1.38 2.08 1.39 247 3.32 3.17 4.15
Al,O3 3.42 5.18 3.52 5.77 7.28 7.40 8.53
FeO 5.57 6.81 5.63 7.27 8.07 8.21 8.81
Cr,04 0.16 0.00 0.19 0.00 0.00 0.00 0.00
MnO 0.00 0.00 0.00 0.20 0.21 0.10 0.12
MgO 15.00 13.89 14.89 13.13 12.16 12.36 11.56
CaO 23.21 23.13 23.54 22.89 22.68 22.89 22.60
Na,O 0.43 0.52 0.47 0.65 0.78 0.58 0.82
K.0 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Total 98.87 98.99 99.55 99.04 99.30 99.13 99.80
Si 1.85 1.77 1.84 1.75 1.68 1.67 1.62
Ti 0.04 0.06 0.04 0.07 0.09 0.09 0.12
AlY 0.15 0.23 0.15 0.25 0.32 0.33 0.38
AV 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Fe* 0.10 0.16 0.11 0.16 0.19 0.20 0.22
Cr 0.01 0.00 0.01 0.00 0.00 0.00 0.00
Fe?* 0.07 0.05 0.06 0.07 0.06 0.06 0.06
Mg 0.83 0.77 0.82 0.73 0.68 0.69 0.65
Mn 0.00 0.00 0.00 0.01 0.01 0.00 0.00
Ca 0.92 0.92 0.93 0.92 0.91 0.92 0.91
Na 0.03 0.04 0.03 0.05 0.06 0.04 0.06
K 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Sum_cat 4.00 4.00 4.00 4.00 4.00 4.00 4.00
WO 47.926 48.418 48.384 48.711 49.235 49.147 49.501
EN 43.096 40.456 42.583 38.877 36.73 36.925 35.23
FS 8.977 11.127 9.032 12.412 14.035 13.929 15.27
Name Diopside Diopside Diopside Diopside Diopside Diopside Diopside
Mg# 0.923 0.935 0.928 0.918 0.915 0.923 0.912
Fett 0.076 0.063 0.072 0.081 0.084 0.077 0.087
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Xpr=0.446 SiOp+ 0.187 Ti02-0.404Al,03 + 0.346 FeO®&) -0,052 MnO + 0.309 MgO + 0.431 CaO- 0.446 Na,O
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Table 2. Continued.

Sample No. Mic-7 Mlc-7 M7a M7a M7a M7a M7a

C C CR CR R R M
Mineral Py py py Py py py Py
SiO, 49.83 43.33 52.01 45.67 47.70 52.16 46.40
TiO, 1.35 3.43 0.72 2.39 1.69 0.69 2.57
Al, O3 3.54 8.64 2.23 6.69 4.79 2.24 6.63
FeO 5.78 8.01 4.44 7.99 7.20 3.98 7.79
Cr,03 0.17 0.11 0.53 0.00 0.00 0.62 0.00
MnO 0.16 0.10 0.00 0.00 0.00 0.09 0.15
MgO 14.93 11.85 16.44 12.80 14.10 16.43 13.13
CaO 23.15 22.78 23.11 22.78 22.75 23.26 23.01
Na,O 0.50 0.61 0.46 0.51 0.46 0.50 0.62
K0 0.00 0.00 0.00 0.00 0.06 0.00 0.00
Total 99.41 98.86 99.94 98.83 98.75 99.97 100.30
Si 1.84 1.63 1.90 1.72 1.78 1.90 1.72
Ti 0.04 0.10 0.02 0.07 0.05 0.02 0.07
AlY 0.15 0.37 0.10 0.29 0.21 0.10 0.29
Al 0.00 0.02 0.00 0.01 0.00 0.00 0.00
Fe* 0.12 0.20 0.08 0.18 0.16 0.08 0.18
Cr 0.01 0.00 0.02 0.00 0.00 0.02 0.00
Fe?* 0.06 0.05 0.06 0.08 0.06 0.05 0.06
Mg 0.82 0.67 0.90 0.72 0.79 0.89 0.72
Mn 0.01 0.00 0.00 0.00 0.00 0.00 0.01
Ca 0.92 0.92 0.91 0.92 0.91 0.91 0.91
Na 0.04 0.05 0.03 0.04 0.03 0.04 0.04
K 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Sum_cat 4.00 4.00 4.00 4.00 4.00 4.00 4.00
WO 47.67 49.96 46.73 48.65 47.41 47.18 48.47
EN 42.78 36.16 46.26 38.03 40.88 46.37 38.48
FS 9.55 13.89 7.01 13.32 11.71 6.45 13.06
Name Diopside Diopside Diopside Diopside Diopside Diopside Diopside
Mot 0.928 0.926 0.942 0.904 0.926 0.951 0.924

Fe# 0.072 0.074 0.061 0.093 0.073 0.049 0.076




v Ol 5 (gloy 5 aebld S8 GloylB amiuoygyd (LS H g5k SO 31 Glailis (b guto —glS o oJlSJT A\ P vy

il (6l s odali oy Jlad 85 1l dials (F JS) Olime o S o903 0 YPT g XPT polie 5,5 ,50 L
Al oz 092y aile (63 90 4 lusaz (puSgy sla S5 a5k JLad 5 Las a0 50 loynS g gialS 5ol i 5 Lo
6[.@5[.@ Sgr_0 GYL CA.C).M: ).u 9 LofLo OGOy jO Ls:l.afl.a B u—““sﬁj“" )D_L"' SMOUL.MJ J‘.Sj).u ‘5;15 6|).v od.oiwdcb
RN AT RV RVRY oKl &0 YVO L VVFe sl g ,bgkS Ve b5 jLid
S Wo
o~ A B
1.5 Quad
Diopside
Q Lo Ca-Na .
Hedenbergite
Augite
0.5
Pigeonite
Na
0.0 I 1 / Clinoenstatite | Clinoferrosillite N
0.0 0.5 1.0 1.5 20 En Fs
F1
® o ®
0.2} [ J
® e

D

2 9 0.05 0.1 0.15
AI"+2Ti+Cr
Moromito et al., ) En-Wo-Fo baw lsgei (B «(Moromito et al., 1988) J=2Na; Q=Ca+Mg+Fe?*) J-Q lsges (A O S

Olsee (D «(Nisbet and Pearce, 1977) puS 5,055 sla IS conds LL 5 ddbaie slocKiw il 25leyae) laose (C 1988
(Schweitzer et al., 1979) la S g 0 555 iuloy Jasre (y5mST &Ll g8

Figure 5. A) J-Q diagram (J=2Na; Q=Ca+Mg+Fe?*) (Moromito et al., 1988); B) En-Wo-Fo ternary diagram
(Moromito et al., 1988), C) Tectonomagmatic setting of studied rocks based on the mineral chemistry of
clinopyroxene (Nisbet and Pearce, 1977); D) Oxygen fugacity of clinopyroxene formation environment (Schweitzer
etal., 1979).
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Figure 6. Thermobarometry of formation of clinopyroxene-containing rocks (Soesoo, 1997).
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Figure 7. Classification of volcanic rocks in the Direklo-Mehdikhan district on A) total alkali versus silica plot
(Le Bas et al., 1986); B) Zr/TiO, versus silica diagram (Floyd and Winchester, 1977).
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alkaline basalts in the Direklo-Mehdikhan district.
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Figure 9. Rare earth element variation diagrams for the alkaline basalts in the Direklo-Mehdikhan district; A)

chondrite-normalized diagram (Taylor and McLennan, 1985), B) Primitive mantle-normalized diagram (Sun and
McDonough, 1988).
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Figure 10. Spider diagram for the alkaline basalts in the Direklo-Mehdikhan district A) Primitive mantle-normalized
diagram (Sun and McDonough, 1988); B) Chondrite-normalized diagram (Thomson, 1982).
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