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Abstrac

Eocene volcanic rocks in the Khordeh-Qeshlaq area (north of Meshkin Shahr, Eastern Azerbaijan Province)
represent a diverse magmatic suite ranging from basic and intermediate to silica-undersaturated
compositions. Field observations reveal a complex succession including epiclastic and hyaloclastic
breccias, porphyritic to megaporphyritic lavas, pillow and ropey lavas, and ignimbrites. These rocks
comprise picrobasalt, basalt, basanite, trachyandesite, trachyte, tephrite, and phonolite. Mafic lavas have
abundant olivine and augite phenocrysts, whereas the undersaturated varieties are dominated by analcime,
along with groundmass phases such as hauyne and nosean. Petrographic evidence and geochemical
signatures suggest that fractional crystallization (FC) of an assemblage involving Ol + Cpx + Hb + Pl +
Mag + Ap played a primary role in magmatic evolution. Harker diagrams and trace-element modeling
indicate that these rocks underwent both fractional crystallization and assimilation—fractional
crystallization (AFC) involving crustal components. The volcanic rocks exhibit a high-K magmatic trend.
At the same time, enriched REE patterns and multi-element spider diagrams, characterized by high
LREE/HREE ratios, reflect the influence of metasomatic fluids on the mantle source. Tectonomagmatic
discrimination diagrams place the samples within a collisional continental-arc setting, distinct from typical
active subduction-related magmatism. In the binary diagram of Nb/La versus La/Yb, most of the samples
plot within the lithospheric mantle field, transitioning into the lithospheric-asthenospheric mantle domain.
Petrogenetic and source studies of the Khordeh Qeshlaq volcanic succession indicate that the area has
potential for the formation of epithermal Au-Ag and porphyry Cu-Mo systems, as well as REE enrichment
in evolved rocks.

Keywords: Eocene volcanism; Fractional crystallization; Partial melting; Mantle metasomatism; Post-
collisional magmatism; NW Iran.

1-Introduction

Eocene volcanic and volcanosedimentary rocks are exposed north of Khordeh Qeshlaqg, north of Meshkin
Shahr, in northwestern Iran. This region forms part of the broad collision zone between the Arabian and
Eurasian plates, which encompasses southeastern Tiirkiye, northwestern Iran, Armenia, and the Caucasus.
Several source and tectonic models have been proposed for the Eocene volcanic rocks in this extensive
convergent zone. These include partial melting of enriched subcontinental lithospheric mantle in arc or
back-arc settings, melting of amphibole- or garnet-bearing mantle, melting of metasomatized
subcontinental lithospheric mantle, and contributions from the asthenosphere (Soltanmohammadi et al.,
2021; Li et al., 2022; Ghorbani et al., 2023; Alizadeh Noudeh et al., 2025). Investigating the petrogenesis
and source characteristics of the volcanic rocks in the Khordeh Qeshlaq region may improve our
understanding of Eocene magmatism within the Arabia—Eurasia collision zone. Moreover, constraining the
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petrogenesis and provenance of the Khordeh Qeshlaq volcanic rocks offers critical vectors for future
mineral exploration in this area.

2-Materials and Methods

Geological maps and Google Earth satellite imagery were used to plan and conduct the field investigations.
Following thin-section preparation and petrographic examination, the least-altered samples were selected
for geochemical analysis. Major-element oxides were determined by X-ray fluorescence (XRF), with a
reported analytical accuracy of approximately 0.1%. Trace elements and rare earth elements were
determined by inductively coupled plasma mass spectrometry (ICP-MS), and their concentrations are
reported in parts per million (ppm). The analyses were conducted at the Geological Survey of Iran
laboratories in Tehran and Karaj, respectively. Geochemical data were evaluated using various
classification, variation, rare-earth-element, multi-element, and tectonomagmatic discrimination diagrams
in IgPet 2007. The figures were subsequently redrawn and formatted using CorelDRAW X6.

3-Results and Discussion

A volcanic and volcanosedimentary succession is exposed north of Khordeh Qeshlaq. The basal part of the
succession consists of conglomerate, sandstone, and marl. Up-section, the succession contains epiclastic
breccias, pillow lavas, Porphyritic lavas, and ropy lavas interlayered with hyaloclastite breccias and tuffs.
These deposits record volcanic activity and sedimentation under subaqueous to subaerial conditions.
Graded bedding and cross-bedding occur in the volcanosedimentary units, together with interlayers of
fossiliferous limestone. Paleontological investigations of the limestone.

Petrographic studies indicate that the volcanic rocks comprise picrite, basalt, basanite, trachyandesite,
trachyte, tephrite, and phonolite. Porphyritic textures are common. Olivine and augite phenocrysts are the
dominant phenocryst phases in the mafic lavas; augite locally shows hourglass-shaped sector zoning. From
the mafic rocks toward the andesitic and trachyandesitic compositions, the abundance of olivine
phenocrysts decreases, whereas the abundance of plagioclase increases. In the tephritic and phonolitic lavas,
analcime and apatite phenocrysts occur in addition to plagioclase. Analcime may have replaced leucite in
some samples. Alkali feldspar, hauyne, and nosean also occur in the groundmass of these lavas.

The geochemical diagrams indicate that the picrite—basalt and basanite—tephrite samples form clusters
distinct from the trachybasalt and phonotephrite samples. These groups are also distinct from the
trachyandesite samples. Despite this compositional grouping, the samples define continuous trends,
suggesting a possible genetic relationship among the studied volcanic rocks, although more than one
petrological process may have influenced their evolution.

In the Harker and other binary diagrams, most samples define trends broadly consistent with fractional
crystallization (FC), whereas some features may indicate assimilation—fractional crystallization (AFC).
However, no unambiguous geochemical evidence for contamination by Cadomian continental crust was
identified. Chondrite-normalized rare-earth-element patterns show enrichment of light rare earth elements
(LREES) relative to heavy rare earth elements (HREEs). This enrichment may reflect low-degree partial
melting of the mantle source, crustal assimilation, or both. Primitive-mantle-normalized multi-element
diagrams show depletion in high-field-strength elements (HFSEs), particularly Ta, Nb, and Ti, together
with enrichment in Cs, Th, U, La, K, and Zr. These features are consistent with subduction-related
metasomatism of the mantle source, although alternative processes should also be considered (Lechmann
et al., 2018).

On tectonomagmatic discrimination diagrams, most samples plot within volcanic-arc and collisional-
arc fields, although some plot within the within-plate field. The results are compatible with a continental,
collisional, or post-collisional arc-related setting rather than a simple within-plate environment. However,
these diagrams alone cannot uniquely establish the position of the volcanic center relative to the active
subduction front.

In the source-discrimination diagrams, mafic samples with SiO: contents below 50 wt.% and MgO
contents above 4 wt.%, including picrite, basalt, and trachybasalt, plot within or near the peridotite field.
On the Nb/La versus La/Yb diagram of Smith et al. (1999), the studied volcanic rocks plot within the
lithospheric-mantle and mixed lithosphere-asthenosphere fields. The Sm versus Sm/Yb diagram of
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Aldanmaz (2000) can be modeled by approximately 1-10% partial melting of a mixed garnet- and spinel-
lherzolite source. The inferred proportions of the two source lithologies are model-dependent.

4-Conclusions

The enrichment of LREEs relative to HREEs and the depletion of Ti and Nb in the chondrite- and primitive-
mantle-normalized diagrams are consistent with derivation from a metasomatized lithospheric-mantle
source. Source-discrimination and partial-melting models further support the possibility of a mixed garnet—
spinel lherzolite source undergoing approximately 1-10% partial melting. Overall, the studied volcanic
rocks may have been derived predominantly from metasomatized lithospheric mantle and emplaced in a
collisional or post-collisional continental-arc-related setting. These interpretations should be evaluated
together with quantitative melting and crystallization models and, ideally, radiogenic-isotope data.

The Eocene volcanic sequence in the Khordeh Qeshlaq area, derived from a metasomatized
subcontinental lithospheric mantle (SCLM) influenced by subduction-related metasomatism, exhibits a
high potential for metalliferous hydrothermal systems. Extensive fractional crystallization during prolonged
magma chamber residence, combined with the presence of adjacent intrusive bodies, suggests a favorable
setting for porphyry Cu—-Mo mineralization. Furthermore, the notable abundance of epiclastic and
hyaloclastic breccias highlights the potential for epithermal Au-Ag deposits. Finally, the enrichment of
Rare Earth Elements (REEs), P, and trace metals within apatite phenocrysts-particularly in phonolitic and
tephritic units-underscores the need for targeted exploration of these rocks as promising carriers of critical
REE resources.
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2 »cong Anticline

Trachyte and trachyandesite. )( Syncline

[ ] o

Andesite and tephrite pillow lavas. o
/[ Strike slip fault

Volcanic breccia with pyroxene andesite, tephrite and trachyandesite fragments.
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.(Mehrpartou and Nazer, 1999) ,.Is 4 (Babakhani and Nazer, 1991)

Fig. 1. (a) Structural units of Iran showing the study area (Alavi, 1991), (b) Simplified geological map of the
Khordeh Qeshlaq area, redrawn with some modifications from the 1:100,000-scale geological maps of Lahrud
(Babakhani and Nazer, 1991) and Kalibar (Mehrpartou and Nazer, 1999).
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Table 1: Major element (wt%) concentrations and trace elements (ppm) in Khordeh area.

Sam KQ3 KQ. KQ. KQ. KQ KQ KQ KQ KQ KQ KQ KQ KQ KQ KOQ.

ple 37 41 6 27 42 43 18 40 48 50 51 .8 32 35
No.  picroba basalt basa trachy basalt tephrite-basanite ~ phenotephri trachyite
salt It- te
dike

SiO2 4444 453 482 459 48,6 47. 492 456 446 48. 478 507 61. 607 613

TiO2 1.15 1.10 1.16 1.15 0.87 1.07 1.01 1.15 09 093 086 0.64 0?5 0.42 0.58
ALO 16.02 176 165 152 17 174 151 185 176 165 184 185 1%. 189 17.9
Fe3zO 12,60 141 119 126 112 11.6 122 119 126 11.7 9.80 9.20 3?3 356 3.95
toial °
Mn <1 <l <1 021 021 023 024 019 025 <1 024 024 02 021 <1
I\SI)g 6.91 420 527 687 434 409 636 274 551 316 3.70 3.04 0?7 0.57 045
CSO 1246 101 9.1 115 855 886 947 103 11.0 923 729 6.40 2%3 1.97 1.74
Naz 2.80 260 262 269 310 344 235 392 217 398 646 483 4%3 442 443
K?O 0.78 221 292 155 331 278 291 206 261 332 271 457 6?9 739  7.65
P20s 0.63 058 050 044 0.74 0.61 031 1.03 042 0.54 0.68 0.5 0?1 0.18 0.16
L.O. 1.90 190 150 150 1.60 190 060 200 1.80 200 1.60 0.90 172 1.30 140
T(I)ta 99.68 99.6 99.7 99.6 99.5 99.6 99.8 995 99.5 100. 99.6 99.6 9(;. 99.7  99.6
1 7 0 8 5 5 1 6 9 21 1 6 72 2 5
Co 3937 328 30.1 375 286 297 323 27.1 332 266 167 143 27 289 295
2

Rb 6231 317 855 271 459 515 824 732 707 316 821 47.1 192 199. 210.

Zr 253 232 307 276 264 263 335 414 323 167. 261. 207. 671 812 874

4 7 0
Nb 13.88 117 189 147 164 188 21.5 276 159 962 147 11.7 59. 68.7 5838
7
Cs 0.99 090 237 130 327 4.60 7.78 343 228 228 3.06 443 64 587 4.10
5

La 4334 427 341 496 429 324 316 71.1 300 241 462 298 112 118 113
Ce 7329 738 573 81.6 742 56.1 548 120. 508 422 77 479 169 179 177
Pr 8.84 935 7.03 951 951 7.08 6.66 148 640 526 971 580 18 192 199

Nd 36.58 37.1 27.8 391 374 281 260 56 256 21.8 402 227 5(;. 66.1 71.0
Sm 6.97 752 602 726 776 620 548 102 557 559 895 6.08 9?4 9.91 11.
Eu 1.95 234 176 196 223 194 141 293 170 176 292 232 2‘}3 2.55 3.%1
Gd 6.06 590 490 6.08 571 490 392 8.62 484 359 624 371 9(.)4 9.61 104
Tb 0.90 091 078 091 09 0.79 0.74 120 0.76 0.67 097 0.60 1%0 1.16 1.34
Dy 4.55 499 452 489 504 437 437 6.18 435 3.65 497 320 5‘}7 6.24 738
Ho 0.91 097 096 096 1.05 095 1.05 1.08 093 0.85 1.06 0.70 1(.)0 1.20 143
Er 2.54 279 277 271 294 273 270 316 264 224 283 1091 3?2 372 448
8
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Figure 2. Selected field photographs: (a) Pillow lava at the base and prismatic lava at the top, overlain by epiclastic
breccia, view toward the northwest. (b) Pillow lava, (c) Close-up view of prismatic lava north of the Mogan Road,
(d) Epiclastic-hyaloclastic breccia at the base and tuff at the top, showing clear cross-bedding, (e) Tuff and
ferruginous tuff at the base, and hyaloclastic breccia and lava at the top, northeast of Mirjafarlu village, (f) Fossil

lava lake within pillow lava, (g) Hyaloclastic breccia containing fragments of pillow lava, (h) Coarse-grained
analcime in tephrite, (i) Ignimbrite-breccia in Kuh-e-Qizgachan.
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Figure 3. Selected photomicrographs showing: (a) two generations of clinopyroxene (augite) phenocrysts in
picrobasaltic lava, Yousef Khan Kandi village (XPL), (b) plagioclase phenocryst in basaltic trachyandesite lava
(XPL), (c) lobate contact of a xenolith with olivine basalt composition in trachytic lava (PPL), (d) aggregate of
twinned augite phenocrysts in basaltic lava from Noori Kandi village (XPL), (e) sieve texture in plagioclase
phenocrysts in tephrite from Gelsen Gursen village (PPL), (f) apatite crystals in tephritic lava, east of Gelsen-
Gorsen village (XPL), (g) hourglass twin in an augite phenocryst from basaltic trachyandesite lava, Moshiran

village (XPL), (h) analcime phenocryst in tephritic lava, Vazir Gang village, and (i) fiamme and pseudofiamme
in ignimbrite, Yousef Khan Kandi village (XPL). Mineral abbreviations follow Winter (2014).
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Figure 4. (a) Na,O + K,O versus SiO; classification diagram (Le Bas et al., 1986), (b) KO versus SiO, magmatic
trend diagram (Peccerillo and Taylor, 1976), showing tholeiitic, calc-alkaline, and high-K magmatic trends.
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Figure 5. Harker variation diagrams showing the concentrations of selected major and trace elements relative to
Si0; and fractional crystallization borders.
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Figure 7. (a) Chondrite-normalized rare-earth element (REE) patterns showing the fields for normal mid-ocean-
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MORB) (Sun and McDonough, 1989). (b) Primitive-mantle-normalized spider diagrams for the volcanic rocks of
the study area (Sun and McDonough, 1989). N-MORB, T-MORB, and E-MORB fields are adapted from Sun and
McDonough (1989).
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Fig. 8. Tectonomagmatic discrimination diagrams for the studied volcanic rocks; (a) Th/Nb vs. TiO»/Yb diagram

(Pearce et al., 2021), (b) Zr/Nb vs. TiO»/Al,O3 diagram (Miiller and Groves, 1994), (¢c) Th/Nb vs. La/Yb diagram
(Hollocher et al., 2012), (d) Th/Hf vs. Ta/Hf diagram (Schandl and Gorton, 2002).
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Figure 9. (a) TiO, versus MgO diagram showing the peridotite (Kushiro, 2001), carbonate peridotite (Dasgupta
etal., 2007), garnet pyroxenite (Hirschmann et al., 2003), eclogite (Pertermann and Hirschmann, 2003), carbonate
eclogite (Dasgupta et al., 2006), and hornblende (Pilet and Stolper, 2008) fields. (b) Nb/La versus La/Yb diagram
(Watson, 1993) showing the lithosphere, lithosphere—asthenosphere, and asthenosphere fields (Smith et al., 1999).
Average crustal compositions are from Taylor and McLennan (1985) and Condie (1993), and average mid-ocean-

ridge basalts are from Le Roux et al. (2002). (¢) Sm/Yb versus Sm diagram (Aldanmaz et al., 2000) showing the
partial-melting percentages and mantle source composition of the studied volcanic rocks.
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