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1. Introduction

ABSTRACT

Abundant intermediate volcanic rocks — andesite and basaltic andesite — are exposed in the Bukan
area in northwestern Iran. Major and minor element analyses of bulk rocks show they have sub-
alkaline and High-K calc-alkaline features. Both compositional groups have phenocryst assemblages
that include pyroxene, amphibole and plagioclase feldspar with porphyritic and glomeroporphyritic
textures. The patterns of multi-trace-element and REE diagrams are enriched in large ion lithophile
(LILE) and light rare earth elements (LREE) compared to high field strength elements. Depletion
in Nb, Ti, Ta are comparable to those observed in subduction zone volcanics. Tectonomagmatic
discrimination diagrams show the formation of these rocks in the active continental margin. The
averaged values of geochemical parameters Ce/Pb, Th/Ce and Ba/Nb indicate the characteristics of
subduction zones, interpreted to reflect enrichment by sediments and contamination with continental
crustal material. The interpretation of geochemical diagrams shows that Bukan intermediate lavas

were formed by partial melting of lithospheric and spinel lherzolitic mantle.

The study area is located in the northern portion of the Sanandaj-
Sirjan zone at 46° 00" 00" E to 46° 07" 00" E Latitude 36" 29" 00"N
to 36" 24" 00" N Longitude (Figs 1 and 2 a, b). The subduction of
Neo-Tethys Ocean occurred for a really long time under Eurasia
and the Zagros and its structural zones were formed with parallel
NW-SE trends (Takin, 1972; Alavi, 1980, 1994; Berberian and
King, 1981; Dilek and Furnes, 2019). The Sanandaj-Sirjan zone is a

region of Andean-style metamorphism, and it located in the north of

the Zagros. The length of this zone is about 1000 kilometers and its
width is approximately 100-150 kilometers (Stdcklin, 1968; Zhang
et al., 2018). This area has undergone multiphase deformation and
consists of various igneous, metamorphic and sedimentary rocks
from the Neoproterozoic to the Neogene (Stocklin and Nabavi,
1973, Hassanzadeh and Wernicke, 2016). Magmatic activity of
this region in the Cretaceous through Eocene is impressive in

terms of the quantity and spatial distribution of andesitic volcanic
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rocks. Gholipour et al. (2021) investigated Cretaceous andesitic
rocks and considered them to be Late Cretaceous in age. Some
researchers believe that the Cretaceous period in the Sanandaj-
Sirjan area was accompanied by a period of magmatic stagnation
due to a change in the angle of the subduction slab from steep to
flat (Richards, 2015) after which Paleocene-Eocene magmatic
activities occurred following slab rollback beneath Iran (Verdel et
al., 2011) in the Sanandaj-Sirjan zone. Cenozoic magmatic activity
in Iran, especially in the northern Sanandaj-Sirjan zone, has been in
the form of granitoids. Some authors believe Cenozoic magmatism
in this zone coincides with the Late Paleogene-Eocene magmatic
flare-up in the Urmia-Dokhtar zone, Central Iran and Lut block
(Agard et al., 2011; Verdel et al., 2011). Meanwhile, some other
researchers have proposed the idea of transtensional magmatism
for part of the Tertiary magmatic activities in the Zagros orogen
including Sanandaj-Sirjan zone (Ebrahimi et al., 2017). Mazahari
et al. (2020) interpreted granite rocks with 39.7-40 age (Eocene)
in the Pasveh region as resulting from rollback of the oceanic slab

associated with the thinning of the lithosphere.

2. Research methodology

About 100 petrographic thin sections of rock units were studied using
a polarizing microscope to identify the textural and mineralogical
features. Bulk-rock major, trace and rare-earth element analyses of
10 samples were performed at the Pennsylvania State University,
USA. Major oxides were determined using ICP-AES, and trace
and rare-earth elements (REEs) were analyzed by ICP-MS in the
Laboratory of isotopes and metals in the environment (LIME) at the
Pennsylvania State University. The sample digestion procedures
are similar for both ICP-MS and ICP-AES. Sample powder (0.2 g)
mixed with liBO, flux. The value of LOI for each sample was

obtained by weighing before and after heating in the furnace at 900 °C.

3. Results and discussions
3.1. Petrography
The intermediate rock samples consist of basaltic andesite and

andesite.

3.1.1. Andesite: This rock comprises plagioclase, pyroxene, and
amphibole phenocrysts that display porphyritic, glomeroporphyritic
and occasionally sieve textures (Figs. 4-a, b, c, f). Plagioclase
crystals are often euhedral and vary from andesine to labradorite
in composition. Amphibole occasionally exhibits normal zoning
and varies from magnesian hornblende to tschermakite (Damchin
Mashak et al., 2024). Clinopyroxene is found in anhedral to
euhedral forms and are classified from their optical characteristics
as including both augite and diopside crystals (Damchin Mashak
et al., 2024).

3.1.2. Basaltic andesite: The rocks include clinopyroxene,
orthopyroxene, plagioclase and accessory apatite and Fe-Ti oxides. The
matrix is made of plagioclase microlites, opaque minerals and glass.
The common textures are porphyritic, glomeroporphyritic, seriate and
sieve textures (figs. 4-d, e). Plagioclase is euhedral and has spongy and
sieve textures (Fig. 4-d). The size of orthopyroxene phenocrysts varies
from 3 mm to 10 mm. The orthopyroxene composition is enstatite and

clinopyroxene is diopside (Damchin Mashak et al., 2024).

3.2. Major and trace-element geochemistry

Bulk-rock geochemical analyses of representative volcanic rock
samples are given in Table 1. The studied samples have SiO, contents
of 50.69-59.81 wt.%, TiO, 0.49-0.94 wt.%, MgO 3.29-7.31 wt.%
and Fe,0, 0.75-4.12 wt.%. Co and Ni contents of the volcanic rocks
range from 1 to 23 ppm and 1 to 12 ppm, respectively, and the
samples have Mg# 50.1-63.9. In the classification diagram of Le
Bas et al. (1986) samples from the Bukan area plot in the andesite
and basaltic andesite fields (Fig. 5-a). All samples from Bukan are
High-K calc-alkaline. In the normative diagram all samples plot
in sub-alkaline field (Fig. 5-d). MgO, CaO, Fe 0., ALO,, TiO,,
and P O, contents decrease whereas K O increases with increasing
SiO, (Fig. 6); abundances of Rb, Sr, Ba, Zr increase with increasing
SiO2 and Eu, Cr, Nb, Sc and V decrease in the Harker diagrams
(Harker, 1909) (Fig.7). In chondrite-normalized REE diagrams
the samples from the Bukan area show enrichment in LILE (Rb,
K, Th, Cs, Ba) and depletion in HFSE (Hf, Zr, Nb, Ti, Ta, Y, Th)
(Fig. 8-a). This feature is characteristic of calc-alkaline magmas in
subduction zones (Tatsumi and Eggins, 1995; Rudnick and Geo,
2003; Khalaj et al., 2007; Kelemen et al., 2014). Negative Eu
anomalies (i.e., Eu/Eu*= [V Eu/(Sm, Gd,)%:]) indicate remove of
plagioclase in the magmatic chamber (Rollinson, 1993; Arslan and
Aslan, 2006; Davidson et al., 2013). Negative anomalies of Ti, Nb,
and Ta (Fig.8-a) are consistent with a continental arc environment
and subduction related magmatism (Taylor and Mclennan, 1995;
Pearce, 2008). Enrichment of MREE reflect the presence of
amphibole and pyroxene (Brophy, 2008) in source of volcanic
rocks. The observed relationship between ThN and NbN (Saccani
et al., 2014; 2017) provides further support for the continental arc
and convergent margin setting (Fig. 9-a). Values of Ba/Nb >28 (Fan
etal., 2004) and Ba/Ta >450 (Gill, 1981) also support a volcanic arc
setting. Ba/Nb vs. Nb of the samples studied tend to the continental
arc basalt range (Fig. 10-d) and suggest a weak influence of
subduction materials. In the diagram Ba/Nb Vs. La/Nb (Jahn et
al., 1999), the studied samples are inclined to the continental arc
field (Fig. 10-b). In the Nb/Y vs. Zr/Y diagram (Condie, 2005),
the studied samples are plot within the range of continental arcs
(Fig.10-c). The studied rocks have an average Ce/Pb ratio of 3.44

which reflects involvement of crustal materials in their magmatic
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evolution (Rudnick and Gao, 2003) (Fig. 11-a). In magmas with
mantle origin Th/Ce varies from 0.05-0.02 (Sun and McDonough,
1989). Th/Ce ranges from 0.18 to 0.09 in Bukan volcanic rocks
indicates crustal contamination or melting of subduction sediments
in their origin (Hawkesworth et al., 1997; Elburg et al., 2002). The
negative trend of Nb/U against SiO, indicates crustal contamination
(Fig.11-b) (Gao et al., 2021). In the Nb*/U vs. Ta/La and Nb*/U vs. Ce/
Pb diagram (Gorring and Kay, 2001) Bukan volcanic rocks have arc
and continental crust affinity (Figs. 11-c, d). The Bukan volcanic rocks
do not appear geochemically similar to MORB or OIB as they do not
show positive Nb, Ti, Ta anomalies (Figs. 8-a, b). These rocks cannot
be derived from a depleted mantle source (DMM) but rather require
an enriched source. The trace element geochemistry of Bukan samples
provides strong evidence for their origin in a zone of continental arc
convergence. These volcanic rocks have Nb/La between 0.46-0.63 and
an average of 0.55. Samples with Nb/La less than 0.5 are located in the
lithosphere and those with Nb/La equal to 0.51-0.63 are located at the
common boundary of lithospheric mantle and asthenosphere mantle
(Pearce, 2008) (Fig. 12-a).

75

4. Conclusion

The Bukan area rocks comprise andesite and basaltic andesite
with  porphyritic,  glomeroporphyritic ~ and  occasionally
sieve textures. They have High-K calc-alkaline affinity. The
geochemical data of Bukan volcanic rocks indicate they could
form by differential crystallization of plagioclase, pyroxene,
amphibole and apatite from a primary magma. The studied
rocks with Ba/Nb >28, Ba/Ta >450, and low Nb/Y belong to
continental arc and active continental margin tectonic settings.
Geochemical features such as Ba/Nb, Ce/Pb, Th/Ce, and
Nb/Ta and the negative slope of Nb/U against SiO, show that the
studied rocks were slightly affected by subducted sediments and/
or contamination with continental crust. Geochemical data indicate
that volcanic rocks have subduction affinity and are not similar to
magmas derived from OIB or MORB sources. The ratio of trace
elements La/Sm and La/Yb shows that the andesite rocks and
basaltic andesite of Bukan probably originated from the melting
of a mantle with spinel lherzolitic composition and lithospheric

derived material.
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basaltic andesitic rocks. d) Exposure of andesite rocks in Kani-pankeh village.
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clinopyroxene accumulation in andesite rock. e) The presence of crystals with sieve texture next to clinopyroxene and orthopyroxene
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Table 1. Summary of petrographic features of the Bukan volcanic rocks.

L. . . Secondary
Rock type Group/sample Main minerals Main textures Accessory minerals .
minerals
Porphyry, Seriate
. Plagioclase, TPIVLY: . Apatite .
Andesite Ssq-6 Porphyritic, Calcite
Hornblende Opaque
Glomeroporphyry
Porphyry, Seriat
. Plagioclase, TPV Ae.rla ¢ Apatite .
Andesite $sq-9 Porphyritic, Calcite
Pyroxene Opaque
Glomeroporphyry
Plagioclase, Porphyry, Apatite .
Andesite $sq-50 & Py P Calcite
Hornblende Glomeroporphyry Opaque
Plagioclase, Porphyry, Apatite .
Andesite ssq-18 & PIYEY P Calcite
Hornblende Pyroxene Glomeroporphyry Opaque
Plagioclase, Porphyry, Apatite .
Andesitic basalt $8q-67 & PRYEY P Calcite
Hornblende Pyroxene Glomeroporphyry Opaque
Plagioclase, .
.. . Porphyry, Apatite .
Andesitic basalt Ssq-40 Clinopyroxene Calcite
Glomeroporphyry Opaque
Orthopyroxene
Plagioclase, Porphyry, Seriate .
o . -, Apatite .
Andesitic basalt $8q-48 Clinopyroxene Porphyritic, Calcite
Opaque
Orthopyroxene Glomeroporphyry
Plagioclase, Porphyry, Apatite
Andesitic basalt $sq-52 ¢ TP P Calcite
Hornblende Glomeroporphyry Opaque
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Figure 5. Chemical classification of Bukan volcanic rocks. a) K O+Na,O vs. SiO, diagram

from Le Bas et al. (1986) showing that the samples are located in the basaltic andesite
and andesite field. b) SiO, vs. Zr/TiO, diagram from Winchester and Floyd (1977) for

naming the studied samples. c) K,O vs. SiO, diagram from Peccerillo and Taylore (1976)

showing the studied samples in the K- calc-alkaline magmatic series. d) Ol’-Ne'-Q’

diagram from Irvine and Baragar (1971) showing that the rock units of the region are

sub-alkaline series.
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Table 2. The result of whole rock wt.% analysis of volcanic rocks in the Bukan area.

Sample Ssq-9 Ssq-50 Ssq-18 Ssq-40 Ssq-48 Ssq-67 Ssq-52 S6A S47A S43A
Composition Andesite Andesite Andesite Basalfic Basalfic Basalfic Basalfic Andesite Andesite Basalfic
andesite andesite andesite andesite andesite
TiO, 0.63 0.50 0.78 14.48 0.67 0.94 0.70 0.53 0.66 0.48
ALO, 17.68 16.26 16.709 14.5 14.04 18.24 14.99 15.25 14.59 14.79
Fe,0, 0.75 0.96 1.06 7.71 1.22 1.23 1.17 0.80 1.37 4.12
FeO 4.12 5.31 5.83 1.40 6.73 6.78 6.47 4.41 7.55 0.75
MnO 0.05 0.09 0.11 0.14 0.12 0.14 0.14 0.08 0.30 0.08
MgO 3.54 6.12 3.81 6.93 7.31 6.05 5.90 3.29 5.66 4.11
Ca0O 7.17 6.98 6.42 8.88 7.86 9.32 10.79 5.81 8.60 6.91
Na,O 2.75 3.16 3.40 2.34 2.51 2.56 2.52 2.99 2.73 3.38
K,0 2.82 2.56 1.90 2.20 2.16 225 2.16 2.46 2.19 2.54
P,0, 0.20 0.13 0.20 0.29 0.22 0.21 0.16 0.18 0.21 0.14
LOI 0.98 2.40 1.45 0 2.12 2.31 1.70 2.34 2.11 1.53
Total 99.74 99.57 97.14 100.79 99.43 100.36 99.76 98.00 100.61 98.18
Sc(ppm) 18.2 30.1 24.6 31.4 33.0 323 26.0 17.33 22.11 21.55
\4 121.2 160.6 157.4 163.9 172.4 217.7 132.0 92.38 126.04 113.99
Cr 28.3 89.8 52.8 213.5 264.4 56.65 199.19 45.60 159.02 118.12
Co 8.1 17.0 19.0 21.6 22.1 22.59 18.56 10.49 15.20 10.12
Ni 15.5 26.8 315 432 452 27.52 53.94 15.44 4731 37.11
Rb 112.4 39.9 389 60.8 522 27.16 57.10 67.7 71.84 51.23
Sr 509.26 255.63 411.15 347.63 355.52 439.66 666.53 425.83 440.35 362.78
Y 14.90 10.49 17.26 13.46 14.16 15.15 15.18 12.85 10.18 9.68
Zr 96.2 98.9 99.3 77.1 77.2 107.83 73.49 103.33 81.87 97.84
Nb 6.20 7.09 8.66 6.28 7.47 6.45 8.03 8.66 6.48 7.72
Ba 416.31 420.8 442.00 316.90 322.1 253.8 818.7 460.15 317.73 316.74
La 11.83 8.14 15.98 12.33 12.95 11.42 12.62 16.13 11.17 5.98
Ce 23.17 15.94 28.93 24.05 25.43 23.063 24.70 29.44 20.64 12.32
Pr 2.71 1.95 3.42 2.84 3.02 2.89 2.97 3.42 2.40 1.55
Nd 10.82 8.01 13.51 11.40 12.14 12.22 11.78 13.51 8.82 6.58
Sm 2.39 1.82 2.94 2.42 2.61 2.81 2.55 2.94 1.76 1.59
Eu 0.61 0.57 0.81 0.68 0.72 0.85 0.86 0.58 0.48 0.48
Gd 2.39 1.83 2.83 235 2.52 2.78 2.49 2.15 1.68 1.62
Tb 0.38 0.29 0.45 0.36 0.39 0.43 0.40 0.45 0.28 0.26
Dy 2.78 2.05 3.24 2.58 2.75 3.04 2.85 2.38 1.92 1.86
Ho 0.58 0.42 0.67 0.53 0.56 0.61 0.59 0.67 0.38 0.38
Er 1.71 1.18 1.96 1.55 1.61 1.72 1.71 1.46 1.13 1.09
Tm 0.25 0.16 0.28 0.22 0.23 0.24 0.25 0.28 0.15 0.15
Yb 1.63 1.02 1.86 1.44 1.46 1.50 1.57 1.86 1.02 0.99
Lu 0.26 0.15 0.29 0.23 0.22 0.22 0.23 0.29 0.15 0.15
Hf 2.66 0.72 2.76 1.80 0.46 1.35 2.17 2.77 1.32 1.06
Ta 0.45 0.30 0.51 0.38 0.51 0.42 0.56 0.51 0.41 0.26
Th 42 1.99 432 3.51 3.63 2.09 3.94 432 2.76 2.04
U 1.32 0.39 1.28 0.96 0.92 0.47 1.13 1.28 0.69 0.57
Dy/Dy* 0.74 0.81 0.65 0.67 0.70 0.80 0.70 0.79 0.52 0.66
Zr/Hf 28.52 40.73 3333 42.74 42.56 80.10 33.88 91.49 43.32 39.68
Th/Ce 0.18 0.12 0.14 0.14 0.14 0.09 0.159 0.16 0.184 0.133
Ba/Nb 67.14 95.41 59.97 50.38 43.10 39.28 101.93 40.98 51.17 48.9
Ba/Ta 918.3 1391.3 865.4 834.14 626.25 603.8 1437.6 1214.6 885.5 760.8
Dy/Yb 1.70 2.0 1.74 1.78 1.88 2.0 1.81 1.88 1.67 1.88
Nb/La 0.52 0.54 0.46 0.51 0.57 0.56 0.63 0.58 0.55 0.58
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Table 3. CIPW (Norm) result of the Bukan volcanic rocks.

OIS 5 ST S 5 S 5N

Sample Ssq-9 ssq-50 ssq-18 ssq-40 ssq-48 $sq-67 ssq-52 ssq43A sSq6A ssq47A
Basaltic Basaltic Basaltic Basaltic Basaltic
Composition (wt%) | Andesite | Andesite | Andesite Andesite | Andesite
andesite andesite andesite andesite andesite
Q 10.74 2.86 6.724 3.78 3.27 0.000 0.19 12.78 14.53 1.80
Or 16.67 15.15 11.24 13.04 12.77 13.32 12.77 15.01 14.55 12.95
Ab 23.35 26.77 28.79 19.82 21.25 21.73 21.35 28.61 25.33 23.11
An 27.52 22.59 24.69 22.47 20.65 31.60 23.20 17.67 20.90 21.09
Di 5.50 9.07 4.86 16.09 13.71 10.85 2391 12.22 5.51 20.69
Hy 12.15 19.15 15.85 21.51 22.00 8.70 13.03 4.57 12.20 16.10
0Ol 0.00 0.00 0.00 0.00 0.00 8.19 0.00 0.00 0.00 0.00
Mt 1.08 1.39 1.53 2.03 1.77 1.78 1.70 1.27 1.16 1.98
1 1.20 0.96 1.48 1.31 1.29 1.78 1.33 0.92 1.02 1.26
Hm 0.000 0.000 0.000 0.000 0.000 0.000 0.000 3.24 0.000 0.000
Ap 0.47 0.31 0.47 0.69 0.54 0.50 0.39 0.33 0.44 0.51
Sum 98.71 98.28 95.66 100.77 97.29 98.48 97.92 96.66 95.67 99.52
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Figure 6. Harker bivariate diagrams (Harker, 1909) showing the changes of major and minor oxides vs

silica.
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Figure7. Hacker’s bivariate diagrams (Harker, 1909) showing the changes of trace elements vs silica.
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Figure 9-a) Th-Nb diagram (Saccani et al., 2014; 2017). b) Th/Yb against Nb/Yb diagram (Pearce,
2008). Abbreviations: SSZ-E: supra-subduction zone enrichment. OIB= ocean island Basalt, N-MORB=
Normal Typical; E-EMORB=Enrichment MORB (Sun and McDonough, 1989). BABB= Back arc basin
basalt; CAB=Continental Arc Basalt. Symbols are as fig. 8.
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¢) Zr/Nb vs. Nb/Th diagram (Condie, 2005) consist 4 sections, that the Bukan volcanic rocks placed in continental arc setting. Abbreviations:

UC= upper continental crust. PM=primitive mantle. DM= shallow depleted subduction (SUB)= mantle HIMU= high MU (U/Pb) source. EM 1

and EM2= enriched mantle sources. ARC= arc-related basalts. NMORB= normal ocean ridge basalt. OIB= oceanic island basalt. DEP= deep

depleted mantle. EN= enriched component. REC= recycled component. References: (Weaver, 1991; Condie, 2003). d) Ba/Nb vs. Nb diagram
(Wanke et al., 2019). Data for LOKT and CAB fields are from (Wanke et al., 2019). Data for E-MORB, N-MORB, and OIB are from (Sun and
McDonough 1989). LKOT, low K, high Al olivine tholeiite; and ALK, alkaline series. Symbols are as fig. 5.
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