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ABSTRACT

The Khoynarood area is located in the northwest of Iran, lying at the northwestern end of the
Urumieh-Dokhtar volcano-plutonic belt and being part of the Qaradagh-South Armenia domain.
The main intrusive rocks outcropped in the area have compositions ranging from monzonite-quartz
monzonite, through granodiorite, to diorite-hornblende diorite, accompanied by several dikes of
diorite-quartz diorite and hornblende diorite compositions, which were geochemically studied in order
to provide further data and evidence for the geodynamic setting of the region. The SiO;, Al,03 and MgO
contents of these rocks are about 58.32-68.12%, 14.13-18.65% and 0.68-4.27%, respectively. They are
characterized by the K;0/Na,O ratio of 0.26-0.58, Fe;03 + MnO + MgO + TiO, content about 4.27-13.13%,
lowY (8-17 ppm)and HREE (e.g., 1-2 ppm Yb) and high Sr contents (750-1330 ppm), as well as high ratios
of Ba/La (13.51-50.96), (La/Yb)n (7-22), Sr/Y (57.56-166.25), Rb/La (1.13-2.96) and La/Yb (10-33.63),
which may testify to the adakitic nature of these intrusions. Their chemical composition corresponds to
high-silica adakites, displaying enrichments of LREEs and LILEs and preferential depletion of HFSEs, (e.g.,
Ti, Ta and Nb). The REE differentiation pattern and the low HREE and Y contents might be resulted from
the presence of garnet and amphibole in the solid residue of the source rock, while the high Sr content
and the negative anomalies of Ti, Ta and Nb may indicate the absence of plagioclase and presence of Fe
and Ti oxides in it. As a general scenario, it may be concluded that the adakitic rocks in the Khoynarood
were most likely resulted from detachment of the subducting Neo-Tethyan eclogitic slab after subduc-
tion cessation between Arabian and Central Iranian plates during the upper Cretaceous—early Cenozoic
and partial melting of the detached slab, followed by interactions with metasomatized mantle wedge
peridotite and contamination with continental crust.

© 2017 Elsevier GmbH. All rights reserved.

1. Introduction

Drummond, 1990; Green and Harry, 1999). However, other genetic
models have also been proposed for adakites, including partial

Adakites are silica-rich magmatic rocks with high Sr/Y and La/Yb
ratios, which are commonly found in different tectonic settings,
such as subduction and continental collision zones (Defant and
Drummond, 1990; Guo et al., 2007). Adakites are distinguished
from boninites by LREE enrichment (La/Yb >40), high Sr content
(>400 ppm), high Sr/Y and low 87Sr/86Sr ratios, and low radiogenic
and non-radiogenic Pb concentrations (Defant and Drummond,
1990; Grove et al., 2005). Adakites were initially believed to be
related to the convergent plate margins formed through the melt-
ing of hot and young oceanic crusts (<25 Ma; Kay, 1978; Defant and
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melting of mantle wedge materials (e.g., Castillo et al., 1999; Robin
et al., 2009) or thickened and/or delaminated garnet-bearing mafic
lower crust, underplating of basaltic magmas under a thick conti-
nental crust (e.g., Atherton and Petford, 1993; Barnes et al., 1996),
high-pressure fractionation (involving garnet) of a hydrous basaltic
magma (e.g., Prouteau and Scaillet, 2003; Macpherson et al., 2006)
and mixing of basaltic magmas with felsic melts derived from con-
tinental crust in both arc and non-arc tectonic settings (Guo et al.,
2007). Adakitic rocks are also reported from young island arcs, as
well as post-collisional regions (e.g., Jahangiri, 2007 and Simmonds,
2013 from NW Iran). Owing to their particular and characteristic
composition, adakites can reflect their source condition and tec-
tonic setting.

Martin et al. (2005) have classified adakites into 2 groups of low-
silica (LSA) and high-silica (HSA). HSAs are formed through melting
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of the subducted metabasaltic oceanic slab in the stability field of
garnet, while LSAs are generated from partial melting of the garnet-
bearing metasomatized mantle wedge. Another group of adakites is
also introduced, known as continental or potassic adakites, which
are resulted from various petrogenetic processes (Rapp et al., 2002;
Ding et al., 2007; Gao et al., 2007; Wang et al., 2007a; Wang et al.,
2007b).

In many cases, adakitic composition can indicate high-pressure
melting of a mafic source, with a garnet-bearing residue left behind
(leading to low HREE and Y) but no residual plagioclase (high Sr con-
tent). However, medium-pressure melting of garnet-bearing pelitic
rocks also provides high La/Yb ratio which, in such cases, cannot be
considered as adakitic geochemical characteristics (Moyen, 2009).
Moreover, the continental crust melting and fractionation pro-
cesses also lead to generation of adakitic composition (Macpherson
et al., 2006).

The Khoynarood area is located 120 km north of Tabriz. This
area is part of the Qaradagh mountain range and Alpine orogenic
belt. Several intrusions of Oligocene age have intruded into the
upper Cretaceous-Paleocene flyschoid rocks in this area. Their
compositions range from monzonite-quartz monzonite through
granodiorite to diorite.

According to Brunet et al. (2003), the study area is located in
the South Armenia-Qaradagh zone and based on authors such as
Nabavi (1976), it is part of the Alborz Azarbaidjan zone in NW
Iran. It lies on the Urumieh-Dokhtar Tertiary volcano-plutonic belt
(UDMA) at its NW section (Fig. 1a), neighboring the Qaradagh
batholith in NW Iran and Meghri-Ordubad pluton in the south-
ern Lesser Caucasus. This magmatic belt with 2000 km length and
50 km width was formed by the subduction of the Neo-Tethyan
oceanic crust. It extends to the Lesser Caucasus and East Turkey
(Lustrino et al., 2010, 2012) and contains volcanic and plutonic
rocks of the Eocene and post-Eocene ages.

The time of closure and the evolution history of the Neo-
Tethys Ocean in Iranian domain are still matters of controversy
(Aghanabati, 2004). These uncertainties have led different authors
to suggest various theories for the evolution of the Neo-Tethys
basin. Authors like Berberian and King (1981), Mohajjel and
Fergusson (2000), Agard et al. (2005) and Ghasemi and Talbot
(2006) propose a single-stage subduction scenario for the Neo-
Tethyan oceanic crust beneath Central Iran, attributing the
compositional variations in UDMA rocks to the subduction angle or
even the detachment of the subducting slab (slab break-off) during
the Eocene and Miocene (Agard et al., 2005), whereas Amidi et al.
(1984) believe that the UDMA has a post-collisional nature.

Contrastingly, Glennie (2000) advocates a double-stage sub-
duction for the Neo-Tethys (I and II), considering the opening of
two parallel ocean basins. Recent studies show that the collision
between Arabian and Central Iranian blocks occurred in the early
Cenozoic (Ghasemiand Talbot, 2006; Horton et al., 2008). However,
based on the clastic zircon dating from the north of Central Iranian
domain, Horton et al. (2008) have placed the collision date of Ara-
bian and Central Iranian plates between middle Eocene and late
Oligocene, whereas other geologists propose different dates: late-
Cretaceous to early-Paleocene (Ghalamghash et al., 2009; Mazhari
et al., 2009), late Paleocene (Agard et al., 2005) and middle to late-
Miocene (Azizi and Moinevaziri, 2009).

Several adakitic occurrences have been reported from different
parts of UDMA (Jahangiri, 2007; Omrani et al., 2008; Aghazadeh
etal, 2011; Simmonds, 2013; Pang et al., 2016), along with reports
of ultra-potassic and alkaline basic magmatism of the late Miocene
and Plio-Quaternary age, which post-dates the adakitic occur-
rences (e.g., Jahangiri, 2007; Jahangiri et al., 2011; Aghazadeh et al.,
2010; Shafaii Moghadam et al., 2014). In this regard, the intrusive
bodies in Khoynarood were subjected to detailed geochemical stud-
ies to compare them with other studied intrusions in the region

and provide additional data basis to support the geodynamic sce-
nario proposed for the region, as investigating the different parts of
UDMA can help to elucidate the uncertainties related to the subduc-
tion history of the Neo-Tethyan oceanic crust beneath the Central
Iran, the fate of the subducting slab and the time of the collision.

2. Geology of the study area

An oval-shape intrusive body of monzonite-quartz monzonite
composition (with relative age of Oligocene, considering the his-
tory of magmatism in the region and the age of neighboring
dated intrusive bodies, as well as the cross-cutting and strati-
graphic relationship with respect to the country rocks) intruded
the upper Cretaceous-Paleocene flyschoids (Figs. 1 b and 2 ). It
subsequently suffered argillic and propylitic alterations. Flyschoid
sediments have been precipitated in an environment with high
subsidence, probably corresponding to a pull-apart basin. They
include alternations of limestone, sandy limestone, shale (con-
taining Globotruncana and Heterohelix microfossils) and submarine
tuff (with traces of Rotalia) (Mehrpartou et al., 1992). Due to the
presence of extensional conditions during the formation of such a
basin, submarine basic magmatism accompanies these sediments.
Accordingly, basaltic and andesi-basaltic lavas are alternatively
observed in the northern parts of the host flyschoid associa-
tion which, based on microscopic studies, show hyalomicrolitic
porphyritic and microlitic porphyritic textures and moderate to
intense propylitic alteration. They are composed of clinopyroxene
and plagioclase phenocrysts, set in a highly chloritized and epi-
dotized, vitric and fine-grained groundmass. For the study region,
such a pull-apart basin was most likely related to the dip-angle sub-
duction of the Neo-Tethyan oceanic crust in NW Iran (e.g. Saccani
et al., 2013; Hajialioghli and Moazzen, 2014), which was subse-
quently closed following the closure of the Neo-Tethys.

According to the field studies, a porphyritic diorite stock
intruded the monzonite-quartz monzonite body within which,
epithermal gold-bearing cross-cutting silicic veins have been
developed. In this regard, it post-dates the porphyritic monzonite
body, while it is older than the epithermal mineralization. The pres-
ence of xenoliths from monzonitic stock within the porphyritic
diorite confirms the suggested sequence. There are also dioritic
dikes, similar in composition to the dioritic stock, which cross-
cut the monzonitic body and seem to be branched off from the
dioritic stock. The porphyritic hornblende-diorite body and the
related dikes in the western part of the study area also show distinct
contact and cross-cutting relationship with the porphyritic diorite
stock.

Granodioritic body is bright-color and has genetic relation-
ship with the rest of the intrusive rocks in the area, being
ascended from a common magma chamber and post-dating the
other intrusive bodies (Fig. 1b). All these bodies and the related
dikes form a multi-episode intrusive complex. They emplaced
within the upper Cretaceous-Paleocene flyschoids, producing con-
tact metamorphism in albite-epidote-hornfels facies, as well as
vast hydrothermal alterations in the area, including phyllic, argillic
and propylitic alterations. Due to the presence of abundant quartz
in the argillic alteration zone, protruded outcrops of quartz can be
found in this zone.

3. Materials and methods

Following the detailed field survey in the study area, a total
of 60 rock samples were collected from the magmatic bodies to
carry out petrographic and whole-rock geochemical studies. Petro-
graphic studies were performed using an Olympus BX60 polarized
light microscope at the Petrology laboratory, University of Tabriz.
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Fig.1. (a) Tectonic and structural map of Iran (Aghanabati, 2004). The location of the study area is shown by a quadrangle. The Urumieh-Dokhtar magmatic arc is recognizable
as NW-SE-trending Tertiary volcanic and plutonic rocks, parallel to the Neo-Tethys suture zone. (b) Regional geological map of the Khoynarood area, showing the occurrence
and distribution of various plutonic and volcanic units (modified after Mehrpartou et al., 1992). The location of studied samples are shown on the map.

From the studied samples, 30 least altered samples were selected to
be analyzed by X-Ray Fluorescence Spectroscopy (XRF) for major
oxides and Inductively Coupled Plasma Mass Spectrometry (ICP-
MS) for trace and rare earth elements at ALS-Chemex Lab (Canada).
Samples were cut by a diamond-bonded brass saw blade, crushed
in a steel jaw crusher that was cleaned extensively with deionized
water before each course, and milled in an agate mortar in order to
minimize the potential contamination of transitional metals. 5 g of
each sample pulp was pulverized to 100-mesh size and then about
1g was dried at 110°C and heated to 1000°C for 3 h for chemi-
cal preparation. A 200 mg fraction of each sample was then mixed

with 900 mg lithium tetraborate in a vitreous graphite crucible and
fused at 1000°C in a silica muffle furnace under an atmospheric
pressure of argon for 30 min. After cooling, the obtained glass was
directly dissolved in the crucible containing dilute 100 mL of 4%
HNO3 and glycerine. This solution was then analyzed by inductively
coupled plasma - mass spectrometry. Detection limits were 5 ppm
for Cu, Ni, Zn, V and Pb; 2 ppm for Zr, Mo; 1 ppm for Ag, W, Sn;
0.5 ppm for La, Ba, Ce, Co, Y, Tl; 0.2 ppm for Nb, Rb; 0.1 ppm for Nd,
Ga, Sr, Ta; 0.05 ppm for U, Th, Gd; 0.03 ppm for Er, Eu, Yb, Pr, Sm;
0.01 ppm for Ho, Cs, Lu, Tb, Tm; 0.2 ppm for Hf; 10 ppm for Cr. For
XRF analysis, 900 mg of each sample was added to 9 g of lithium
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Fig. 2. Detailed geological map of the Khoynarood area, showing the distribution of intrusive bodies and dikes. The location of the studied samples are also shown.

borate flux (50%-50% Li;Br407-LiBO; ), mixed well and fused in an
auto fluxer between 1050-1100°C. A flat molten glass disc was
prepared from the resulting melt. Then the disc was analyzed by X-
ray fluorescence spectrometry. Detection limits for all oxides were
about 0.01 wt%.

4. Results and discussion
4.1. Petrography of the intrusive rocks and related dikes

4.1.1. Quartz-monzodiorite

The main rock-forming minerals of this intrusive body are pla-
gioclase (with polysynthetic twining and oscillatory concentric
zoning; 30-40%), amphibole (5-10%), K-feldspar (20-25%), quartz
(10-15%) and subordinate amounts of biotite (0-5%), portraying
a porphyritic texture with a fine- to medium-grained ground-
mass (Fig. 3a). The accessory minerals are zircon, apatite and
titanite. Weak to moderate propylitic (partial replacement of pla-
gioclase and amphibole crystals by epidote; Fig. 3b) and weak to
intense phyllic alterations, as well as different combinations of
these assemblages are visible in this body.

4.1.2. Diorite

This intrusive unit displays fine- to medium-grained por-
phyritic, as well as microlitic porphyritic and ophitic textures
(Fig. 3c and d). Plagioclase and amphibole phenocrysts are recog-
nizable in hand specimens. Hyalomicrolitic porphyritic texture is
also found in some samples, which may be related to the rapidly
cooled margins of this body.

The main minerals are plagioclase (50-60%) and amphibole
(10-20%), along with quartz (0-5%), K-feldspar (0-10%) and lesser
biotite, with accessory amounts of apatite, pyrite and magnetite
(Fig. 3c and d). Plagioclase is found as both phenocrysts and fine

microlites within the groundmass. It is locally epidotized and dis-
plays concentric zoning (Fig. 3d). Amphibole crystals are often
euhedral and in some parts, appear as fine grains within the ground-
mass (Fig. 3¢). Quartz occurs interstitially between other crystals.
Biotites are often altered to muscovite—chlorite or epidote-chlorite
assemblages. Spherulitic aggregates of chlorite are locally found in
the groundmass as a result of propylitic alteration.

4.1.3. Hornblende-diorite

The alteration degree of this intrusive body is less than the
porphyritic diorite stock, so that the characteristic feature of this
stock is the co-existence of fresh amphibole and biotite. More-
over, its coarse amphibole crystals are visible in hand specimen.
It shows porphyritic texture with fine-grained, coarse-grained and
microlitic groundmass (Fig. 3e and f). The main minerals are pla-
gioclase with oscillatory concentric zoning (40-50%) and euhedral
amphibole (20-30%) with subordinate amounts of biotite (0-10%),
quartz (0-5%) and K-feldspar (0-5%); the latter two mineral are
found as fine grains within the groundmass. Accessory minerals
are apatite and magnetite.

4.1.4. Granodiorite

This intrusive unit is comprised of plagioclase (30-40%), K-
feldspar (25-35%) and quartz (10-15%) (Fig. 3g and h). K-feldspar
and quartz are anhedral, while plagioclase crystals are subhedral
with slight sericitic and argillic alteration. Biotite is a subordi-
nate mineral, showing alteration to Fe-oxides. The main textures
observed in this stock are granular, granophyric and mortar (Fig. 3g
and h); the latter, along with oscillatory extinction of quartz grains,
is formed due to the deformation. Microlitic porphyritic texture
is also locally found, with plagioclase, amphibole and biotite phe-
nocrysts set in a fine-grained groundmass, testifying to the shallow
depth of emplacement and its rapid cooling.
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Fig. 3. Photomicrographs of the intrusive rocks in Khoynarood. (a) Fine-grained porphyritic texture along with moderate propylitic alteration and a euhedral amphibole
phenocryst within the diorite porphyry body. (b) Porphyritic texture with fine-grained groundmass and weak to moderate propylitic alteration within the diorite porphyry
body. (c) Epidotization of a plagioclase and an amphibole phenocryst within monzonite-quartz monzonite body. (d) Porphyritic texture with fine- to medium-grained
groundmass and weak phyllic-moderate propylitic alteration within monzonite-quartz monzonite body. (e) Porphyritic texture with coarse-grained groundmass and mod-
erate propylitic-weak argillic alteration in hornblende-diorite porphyry body. (f) Microlitic porphyritic texture and weak propylitic alteration, along with zoned plagioclase
phenocrysts within hornblende-diorite porphyry body. (g) Granular and mortar textures and the marginal alteration of biotite to Fe-oxide within granodiorite body. (h)
Granophyric texture within the granodiorite body. (i) Microlitic porphyritic texture and weak propylitic alteration within porphyritic dioritic dikes. (j) Porphyritic texture
with fine-grained groundmass and weak propylitic alteration within hornblende-dioritic porphyritic dikes. Mineral abbreviations from Whitney and Evans (2010).
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4.1.5. Dioritic dikes

These dikes share the compositional and textural features of the
porphyritic diorite stock and cross-cut the porphyritic monzonite
stock with the major trend of NW-SE. The main minerals are pla-
gioclase (45-55%) and amphibole (10-20%), with lesser amounts
of quartz (0-5%), K-feldspar (5-10%) and biotite (0-5%) (Fig. 3i).
Accessory minerals are pyrite, magnetite and apatite. The main tex-
tures observed in these dikes are hyalomicrolitic porphyritic and
microlitic porphyritic and they display weak phyllic and weak to
moderate propylitic alterations (Fig. 3i).

4.1.6. Hornblende-dioritic dikes

They are composed of fresh, euhedral to subhedral amphibole
(20-35%), plagioclase with oscillatory concentric zoning (40-50%),
and lesser amounts of mostly fresh biotite phenocrysts (0-10%)
(Fig. 3j). Quartz (0-5%) is found within the groundmass along with
accessory minerals of apatite, pyrite and magnetite. They display
hyaloporphyritic to hyalomicrolitic porphyritic and microlitic por-
phyritic textures (Fig. 3j).

4.2. Geochemistry of the studied intrusions and related dikes

In order to study the geochemistry of the Khoynarood intru-
sive bodies and the related dikes, fresh samples of monzonite,
granodiorite, porphyritic diorite-quartz diorite bodies, as well as
diorite—-quartz diorite and hornblende-diorite dikes were analyzed
(Table 1). The data were used for geochemical and petrogenetic
classifications and discussions, except the samples No. gd4, ddil
and dhdil, for which the total oxide content was below 97%.
According to the TAS diagram of Cox et al. (1979), all of the intru-
sive samples are classified as monzonite and diorite, and as the
diorite and hornblende-diorite dike samples plot within the mon-
zonite filed, while those of the granodioritic intrusion fall within
the granodiorite field (Fig. 4a). Based on the K;0-SiO, diagram
(Rickwood, 1989), all the samples plot within the moderate- to
high-K calk alkaline field (Fig. 4b). In tectonic setting discrimination
diagrams, the data points are plotted in the active continental mar-
gin volcanic arc field (Pearce et al., 1984; Fig. 5), lying within the
post-collisional area proposed by Pearce (1996; Fig. 5b). The high
Si0; (58.3-68.1%), Al;03 (14.1-18.6%), MgO (0.7-4.3%), K;0/Na,0
(0.26-0.58), Fe;03 +MnO +MgO +TiO, (4.27-13.13%) values and
the low Y (8-17ppm) and HREE (e.g., Yb about 1-2 ppm) con-
tents, the high Sr concentration (750-1330 ppm) and high Ba/La
(13.51-50.96), (La/Yb)y (7-22), Sr/Y (57.6-166.2), Rb/La (1.1-3)
and La/Yb (10-33.63) ratios correspond to the geochemical charac-
teristics of adakites (Moyen, 2009) and testify to the adakitic nature
of the studied intrusive bodies and the related dikes. Based on the
diagrams provided by Martin et al. (2005) to discriminate adakites
from arc magmas of the classic subduction zones (Fig. 6a and b),
the studied samples lie within the adakite field. The high Sr/Y ratio
(60.53-166.25) reflects the high depth of melting and incorpora-
tion of plagioclase in the melting process, as plagioclase becomes
unstable by pressure increase and consequently, Sr is released. On
the other hand, remaining of garnet as a residual phase in the source
area or garnet differentiation from magma at deep levels can be
responsible for the low Y content and high Sr/Y ratio (Moyen, 2009).
Additionally, based on the plotted data points in the discriminat-
ing diagrams for LSA and HSA (Martin et al., 2005; Fig. 6¢c-e), it
can be seen that the studied rocks are of HSA type, which are typi-
cally originated from melting of the subducting oceanic slab in the
garnet-stability field. Furthermore, LSAs have more differentiated
REE pattern compared to HSAs (showing concave HREE pattern)
and are, is characterized by higher Sr/Y and La/Yb ratios (the lat-
ter about 10 in LSA). On this basis, the Sr/Y and La/Yb ratios and
the REE pattern of the studied rocks (60.5-166.2 and 10-33.63,
respectively) do not correspond to low-silica adakites.

Richards and Kerrich (2007) argue that major part of the differ-
entiated calc-alkaline magmas show false adakitic characteristics,
owing to the differentiation of amphibole and garnet and a decrease
inY and HREE. However, the Sr/Y ratio in the studied rocks is higher
than the La/Yb ratio and so, according to Richards and Kerrich
(2007), they can be considered as real adakites. Moreover, Richards
and Kerrich (2007) believe that adakitic signatures such as low Y
and Yb contents and high Sr/Y and La/Yb ratios can also be related
to the processes such as partial melting or fractional crystallization.
According to La/Yb vs. La plot in Fig. 7a, the compositional trend of
the studied bodies corresponds well to the partial melting, rather
than fractional crystallization. Furthermore, the data point trend
in the Ba/Nb vs. Nb plot (Fig. 7b) also testifies to the occurrence of
partial melting (Bourdon et al., 2002).

Therefore, the intrusive rocks in the Khoynarood share essential
similarities with HSAs, as their SiO, content is generally higher than
58%, the distribution pattern of the HREEs is concave (Fig. 8) and
their Yb/Lu ratio is between 5.6 and 15.7, they have similar range of
MgO and SiO, compared to the high-silica (Martin et al., 2005) and
low-Mg (Danyushevsky et al., 2008) adakites. On the other hand,
the K/Na ratio (0.03-0.6) in the Khoynarood bodies is very low,
and their K5O content is in the same range of the other reported
high-silica adakites (e.g., Jahangiri, 2007; Eyuboglu et al., 2011a,b;
Eyuboglu et al., 2012; Eyuboglu et al., 2013; Simmonds, 2013). This
fact clearly distinguishes them from C-type adakites, which have
K/Na ratios varying between 0.7 and 2 (Table 1).

Primitive mantle- (Sun and McDonough, 1989) and chondrite-
normalized (McDonough and Sun, 1995) distribution patterns of
the rare earth elements for the studied rocks testify to the genetic
relationship among these intrusive bodies and their cross-cutting
dikes, displaying enrichments of LREEs and LILEs and depletions
of HREEs and HFSEs (Fig. 8). Such a pattern is characteristic of arc
magmatism in the subduction zones (Nicholson et al.,2004)and can
be found in any magma sourced from a subducted oceanic crust and
the overlying metasomatized mantle wedge, which has undergone
partial crystallization, assimilation and contamination with crustal
materials, while HREEs and HFSEs have remained in the source rock
(e.g., Sheth et al., 2002).

LREE enrichment can be attributed to the low-degree par-
tial melting and/or magma contamination by crustal materials
(Almeida et al., 2007). Based on the chondrite-normalized spider
diagrams, the studied bodies do not show negative Eu anomaly,
rejecting the remaining of plagioclase as a residual phase within
the source materials or its differentiation during crystallization
(Arslan and Aslan, 2006). Moreover, the high Sr content signifies
the lack of residual or differentiated plagioclase. Contrarily, residu-
als of minerals like hornblende, titanite and zircon lead to positive
Eu anomaly (Rollinson, 1993). The low HREE and Y contents may be
due to the presence of garnet and/or amphibole in the source rock
residue. It was shown that fractional crystallization of the magma
has not occurred during the evolution of the studied rocks. More-
over, the remaining of amphibole within the source rock residue
is also supported by the spoon-like distribution pattern of REEs in
Fig. 8.

The negative anomalies of HFSE (e.g., Nb, Ta and Ti; Fig. 8)
are characteristic of arc environments, though it may also be
resulted from magma contamination with crustal materials during
its ascending and emplacement above the Benioff zone. How-
ever, many researchers relate the depletion of these elements
in the metasomatizing fluids of the mantle wedge to the pres-
ence of HFSE-bearing residual high-temperature phases (e.g., rutile,
ilmenite, Ti-bearing pargasitic amphibole, titanite and apatite) in
the eclogitic rocks of the subducting oceanic crust or in the mantle
wedge of the source area (Martin, 1999). Some researchers believe
that Cl-rich fluids are responsible for the depletion of HFSEs and
enrichment of LILEs in arc magmas (Keppler, 1996). Additionally,
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XRF and ICP-MS analysis data of the studied intrusive rocks and dikes in Khoynarood. Oxides are given in wt% and trace elements in ppm (Mz: monzonite, gd: granodiorite,

di: diorite, ddi: dioritic dikes, dhdi: hornblend-dioritic dikes).

Major Oxides (wt%) Mzl Mz2 Mz3 Mz4 Mz5 Mz6 Mz7 Mz8 Mz9 Mz10 gd1 gd2 gd3 gd4 gd5
Si0, 59.50 60.59 58.44 58.96 61.30 61.55 58.32 58.80 63.54 60.35 64.01 64.41 66.19 63.54 68.12
TiO, 0.85 0.79 0.98 1 0.64 0.78 0.84 1.35 0.83 0.74 0.48 0.42 0.43 0.46 0.44
Al, 05 15.71 1413 15.46 16.54 18.15 16.43 16.67 17.83 17.54 18.65 17.89 16.85 16.77 17.14  17.07
Fe,03 6.58 6.71 7.74 6.84 5.02 5.97 6.32 7.52 5.98 5.78 7.38 3.18 4,53 3.84 3.89
MnO 0.07 0.08 0.14 0.07 0.01 0.01 0.07 0.13 0.06 0.06 0.06 0.04 0.01 0.05 0.01
MgO 2.32 3.80 4.27 2.91 1.29 0.85 223 1.62 0.98 0.68 0.93 1.73 0.77 1.22 0.95
Ca0 6.92 4.31 4.98 6.95 6.75 5.65 6.45 5.78 5.63 5.82 2.71 3.38 3.19 2.78 2.35
Na,0 6.15 5.91 5.70 5.72 494 5.80 4.87 4.78 5.95 5.89 535 5.04 4.11 4.82 4.22
K;0 1.61 1.67 1.95 1.69 2.66 2.71 1.52 1.79 235 2.98 241 2.95 2.32 2.06 1.89
P,05 0.52 0.20 0.48 0.46 0.19 0.15 0.50 0.46 0.14 0.13 0.14 0.12 0.28 0.17 0.17
Total 100.23 98.19 100.14 101.14 100.95 99.90 97.79 100.06 102.91 101.08 101.36 98.13 98.61 96.08 99.10
Mg# 0.35 0.46 0.46 039 0.28 0.18 0.35 0.25 0.20 0.15 0.16 0.45 0.20 033 0.27
Elements (ppm)

Ba 604 846 924 662 764 836 698 840 1427 1325 717 543 633 1044 789
Rb 67 33 75 76 48 42 52 82 74 69 51 48 63 68 67
Sr 1330 924 988 1311 884 827 1292 750 981 787 1108 1154 1122 907 1173
Zr 134 121 125 151 137 121 128 114 139 128 105 136 108 131 117
Nb 18 11 12 20 16 12 11 17 16 15 10 15 17 12 11
Ni 22 28 24 22 42 33 20 29 24 30 47 35 39 33 30
Co 17 13 14 16 13 14 15 16 14 13 12 15 12 10 16
Zn 78 53 62 79 86 92 69 75 72 89 88 62 75 50 58
Cr 79 83 61 86 82 42 69 48 57 90 65 63 81 46 72

Y 8 11 10 11 8 10 11 12 10 13 12 8 9 12 12
Cs 1 1.9 2.2 1.5 2.5 2 1.9 1.7 2.2 2.5 1.5 2 2.2 1.8 1.3
Ta 0.8 0.9 1 0.9 1.1 0.8 0.7 0.7 1 1.1 0.9 0.7 1 1.1 0.7
Hf 5 4 4 3 5 6 5 3 3 4 4 4 3 4 5

Cu 14 8 8 11 16 38 13 7 16 20 38 46 16 5 32
Ga 18 22 21 18 16 25 28 21 17 19 20 19 15 25 24
Pb 19 12 16 11 12 13 16 14 17 15 15 18 12 14 12
Th 12 15 11 16 14 14 12 11 13 12 14 17 15 15 12

U 5 3 5 4 7 6 6 4 3 5 4 3 9 3 5

\Y 110 87 98 81 76 64 119 95 92 98 90 67 69 80 74
w 1 1 1 1 6 1 1 2 1 1 1 5 1 2 1

La 40 29 45 49 26 22 38 40 37 26 36 40 40 27 26
Ce 68 40 66 62 67 70 65 59 50 44 55 58 46 41 65
Pr 44 4.8 8.2 8.7 8.9 53 7.2 8.8 8.4 5.1 53 4.9 6.6 6.7 74
Nd 17 18 17 18 20 19 18 21 17 16 17 21 21 16 16
Sm 2.7 2.6 4.5 2.9 35 4.5 5.1 3.9 41 2.5 2.5 2.6 34 4.2 4.3
Eu 0.7 0.9 14 0.8 1 1.2 0.8 0.8 0.9 1.1 0.8 1.6 1.7 1.2 0.8
Gd 2 2.3 29 245 2.7 3.8 39 4 2.5 1.9 2.1 25 2.1 34 3.5
Tb 0.4 0.3 0.7 0.6 0.3 0.2 04 0.3 0.6 0.7 0.4 0.5 0.7 0.5 0.4
Dy 2.2 2.4 2.6 1.8 2.1 24 2.8 2.7 2 1.8 2.3 1.9 2.1 2 1.9
Er 0.9 1.1 1.2 0.8 1.4 1.2 1.3 0.9 1.1 1.6 1.2 0.9 1.5 1 1.5
Tm 0.17 0.25 0.2 0.18 0.26 0.21 0.19 0.15 0.17 0.2 0.19 0.17 0.24 0.24 0.2
Yb 2 13 2.2 1.8 2 2 1.9 14 1.1 1.7 2.1 1.6 2.2 1.5 2.1
Lu 0.24 0.15 0.14 0.15 0.19 0.15 0.17 0.18 0.16 0.17 0.2 0.2 0.17 0.13 0.16
Sr/Y 166.25 84 98.8 119.18 1105 82.7 11745 625 98.1 60.54 92.33 14425 12466 75.58 97.75
La/YbN 13.33 14.87 13.63 18.14 8.66 7.33 13.33 19.04 22.42 10.19 11.42 16.66 12.12 12 8.25
YbN 7.97 3.61 3.44 5.01 4.49 3.65 2.99 3.55 2.86 4.13 5.16 523 3.17 2.26 3.54
Major Oxides (wt%) gd6 gd7 gd8 dil di2 di3 dhdil dhdi2 dhdi3 dhdi4 ddi1 ddi2 ddi3 ddi4 ddi5
Sio, 65.15 67.35 63.94 63.40 64.10 63.78 61.80 62.15 62.92 61.90 60.95 60.47 61.09 60.84 59.92
TiO, 0.47 0.43 0.49 0.75 0.68 0.80 0.70 0.65 0.84 0.69 0.62 0.74 0.78 0.67 0.71
Al,05 16.67 1694 17.27 16.70 17.10 16.95 15.90 16.24 16.41 16.02 16.10 16.45 16.28 1598 16.76
Fe,0; 6.57 4.57 4.21 4.33 5.14 4.90 4.70 5.27 5.37 4.94 4.70 4.23 4.61 4.54 4.20
MnO 0.07 0.01 0.09 0.04 0.07 0.07 0.08 0.06 0.04 0.09 0.07 0.07 0.09 0.08 0.07
MgO 0.84 0.81 1.52 1.90 1.85 2.14 1.89 2.05 2.18 1.90 1.97 2.14 1.95 2.06 1.93
Ca0 2.89 2.26 3.14 3.74 4.70 4.82 3.94 4.28 4.11 3.81 4.09 3.72 4.10 4.54 4.26
Na,O0 4.67 4.57 5.28 541 4.95 5.10 4.98 5.02 5.10 4.90 5.46 5.70 5.81 5.62 5.77
K;0 2.14 2.07 2.61 234 2.10 2.74 2.15 2.35 2.33 2.28 247 2.98 2.93 2.66 2.81
P,05 0.19 0.18 0.15 0.20 0.42 0.30 0.24 0.41 0.42 0.49 0.39 0.57 0.50 0.51 0.57
Total 99.96 99.19 98.70 98.81 101.11 101.60 96.38 98.48 99.72 97.02 96.82 97.07 98.11 97.50 97.02
Mg# 0.16 0.21 0.36 0.40 0.35 0.40 0.38 0.37 0.38 0.37 0.39 0.44 0.39 0.41 0.41
Elements (ppm)

Ba 671 975 992 990 1050 984 1045 1029 1058 991 998 1017 1081 1026 986
Rb 54 59 74 45 52 50 49 52 68 56 61 58 66 52 64
Sr 1069 948 1087 890 920 1015 880 945 957 921 1105 1095 1251 1214 1081
Zr 121 126 141 125 131 127 125 137 148 114 142 150 152 147 159
Nb 16 14 14 11 17 21 18 18 16 17 20 23 19 21 20
Ni 54 38 39 27 24 30 45 38 49 47 36 41 37 44 40
Co 18 12 19 14 17 20 20 18 26 31 17 21 20 25 18
Zn 73 67 51 49 78 56 39 46 54 51 52 50 56 49 54
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Major Oxides (wt%)  gd6 gd7 gd8 dil di2 di3 dhdi1 dhdi2  dhdi3  dhdi4  ddil ddi2 ddi3 ddi4 ddi5
Cr 85 59 63 68 85 59 86 91 96 112 78 73 81 76 74
Y 16 14 17 12 12 12 12 13 11 16 10 11 13 17 12
Cs 33 21 22 24 21 1.9 24 2 3.6 1.9 1.9 1.6 2.9 1.6 34
Ta 1.2 0.9 0.7 0.9 1.1 0.8 0.8 1.1 0.7 13 0.8 1 1.2 0.7 0.9
Hf 5 4 6 3 5 3 6 6 8.5 7 4 3 5 4 6
Cu 42 39 14 36 25 40 - - - - - - - - -
Ga 24 27 22 18 22 24 20 21 17 24 19 17 21 20 25
Pb 24 19 14 14 14 18 14 17 21 16 18 11 19 22 15
Th 16 18 17 16 14 16 18 17 22 25 17 15 21 18 19
U 7 8 12 6 7 5 4 4 7 5 5 5 6 5 7
\% 79 78 83 76 84 81 90 94 98 87 85 74 78 87 76
W 5 3 2 2 4 1 2 2 5 3 3 5 4 3 4
La 39 31 25 24 21 24 36 32 35 31 41 38 40 40 37
Ce 54 45 47 62 59 61 57 54 61 55 61 63 66 59 61
Pr 5.1 6.4 7.1 6.8 7.4 7.2 7.2 7.2 8.1 7.5 7.7 8.1 10 9 124
Nd 19 18 20 18 17 20 21 21 20 24 20 18 21 19 20
Sm 3.7 3.9 3.9 3.1 3.7 29 34 3.1 3.2 3.6 29 2.7 3.6 3.1 3.8
Eu 1.1 1.1 1.2 1.1 0.9 0.8 1.1 0.9 1.25 1.6 0.7 0.6 0.8 0.75 0.68
Gd 2.7 34 3.7 1.8 2.8 24 2.7 2.8 33 33 2.6 2.1 1.9 2.6 34
Tb 0.65 0.6 0.62 0.6 0.5 0.6 0.5 0.5 0.5 0.7 0.5 0.7 0.6 0.4 1.1
Dy 22 2.16 2.26 24 1.8 1.9 22 24 2.1 25 23 1.9 1.8 2.5 2.6
Er 1.2 0.9 0.9 1.2 0.9 1.5 0.9 1.1 1 1.1 1.4 1.5 1.2 1.6 1.8
Tm 0.19 0.22 0.25 0.22 0.21 0.19 0.18 0.18 0.25 0.19 0.22 0.21 0.32 0.2 0.59
Yb 1.8 1.7 1.9 1.8 21 1.7 1.6 1.8 1.8 23 1.8 2 24 1.9 2.1
Lu 0.26 0.17 0.21 0.15 0.16 0.2 0.28 0.24 0.32 0.23 0.22 0.19 0.25 0.18 0.36
SrfY 66.81 67.71 63.94 74.16 76.66 92.27 73.33 72.69 87 57.56 110.5 99.54 96.23 71.41 90.08
La/YbN 15.54 13.08 9.44 8.88 6.66 9.41 15 11.85 13.95 9.67 15.18 12.66 11.96 15.10 12.64
YbN 3.65 3.44 3.85 4.69 3.74 4.93 3.93 4.08 3.65 4.66 4.93 5.47 3.37 243 4.86
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Fig.4. (a) TAS igneous rock classification diagram (Cox et al., 1979) and (b) KO vs. Na, O diagram (Rickwood, 1989) to discriminate magma series, and the plotted data points
of the analyzed samples (sample symbols as Table 1).
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Fig. 5. (a) Th-Ta (Schandl and Gorton, 2002) and (b) Rb versus (Y-Nb) (Pearce et al., 1984) diagrams to distinguish the tectonic setting of the magmatic rocks; the area
presenting the post-collisional setting is from Pearce (1996) (sample symbols as Table 1).

the solubility of these elements in water plays a great role in their

distribution within the arc magmas, as LILEs are soluble and can

easily be leached by the metasomatizing fluids released from the
subducted oceanic slab and carried into the source region of arc
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diagram, (e) MgO-SiO; diagram (Martin et al., 2005) to distinguish high-silica and low-silica adakites (sample symbols as Table 1).
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Fig. 7. (a) La/Yb vs. La, and (b) Ba/Nb vs. Nb (Bourdon et al., 2002) plots, revealing a partial melting trend for the analyzed intrusive rocks (sample symbols as Table 1).

magmas in the mantle wedge. Additionally, U enrichment in spider Finally, the lack of negative P, Sr, Ba and Eu anomalies testifies
diagrams can indicate the incorporation of pelagic sediments and to the fact that the studied plutonic complex cannot be originated
or altered oceanic crust in the magma generation (Fan et al., 2003). from continental crust, as the lack of such negative anomalies indi-
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Fig. 8. (a), (c), (e), (g) Chondrite-normalized (McDonough and Sun, 1995) rare earth element distribution patterns, and (b), (d), (f), (h) Primitive mantle-normalized (Sun and
McDonough, 1989) trace and rare earth elements distribution patterns for monzonitic, granodioritic, dioritic rocks and the cross-cutting dioritic dikes, respectively.

cates the lack of crystal fractionation and partial melting of the
lower continental crust (Pe-Piper et al., 2002).

4.3. Petrogenesis of the studied plutonic bodies

As it was mentioned earlier, adakites are commonly found in
subduction zones (Prouteau et al., 2001; Martin et al., 2005; Moyen,
2009), being related to the hot and young (10-25 Ma) oceanic
crusts or ridges and show close similarity with experimental mafic
magmas (Martin et al., 2005; Rapp and Watson, 2007). HSAs are
produced by the melting of mafic rocks of subducted oceanic crust

under high pressure (garnet stability field =eclogite and garnet
amphibolite facies), whereas LSAs are resulted from partial melting
of the mantle wedge peridotite, which is already metasomatized
through the reaction with slab melts and undergone compositional
changes. Partial melting of the mafic protores is only possible in
the amphibolite to eclogite transitional facies, under the minimum
pressure between 15 and 25 kb and temperatures ranging from 700
to 900°C.

However, magmas in the subduction zones can also be derived
from sediments overlying the subducting oceanic slab, the lower
mafic continental crust (e.g., Atherton and Petford, 1993; Rollinson
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Fig. 9. MgO vs. SiO; diagram (Karsli et al., 2011 and references therein) and the
plotted data points (sample symbols as Table 1).

and Tarney, 2005), as well as a mixture of all these sources along
with differentiation, assimilation and contamination processes.
Additionally, magmas are also reported to be formed in post-
collisional settings (Xu et al., 2006) through melting of the lower
crust under the influence of the intruding deeply-originated K-
enriched magmas.

In order to determine the source of adakitic rocks in the studied
area, the Mg0-SiO, diagram (Karsli et al., 2011) was used (Fig. 9).
The plotted data points lie in the overlapping area of adakites
derived from metabasaltic and eclogitic melts and the field of
adakites derived from melting of the thickened lower crust. Mean-
while, based on Th-K;0 and Ni-SiO, plots (Fig. 10a and b; Eyuboglu
etal., 2012), the adakitic rocks of the Khoynarood are plotted in the
overlapping area of adakites derived from subducting oceanic crust
(Wang et al., 2006a), adakites originated from delaminated lower
continental crust (Xuetal., 2002; Gao etal.,2004; Wang et al., 2004;
Wang et al., 2006a; Wang et al., 2006b) and early Cenozoic adakites
derived through a slab window (Eyubogluetal.,2011a,b). However,
delaminated lower crust produces melts with high Th and Th/La
values (Plank, 2005), whereas these values are low in the analyzed
samples, ruling out their origination from the delaminated lower
crust. Based on Fig. 11, adakites derived from continental crust tend
to have higher K, 0/Na,O ratios, which may be resulted from incor-

63
® mz
1.5 F @® gd
) . ® dq
[ Crust- derived adakites ® did)
I Hybrid or contaminant @ hdi(d)
l®) melt- derived adakites
2 Lo ¢ [ Slab melt- derived adakites
ON
i’ - — — — — = = ]
ele
0.5
[ 2 ® Normal calc- alkaline rocks
0.25
1 1 1
1 3 5

Yb

Fig. 11. K,0/Na O vs. Yb diagram to distinguish the source of adakitic rocks
(Kamvong et al., 2014) (sample symbols as Table 1).

poration of the felsic continental rocks. Alteration processes can
also be involved. This ratio is low in the studied adakites, but is
still higher than the initial slab melts, ranging between 0.25 and
0.5 in most samples. Accordingly, most of the samples are plotted
in hybrid or contaminated melt-derived adakites field (Fig. 11).

To conclude, by taking into account the low Th (11-25ppm)
and Th/La values (0.24-0.8) of the studied rocks, SiO, and TiO, con-
tents (>59.1 and <0.81 wt.%, respectively), as well as their K;0/Na, O
ratio and their high-silica type characteristics, it can be inferred
that partial melting of the subducting oceanic crust (in this case,
the Neo-Tethyan oceanic crust) was most likely responsible for
the generation of adakitic magmatism in the study area as part of
the UDMA. Magmas generated through partial melting of the sub-
ducted slab or its overlying sediments are characterized by high
Sr/Ce ratio, with Nb/Zr ratio above 0.04 (Elburg et al., 2002). The
average of Nb/Zr and Sr/Ce ratios of the studied samples are 0.12
and 18, respectively, testifying to the role of the subducting slab in
parental magma generation.

Based on the Th/Yb vs. Th/Sm diagram (Fig. 12a; Zhu et al., 2009),
the Khoynarood samples show close relationship with the post
collisional adakites reported from Tibet (Chung et al., 2003; Hou
et al., 2004; Guo et al.,, 2007), while in the Th/Ce vs. Th diagram
(Fig. 12b; Wang et al., 2008) to discriminate the tectonic setting of
adakites, the data points plot within the post-collisional field. These
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Fig. 10. (a) Th-K;0 and (b) Ni-SiO, diagrams to discriminate the source of the adakitic rocks (Eyuboglu et al., 2012) (sample symbols as Fig. 4). Subducted oceanic crust-
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64 H. Mahmoudi Nia et al. / Chemie der Erde 77 (2017) 53-67

1000 Q Sediment melt
Post collisional
100 b [®@ mz adakites
® g
® dq
® di(d) o
é 10 - | @naica) 0'3.
E L — Linzizong andesites
Dazhu-Langceling
0.1 |- / basalts
1 1 1
0.1 1 10 100

Th/Sm

b Post collisional
0% " adakites
Cenozoic crust-derived adakites|
: o in the Songpan-Ganzi block
] .. ,. (intracontinental setting)
% 03} '
- 4
o1y
p ,_;:,_';Cenozoic slab-derived adakites (arc setting)
e - 1 1 1

10 30 50
Th

Fig. 12. (a) Th/Yb vs. Th/Sm (Zhu et al., 2009) and (b) Th/Ce-Th (Wang et al., 2008) diagrams for discriminating the source and the tectonic setting of the studied adakitic
rocks, where the fields of post-collisional adakites (Chung et al., 2003), Linzizong andesites (Mo et al., 2007), Cenozoic crust-derived adakites of Songpan-Ganzi block
(intercontinental setting) and Cenozoic slab-derived adakites (arc setting; Hou et al., 2004; Guo et al., 2007; Wang et al., 2008) are shown (sample symbols as Table 1).

T =
Oceanic _ ® 7 .
Slab-drived, 0 o Ogq® Siob windowrelated
adakites 1 @) < early Cenozoic adakitic rocks
(Eyuboglu et al., 2011a)
20 ([ J
Rutile eclogite melting
Amphibolite and hornblende
eclogite melting
<
=
s
£
Z 1
10 [~ !
1
1 ) mz
1
X @ g
1 ® dq
! Subducting continental Late Miocene adakitic rocks |g di(d)
: crust-derived adakites (Eyuboglu et al., 2012) @ hdi(d)
| ! | | |
20 40 60 80
Zr/Sm
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results, along with Fig. 5b, testify to the post-collisional nature of
the studied intrusive rocks.

Investigations show that partial melting of metabasaltic igneous
rocks in the garnet amphibolite to eclogite facies can lead to gener-
ation of melts with adakitic characteristics (Defant and Drummond,
1990; Guo et al., 2007; Wang et al., 2008). Based on the high Sr con-
tent of the studied rocks and the lack of negative Eu anomaly, it can
be perceived that plagioclase was not left behind at the source area
as aresidual phase, while the depletion of Nb and Ti testifies to the
presence of rutile and/or amphibole as residues in the source mate-
rials, probably provoking a garnet-amphibolite and/or amphibole
eclogite source.

To distinguish between the eclogitic and garnet-amphibolitic
source materials, it must be noted that, unlike an amphibolitic
source, melting of eclogitic materials produces much higher Nb/Ta
ratios (14+4) due to the presence of rutile (Foley et al., 2002;
Schmidtetal., 2004). The average Nb/Ta ratio of the studied rocks is
about 17.85 (10.91-30.0), testifying to an eclogitic source and the
data points plot within the rutile-bearing and amphibole-bearing
eclogite fields in Fig. 13. The presence and remaining of amphibole
within the eclogitic source rocks is conceivable from the spoon-
like distribution pattern of REEs (Fig. 8). The plotted data points
also correlate well with the slab window-related early Cenozoic
adakitic rocks field delineated by Eyuboglu et al. (2011a), while
also show affinities towards the oceanic slab-derived adakites.

At the end, it is noteworthy to mention that post-collisional
ultra —potassic (Saray Peninsula) and alkaline basaltic lavas of the

late Miocene and Plio-Quaternary (respectively) in NW Iran are
attributed to the partial melting of the enriched and metasoma-
tized mantle followed by slab break-off and development of an
asthenospheric window, which facilitated partial melting of the
subduction-contaminated lithospheric mantle and resulted in the
formation of high-K and alkaline lavas through low-degree partial
melting (e.g., Shafaii Moghadam et al., 2014). Such basaltic lavas
are also found in the study area (Fig. 2).

4.4. Geodynamic setting

To summarize all the presented discussions, the geochemical
features of the studied rocks imply to a low-degree partial melting
of a hydrous and mainly eclogitic source, most likely the subduct-
ing oceanic slab at high pressure, which could favorably converted
to the amphibole-eclogite facies, leaving behind a residual assem-
blage rich in hornblende and garnet with less or no plagioclase.

Based on the seismic tomography studies, a large low-velocity
anomaly has been reported beneath the UDMA (Maggi and Priestly,
2005). Such a phenomenon can probably be resulted from ascend-
ing of the asthenospheric mantle beneath this region. In order
to explain and interpret this phenomenon, various mechanisms
such as detachment of the subducting oceanic slab (Ghasemi and
Talbot, 2006; Omrani et al., 2008) or its retardation (Morley et al.,
2009) have been proposed. Jahangiri (2007) and Simmonds (2013)
conclude that adakitic magmatism in NW Iran has occurred after
the termination of the subduction in the Neo-Tethyan basin at
early Cenozoic, following the slab break-off and upwelling of the
asthenosphere in the slab window, which could trigger the partial
melting of the detached slab; This scenario can also be consid-
ered for the studied intrusions as well. In this regard, after the
collision of the Arabian and Central Iranian plates during the late
Cretaceous-early Paleocene (Ghalamghash et al., 2009; Mazhari
et al., 2009) to Eocene (Ghasemi and Talbot, 2006; Omrani et al.,
2008), the oceanic slab break-off has happened and asthenosphere
has ascended through the slab window (e.g., Shafaii Moghadam
et al.,, 2014), leading to an increase in the thermal gradient. Mean-
while, melting of the detached slab has produced HSA adakitic
magmatism along the UDMA belt, as well as in East Turkey. Lack
of LSA characteristics among the studied magmatic rocks of this
belt, especially in NW Iran, is against the partial melting of the
metasomatized mantle wedge peridotite, though interaction of the
slab-derived magma with the mantle wedge peridotite is evident.
On the other hand, the presented plots and the compositional char-
acteristics of the studied rocks (e.g., lack of K enrichment and very
high amounts of incompatible elements such as Ba, Rb and Th;
Wang et al., 2008), as well as the evidence provided by Simmonds
(2013) against the melting of thickened lower crust for the mag-
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matic rocks of Kighal area (some 12 km southeast of Khoynarood)
rule out the partial melting of the lower mafic crust under the influ-
ence of ascending asthenospheric mantle. Nevertheless, to provide
meaningful constraints on petrogenesis and geodynamics of these
intrusions, precise radiometric dating and stable isotope studies
seem necessary.

5. Conclusions

The intrusive bodies of the Khoynarood are located in NW
Iran and are part of the Tertiary Urumieh-Dokhtar Magmatic Arc.
Their composition ranges from monzonite, through granodiorite
to diorite—quartz diorite and they are cross-cut by dioritic and
hornblend-dioritic dike swarms. They have moderate to high K,O
content and based on the discriminating diagrams for tectonic set-
ting, the studied rocks show post-collisional setting.

According to the geochemical data obtained for the stud-
ied rocks and the La/Yb-Yb and Sr/Y-Y diagrams, they have
adakitic characteristics, corresponding to high-silica adakites. The
chondrite- and primitive mantle-normalized distribution patterns
of trace and rare earth elements reveal enrichment of the LREEs
and LILEs and depletion of HREEs and HFSEs, as well as negative
anomalies of Nb, Ta and Ti in the studied rocks. The low HREE and
Y contents can be attributed to the presence of garnet and amphi-
bole (the latter is further manifested by the concave distribution
pattern of the REEs) as residual phases within the source region.

In various discriminating diagrams proposed to determine the
source and petrogenesis of adakitic rocks, there is a considerable
overlap between different adakites produced by slab or continental
crust melting. Most of the data points plot in this overlapping part of
the fields of adakites with different sources. However, based on the
discussions presented in this paper, the most likely scenario for the
studied adakitic intrusions is their origination form the low-degree
partial melting of the subducted Neo-Tethyan oceanic crust under
conditions which could provide amphibole eclogite facies, leaving
behind a residual assemblage rich in hornblende and garnet with
less or no plagioclase, in the same way as the other adakitic rocks of
NW Iran. However, considering the lack of isotopic data, acceptance
of a specific mechanism for the genesis of studied adakites should
be with caution.

By considering the termination of the Neo-Tethyan oceanic crust
subduction at upper Cretaceous and the relative age of the studied
intrusions (Oligocene), it is perceivable that the generation of HSA-
type adakitic rocks in Khoynarood was resulted from detachment of
the subducting slab after subduction cessation (which most likely
experienced eclogite facies conditions) and the partial melting of
the detached slab due to the thermal perturbation. Consequently,
slab-derived magma underwent interactions with mantle wedge
peridotite and continental crust during its ascending, which is man-
ifested by the geochemical composition of the related rocks in the
area.
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