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Keywords: Azarbaijan structural zone, which together with the Little Caucasus and the highlands
Eisrglttfasalt, of southeastern Turkey have evolved due to the convergence of the Arabian and
alkaline serie, Eurasian plates during the Alpine-Himalayan orogeny. The study area includes
ISE*:)OCS;‘;”“"' outcrops of Eocene volcanic and volcano-sedimentary sequences which were
Lahrud, deposited in marine to continental environments. The volcanic portion of these
Ardabil. sequences consists of volcanoclastic rocks as well as lava flows. A few acidic

volcanic rocks and ignimbrite are locally exposed in this area. The petrographic
studies show that the Yusef-Khan-Kandi volcanic rocks include picrobasalt, basalt,
tephrite,  basanite, trachybasalt, basaltic trachyandesite, phenotephrite,
tephrophenolite, trachyandesite and trachyte compositions. Phyric texture is common
within the volcanic lavas. The majority of the samples show transitional to potassic
trends, with only a few samples exhibiting sodic trends. The transitional trend
observed in a significant number of the studied samples probably has resulted from
the mingling of the sodic and potassic magmas. The Harker binary variation diagrams
indicate trends that are consistent with fractional crystallization. The chondrite-
normalized REE patterns and primitive mantle-normalized spider diagrams show
high LREE/HREE ratios which could be explained by partial melting of an enriched
mantle (including asthenospheric) or a metasomatized mantle in collisional to
continental arc environments. Most of the studied volcanic rocks plot in the active
continental arc or within plate domains. It seems that following the convergence
between the Arabian and Eurasian plates in the Late Cretaceous, the northward
subducting Neotethyan slab in the Eocene, triggered partial melting of the
metasomatized subcontinental lithospheric mantle. Therefore, we suggest that the
Yusef-Khan-Kandi Eocene volcanic rocks were erupted in a post-collision
extensional environment.

Introduction structural zone (Alavi, 1991; Babakhani and

The study area is located in the north of the Khan Nazer, 1991), which together with the
Yusef -Kandi village, north of Lahrud, Ardabil Little Caucasus and the highlands of
Province (northwestern Iran). This area southeastern Turkey, have evolved due to the

comprises portions of the Alborz-Azarbaijan
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convergence of the Arabian and Eurasian
plates during the Alpine-Himalayan orogeny.
Material and methods

We used the data of field observations,
petrography and geochemical analyses. The
major and trace elements of the samples were
analyzed by X-ray fluorescence (XRF) and
inductively coupled plasma mass
spectrometry (ICP-MS) at the GSI laboratories
in Tehran and Karaj.
Results and discussion

The study area includes outcrops of Eocene
volcanic and volcano-sedimentary sequences
which were deposited in marine to continental
environments. The older rocks of the area,
consist of Alahyarlo ophiolitic mélange that
was metamorphosed in green schist facies.
The Late Cretaceous recrystallized limestone
and dolomite tectonically overlie the mélange
assemblages.  The  Eocene  volcano-
sedimentary sequence contains a basal
conglomerate overlying the older units with an
angular unconformity. Paleontological study
of the intercalated limestone lenses within the
volcano-sedimentary sequence reveals a
Middle-Late Eocene age. The volcanic portion
of this sequence consists of volcanoclastic
rocks as well as lava flows. A few acidic
volcanic rocks and ignimbrite are locally
exposed in this area.

Epiclastic breccias with interlayers of
pillow lava are exposed on the basal
conglomerate of the studied sequence. Weakly
rounded pebbles in the poorly sorted epiclastic
breccias are cemented by carbonate and
hyaloclastite materials. The pebbles include
older ophiolitic and sedimentary rocks as well
as Eocene volcanic pebbles. The clasts vary
from meter-sized boulders to centimeter- to
decimeter-sized pebbles. Sandstone and marl
layers are exposed above the epiclastic breccia

and pillow lava. The volume of epiclastic
breccia, pillow lava and sedimentary rocks
decreases at the expense of increasing volume
of volcanic lava toward the top of the
sequence. A thick massif lava flow, with
concentric columnar jointing at the bottom,
possibly indicates a fossil lava lake. Ropy,
megaphyric-phyric lavas and ignimbrite are
exposed towards the top of the sequence.
Olivine basalt and picritic lava crop out at the
top of the volcano-sedimentary sequence. The
decreasing volume of epiclastic breccia,
pillow lava and hyaloclastite, and increasing
phyric-megaphyric lavas towards the top of
the sequence confirms that the Eocene
volcanic eruptions gradually changed from a
subaqueous to a subaerial environment.

The microscopic studies show that the
Yusef-Khan-Kandi volcanic rocks include
picrobasalt, basalt, tephrite, basanite,
trachybasalt, basaltic trachyandesite,
phenotephrite, tephrophenolite, trachyandesite
and trachyte compositions. Phyric texture is
common within the volcanic lavas. Fresh
olivine is a major constituent mineral in the
basic  lavas. Two  generations  of
clinopyroxenes (augite) are abundant in
picrobasalts, olivine basalts and basalts. The
first generation of clinopyroxene show
anhedral shapes with zoning, spongy texture,
and reaction rims. The second generation of
clinopyroxene exhibits euhedral shape and
glomeroporphyritic  texture. The second
generation of clinopyroxenes is sometimes
formed as a thin rim around the first generation
of clinopyroxenes. It is possible that the first
generation of clinopyroxenes is the result of
crystallization from a parental sodic magma
which has been corroded due to the reaction
with alkaline potassic magma (Soltan
Mohammadi, 2018). The presence of analcime
as the main mineral, together with sodalite in



Khalatbari Jafari et al.

Geology, petrography and geochemistry of Eocene lavas ...

phenotephrite, tephrophenolite and basaltic
trachy-andesitic lavas confirms the alkaline
and undersaturated nature of these lavas. Fine-
grained Iherzolitic xenolithes are occasionally
found in the picrobasaltic lavas. The presence
of the fine-grained olivine basaltic to basaltic
autolith confirms mingling of the basaltic and
trachytic magmas.

Except for a few trachybasalt,
trachyandesite and tephrite basanite samples
that plot in the subalkaline field, all other
samples follow alkaline and shoshonitic
trends. In the sodic-potassic discrimination
diagram, the majority of the samples show
transitional to potassic trends, with only a few
samples exhibiting sodic trends. The
transitional trend observed in a significant
number of the studied samples probably has
resulted from the mingling of the sodic and
potassic magmas. The Harker binary diagram
variations indicate trends that are consistent
with fractional crystallization.

The chondrite-normalized patterns of the
samples, show slight light rare earth elements
(LREE) enrichment in comparison to heavy
rare earth elements (HREE). A gentle slope
from La to Yb of these patterns, coupled with
a significant decrease in middle rare earth
elements (MREE) (for example La/Gd>10)
probably indicate the presence of garnet in the
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mantle  source.  Although, the high
LREE/HREE ratios could also be resulted
from partial melting of an enriched
asthenospheric mantle or a metasomatized
mantle in collisional to continental arc
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Some primitive mantle-normalized spider
diagrams show depletion in Rb, Nb, Ta and P.
Additionally, some spider diagrams display
enrichment in Cs, Th, U, La, K and Zr. These
geochemical characters with depletion in Ti,
Nb and Ta could be attributed to partial
melting of either a metasomatized mantle or a
low grade partial melting of a depleted mantle
source. Most of the studied volcanic lavas plot
in the active continental arc or within plate
domains.

Conclusion

It seems that following the convergence
between the Arabian and Eurasian plates in the
Late Cretaceous (e.g. Khalatbari jafari et al.,
2016 and references therein), the northward
subducting Neotethys slab in the Eocene,
triggered partial melting of the metasomatized
subcontinental lithospheric mantle of the
Central Iranian microplate. Therefore, we
suggest that the Yusef-Khan-Kandi Eocene
volcanic rocks were erupted in a post-collision
extensional environment.
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Fig.1. a) The structural map of NW Iran (modified from Alavi, 1991). The rectangle shows the location of the
study area (Fig. b). b) Simplified geological map of the Yusef-Khan-Kandi region modified from the Lahrud
map, scale 1:100000 (Babakhani and Khan Nazer, 1991).
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Table 1. Whole rock major (wt.%) and trace element (ppm) analyses of volcanic samples of the Yusef-Khan-
Kandi area, north of Lahrud.

Sample LR-2 LR-36 LR-23 LR-24 LR-10 LR-16 LR-17 LR-47 LR-30 LR-33 LR-1 LR-5 LR-7
Basaltic-

Rock Picrobasalt Basalt Trachybasalt Tephrite-basanite Phor!oteph Trachy- Tephr_oph Trachy - Trachyte
type rite andesite onolite  andesite

SiO2 434 46.0 49.2 482 51.0 46.0 445 49.1 50.1 55.1 58.6 61.2 60.6
TiO2 0.9 1.1 1.0 1.5 0.7 1.1 1.1 0.9 0.6 1.1 0.9 04 05
Al20s3 135 16.7 174 187 199 183 184 18.9 18.9 17.9 16.7 19.2 186
Fe20s+ 12.8 136 109 107 69 107 116 8.0 9.0 6.3 6.2 32 37
MnO 0.2 0.3 <1 <1 0.7 0.3 0.3 0.2 0.3 0.2 <1 02 <1
MgO 10.1 5.7 2.3 2.7 1.9 2.6 35 15 1.8 1.1 1.0 1.0 07
Ca0 13.6 9.0 9.9 8.3 7.0 99 102 8.0 9.7 3.2 6.1 25 26
Na20 2.7 23 3.0 33 3.6 3.2 33 3.8 3.0 3.9 35 42 42
K20 0.5 2.2 3.7 34 4.4 34 3.1 5.0 4.2 75 3.9 66 75
P20s 0.4 0.4 0.7 0.9 0.6 0.9 11 0.8 0.6 0.4 0.5 02 01
L.O.L.* 1.3 2.3 1.4 1.8 2.7 3.0 2.6 3.0 13 29 2.2 12 12
Total 99.5 99.6 996 996 995 995 995 99.3 99.6 99.7 99.6 99.8 99.7
Sc 40.8 255 270 166 740 135 190 12.5 15.0 5.91 7.18 139 3.25
Co 49.4 321 235 213 140 203 252 17.1 216 6.72 16.5 2.68 2.28
Rb 35.2 51.7 526 826 101 470 544 66.0 74.6 233 111 174 206
Zr 206 194 253 528 608 431 379 336 174 1031 455 781 881
Nb 9.69 112 101 454 549 323 281 23.6 8.63 88.2 311 60.7 63.0
Cs 1.07 057 124 283 390 229 2.89 1.43 1.68 7.13 2.10 8.01 6.08
La 389 371 350 702 833 705 664 47.0 39.9 124 72.1 115 107
Ce 65.1 62.0 60.0 117 137 118 113 78.9 66.8 197 112 173 164
Pr 8.19 775 820 142 155 143 139 9.86 8.23 21.7 12.6 18.1 17.7
Nd 34.0 306 329 510 545 546 524 40.3 325 75.6 475 65.0 59.2
Sm 6.67 6.62 691 898 953 103 103 8.63 6.89 13.0 8.24 958 9.24
Eu 1.85 216 192 237 266 278 283 2.77 2.20 2.94 241 244 2.35
Gd 5.71 527 599 827 832 878 8.68 6.49 5.08 111 7.23 9.15 9.14
Th 0.81 0.83 0.98 1.13 1.03 1.05 111 1.00 0.76 1.46 0.85 1.13 1.05
Dy 4.24 472 534 6.05 521 552 5.60 4.96 4.34 7.87 4.25 6.06 5.59
Ho 0.83 097 112 117 098 1.04 1.08 1.13 0.89 1.52 0.77 113 1.11
Er 2.16 276 321 3.38 279 278 3.05 2.80 2.45 4.50 2.22 3.38 334
™™ 0.32 043 050 0.2 042 042 042 0.47 0.40 0.71 0.33 0.55 0.53
Yb 1.90 268 313 323 285 277 267 2.86 242 4.50 2.05 3.74 3.78
Lu 0.34 045 054 053 050 049 047 0.52 0.41 0.76 0.40 0.72 0.63
Hf 3.54 440 448 7.70 852 6.59 6.03 7.20 3.17 15.2 7.80 125 132
Ta 0.27 0.76 055 248 269 188 1.21 3.79 0.45 5.56 2.00 440 4.05
Th 7.54 420 100 176 237 189 153 115 8.22 42.0 16.2 35.0 347
U 1.58 1.09 277 398 6.04 571 3.73 2.54 2.14 10.4 321 7.44 794
w 0.99 066 039 1.26 129 114 056 0.80 0.55 4.21 1.67 261 264
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Fig.2. Generalized lithostratigraphic column of the Eocene volcanic rocks in the Yusef-Khan- Kandi area, based

on field observations.
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Fig.3. Field photographs of the rock units in the study area. a) the exposure of the hyaloclastic breccia,
hyaloclastite and lava (E®) in the northwest of Nouri Kandi village. b) the presence of volcanic fragments
showing spherical weathering in the hyaloclastite. ¢) thick massif lava flow interbedded with hyaloclastite and
pillow lava (EP2%), with columnar jointing at the bottom, possibly showing a fossil lava lake. d) pillow lava (EP).
e) panoramic images of the volcanic rocks of the EP™, east of Vijini village. f) fragments of the breccia (E??)
cemented by carbonate, Qoldor Kohli village. g) Panoramic images of the volcanic lavas (E'), east of Khurdeh

Qeshlag.
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Fig.4. Field photographs of the rock units in the study area. a) the porphyric-megaporphyric texture in the pillow
lava (E™). b) the ignimbrites (E') overlying the megaporphyric lava (E™), north of Yusuf Khan Kandi village.
c) Dark fragments in the ignimbrite-breccia of the unit E'9, north of Yusef-Khan-Kandi village. d) dark enclave
(olivine basalt) with lobate contact, embedded in the ignimbrite (E'9). e) the pseudofiamme in the ignimbrite

(E"9). f) pyroxenite enclave in the picrobasaltic lava (E?).
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Fig.5. Photomicrographs of the studied volcanic rocks. a) phyric picrobasalt containing olivine phenocrysts
(XPL). b) Olivine phenocrysts with a replacement rim of serpentine, and analcime in trachybasalt (XPL). c)
augite phenocrysts of the second generation and olivine in picrobasalt (XPL). d) olivine basalt xenolith has
lobate contact with trachytic lava (XPL). e) olivine basaltic lava (XPL). f) augite of the first generation
displaying resorption and the mantling of non-resorbed augite of the second generation. Fine olivine inclusions
distributed within clinopyroxene (PPL). g) olivine phenocrysts with the augite of the second generation in the

trachybasaltic lava (XPL). h) a cumulative aggregate of augite, plagioclase, analcime and apatite in
phenotephrite (XPL). i) oscillatory zoning in the plagioclase phenocryst of the basaltic trachyandesite (XPL).
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