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Abstract The Zafarghand Igneous Complex is composed
of granite, granodiorite, diorite, and gabbro that contain
many mafic microgranular enclaves. This complex was
emplaced during the late Oligocene (24.6 Ma) to form part
of the Urumieh—Dokhtar magmatic arc of Central Iran. The
enclaves have spheroidal to elongated/lenticular shapes and
are quenched mafic melts in felsic host magma as evidenced
by fine-grained sinuous margins and (or) locally transitional
and diffuse contacts with the host rocks, as well as having
disequilibrium textures. These textures including oscilla-
tory zoning with resorption surfaces on plagioclase, feldspar
megacrysts with poikilitic and anti-rapakivi textures, mafic
clots, acicular apatites, and small lath-shaped plagioclase in
larger plagioclase crystals all indicate that the enclaves crys-
tallized from mafic magma that was injected into and mix-
ing/mingling with the host felsic magma. The studied rocks
have calc-alkaline, metaluminous compositions, with an arc
affinity. They are enriched in large ion lithophile elements,
light rare-earth elements, and depleted in high field strength
elements with significant negative Eu anomalies. The Sr—Nd
isotopic data for all of the samples are similar and display
ISr=0.705123-0.705950 and eNd (24.6 Ma)=—1.04-1.03
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with TDM ~0.9-1.1 Ga. The host granites and enclaves are
of mixed/mingled origin and most probably formed by the
interaction between the juvenile lower crust with a basaltic
composition and old lower or middle continental crust as a
major component and lithospheric mantle as a minor com-
ponent; this was followed by fractional crystallization and
possibly minor crustal assimilation. The source seems to
be comprised of about 90-80% of the basaltic magma and
about 10-20% of lower/middle-crust-derived magma. Geo-
chemical characteristics indicate that the intrusion of these
rocks from a subduction zone setting below the Central Iran
micro-continent was related to an active continental margin,
although was transitional to a transtensional setting possibly
due oblique convergence to slab rollback or break-off.

Keywords Granitoids - Enclaves - Juvenile crust -
Subduction - UDMA - Iran

Introduction

Granitoid rocks are the main components of the continental
crust and are one of the keys to understanding the tectonic
environment and overall geological evolution. They form
from granitic melts that are often not primary melts, but
are modified by various differentiation processes prior to
emplacement and final crystallization. Granitoids are pre-
sent in almost every continental geological setting, where
the continental crust has been thickened by orogeny either
during subduction and (or) collision. The genetic classifi-
cation of granitoids is based upon the amount of crustal,
mantle, or mixed components involved during their genesis
(Barbarin and Didier 1992; Chappell 1999, 2004; Chen et al.
2002; Kaygusuz et al. 2014). Magma mixing or mingling
could have taken place in a magma chamber and (or) in a
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conduit. While magma ascent through the crust changes its
composition by both assimilation and fractional crystalliza-
tion (AFC) processes, mixing with other magmas can result
in the formation of mafic magmatic enclaves (MME) (e.g.,
Blundy and Sparks 1992; Geshi 2000; Barbarin 2005).
MMEs encompass a broad range of textures, structures,
and compositions. They are characterized according to
their structural relationship to the host rocks, although
some of them are interpreted as xenoliths, restite, and
autoliths. Xenoliths are foreign lithic fragments, usually
country rock that were incorporated during emplacement
and (or) crystallization of the host magma (e.g., Domen-
ick et al. 1983; Bacon 1986). Xenoliths often have mag-
matic reaction textures. In contrast, restite components
are considered to represent pods of the original refractory
source material of the host granite that did not reach a
critical melt fraction during differentiation (e.g., White
and Chappell 1977; Chappell and White 1991). Autoliths
are interpreted to represent accumulations of early formed,
genetically related crystals that were trapped within its
own residual liquid (e.g., Fershtater and Borodina 1977,
Schonenberger et al. 2006). MME are widely accepted by
many petrologists as evidence of an important process of
generating hybrid magmas (e.g., Eichelberger 1975; Ver-
non 1984; Frost and Mahood 1987; Blundy and Sparks
1992; Poli et al. 1996; Perugini et al. 2003; Barbarin 2005;
Sarjoughian et al. 2012). MMEs are dark fine-grained,
rounded to elongate inclusions that are common within
intermediate to felsic igneous rocks. Field, petrographic,
and geochemical evidences for chemical (magma mix-
ing) and physical (magma mingling) interactions between
compositionally distinct magmas have been documented
in many locations (e.g., Waight et al. 2000). Although
some researchers (Laumonier et al. 2014a) believed
that a purely physical mixing (magma mingling) never
occurs as chemical diffusion will always proceed to some
extent, depending on temperature and time lapse after
the onset of contact between end-members. The physical
and chemical processes that occur when a relatively hot
mafic magma interacts with relatively cool felsic magma
include the more mafic magma initially being thermally
quenched and partially crystallize as it rapidly cools to
thermal equilibrium with the felsic magma (Vernon 1990;
Waight et al. 2000). During the approach to thermal equi-
librium, changes in enclave viscosity occur with important
consequences for the physical and chemical transfers of
material between the MME and the host magma (Sparks
and Marshall 1986). Disaggregation of an enclave will
be controlled by the viscosity contrast and is unlikely to
occur if the mafic blob has a viscosity higher by > 0.3 log
units relative to that of its host (Laumonier et al. 2014b).
The viscosity contrast largely controls magma hybridi-
zation (Campbell and Turner 1986; Piochi et al. 1999).
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The viscosity of the MME:s increases due to evolution of
the residual melt during crystallization and liquid—liquid
exchange with the felsic melt (Sparks and Marshall 1986;
Poli and Tommasini 1990). After attaining thermal equi-
librium, the two magma components [one predominantly
solid (MME) and the other liquid + crystals] then cool at
the same slow rate and the residual MME melt (if present)
continues to undergo both elemental and isotopic exchange
with its host (Waight et al. 2000). Advocates of magma
mixing explain the compositional similarities between
enclaves and host rocks are due to varying degrees of
chemical equilibration and diffusional exchange between
the coexisting melt during slow cooling (Pin et al. 1990;
Holden et al. 1991).

Granitoid rocks are an important characteristic compo-
nent of the continental crust, and examining enclaves can
be a powerful tool in investigating the evolution of those
granitoid bodies. In addition, the petrogenesis of the Zafar-
ghand igneous complex (ZIC) in the Urumieh—Dokhtar
magmatic arc (UDMA) is still poorly understood and
sources of their magmas remain unclear in detail. The geo-
logic importance of the ZIC is to understand the geody-
namic evolution of this area in regards to the final stages of
the Neotethys subduction. On the other hand, many intru-
sions of the UDMA are not well studied; detailed research
of individual igneous rocks can be a more appropriate
approach to providing the kind of information required.

Therefore, in this paper, we present field relationships
and textural characteristics, major- and trace-element geo-
chemistry, and Sr—Nd isotopic data in the central part of
the UDMA; the main purposes include: (1) describing the
field studies, mineralogical composition, textural, and geo-
chemical variations of the whole-rock units; (2) examining
the magmatic evolution, by testing whether these mafic
and felsic rocks are cogenetic, and to investigate the mag-
matic fractionation and magma mixing/mingling processes
between these various rocks; (3) discussing its dominant
tectonic process and regional geodynamic regime during
magmatism; (4) constraints on their source characteristics
and petrogenesis; (5) developing an understanding of the
relationship between the petrogenetic processes and the
geodynamic setting of this region; and (6) examining these
data to compare with previously studied intrusive rocks in
the UDMA and other granitoids from similar geochemical
contexts.

The new petrological data provide a revised petroge-
netic scenario for arc-related magmatism leading to a bet-
ter understanding of the complex evolution of the UDMA
in this part of the Neotethys orogen. The Nd-Sr isotopic
compositions of the ZIC support their relatively juvenile
character, which implies a crustal growth in the Paleo to
NeoProterozoic.
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Regional geology

The Zagros orogen, a member of the Alpine-Himalayan
orogenic belt, formed from the collision of Eurasia with
dispersed fragments of Gondwana (e.g., Berberian and
King 1981; Alavi 1994; Agard et al. 2005; Ao et al. 2016).
According to regional tectonics, magmatic sequences, paleo-
geography, and ophiolite remnants from the Late Precam-
brian until Late Paleozoic, Gondwana was separated from
the Eurasian plate by the Variscan ocean called Paleotethys.
During the Middle-to-Late Triassic, coeval with the closure
of the Paleotethys in the north, a rifting episode along the
Zagros belt resulted in the opening of a new ocean called
Neotethys. Final closure of Paleotethys is a consequence of
the subduction of the oceanic crust of the Neotethys beneath
the Eurasian plate (Berberian and Berberian 1981).

The NW-trending Zagros mountains represent one of the
youngest continental collision zones on Earth. The Zagros
Orogen has been divided into the external Zagros Fold and
Thrust Belt and the internal Sanandaj—Sirjan zone that
flanked by the Tertiary UDMA. The ~2000 km-long and
150 km-wide UDMA is an Andean-type Cordilleran mag-
matic arc system and forms a subduction-related, volumi-
nous magmatic arc composed of tholeiitic, calc-alkaline, and
K-rich alkaline intrusive and extrusive rocks (Berberian and
King 1981; Omrani et al. 2008). There is a general agree-
ment that subduction and arc magmatism began in latest Tri-
assic/Early Jurassic time (Hassanzadeh and Wernicke 2016),
but the time of the continental collision between Arabia and
Eurasia is still controversial. The timing of collision between
Arabia and Eurasia has long been a subject of debate, which
include: (1) ophiolite obduction in the Late Cretaceous and
coeval development of a foreland basin on the Arabian mar-
gin (Berberian and King 1981; Alavi and Mahdavi 1994);
(2) an Eocene foreland basin in the Zagros and Eocene
angular unconformities in Central Iran (Hempton 1987;
Beydoun et al. 1992); (3) Late Eocene based on structural,
lithological, and palaeobiogeographical evidences from both
sides of the original Arabia—Eurasia suture (Allen and Arm-
strong 2008; Allen 2009); (4) Early-to-Mid-Miocene transi-
tion from marine to non-marine sedimentation (McQuarrie
et al. 2003); (5) Early Miocene based on the deformation and
syn-tectonic sedimentation that took place on the northern
side of the Arabian plate (Robertson 2000); and (6) Miocene
age of collision between Arabia and Eurasia, based on the
imbrication and development of blind thrusting and folding
in the Zagros Fold—Thrust Belt (Mohajjel et al. 2003).

It has also been suggested that collision between the
Arabian and Iranian continental plates was diachronous
along the Zagros suture zone. Agard et al. (2005) suggested
that collision started prior to 25-23 Ma in northern Zagros
Mountains and resulted in 70 km of shortening over the last
20-15 Ma alone within the Zagros Mountains south of the

Main Zagros Thrust and northwest of the Thrusted Zagros
(Whitechurch et al. 2013). Agard et al. (2011) proposed
that the collision in the NW part of the suture started from
30 Ma, whereas in the SE part happened from 20 Ma.

It also seems likely that the collision was initially rela-
tively “soft” (Ballato et al. 2011), perhaps beginning in the
Eocene (e.g., Allen and Armstrong 2008), with final “hard”
collision occurring in the late Oligocene or early middle
Miocene (Karagaranbafghi et al. 2012; McQuarrie and van
Hinsbergen 2013; Ali et al. 2013). Some new studies (e.g.,
Hooper et al. 1994; Hafkenscheid et al. 2006; Robertson
et al. 2009; Chiu et al. 2013; Richards 2015) show that col-
lision happened diachronously from early Miocene in the
northwest of Iran to late Miocene in the southeast. Mohajjel
and Fergusson (2014) also believed that continental colli-
sion was initiated in the Oligocene, but the Tethyan seaway
remained open until the mid-Miocene. Hatzfeld and Molnar
(2010) suggested that collision in the Zagros seems to have
begun between ~ 35 and ~ 23 Ma as well across the orogen.

Moreover, Ao et al. (2016) indicate that the final closure
of the Neotethys Ocean occurred in the Late Miocene, based
on the Kermanshah ophiolite that was probably an ancient
oceanic core produced by large oceanic detachment faults.

The ZIC is located in Central UDMA that tried to
identify a major tectonic regime in these fields. Moreo-
ver, the geochemistry of many intrusions of the UDMA
is not well known, and only a few intrusive rocks, such as
Khalkhab—Neshveh (Rezaei-Kahkhaei et al. 2011); Ghal-
har, Marfion, and Poudalg (Honarmand et al. 2014); Natanz
(Haschke et al. 2010); Kajan (Golkaram et al. 2016); Kuh-e
Dom (Kananian et al. 2014); Kal-e-Kafi (Ahmadian et al.
2016); and Kuh Panj and Jebal Barez (Shafiei et al. 2009;
Asadi et al. 2014) were examined in detail. We, therefore,
conclude that the entire geological history of the magmatic
arc in the Zagros orogenic belt is still relatively not well
understood.

Field relations

The ZIC is located 40 km south of Ardestan in Central
UDMA and exhibits an elongated northeast—southwest
shape. The studied complex is situated between the lati-
tudes of 33°00'N and 33°12'N and the longitudes of 52°18'E
and 52°30'E in the UDMA and covers an outcrop area of
~80 km?. The surrounding rocks of the ZIC are dominated
by successions of Eocene basalt, andesite, latite, dacite, rhy-
olite, tuff, and ignimbrite. The contacts between the pluton
and volcanic rocks are predominantly sharp and discordant.
The volcanic rocks are metamorphosed near their contacts
with the plutonic bodies and the grade of contact metamor-
phism is locally within the albite—epidote hornfels to horn-
blende hornfels facies (Fig. 1).
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Fig. 1 Simplified geological map of the Zafarghand complex (Iran), based on Radfar et al. (1999; slightly modified)

The textural evidence, such as local granophyric textures,
sharp and angular contacts, medium-to-low-grade thermal
metamorphic aureole, and hydrothermal alteration, indicate
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a shallow depth of emplacement of the studied rocks, where

crystallization pressures should be <2 kbar (see Clarke
1992).
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The ZIC ranges in composition from gabbro to granite.
The interior portions of the pluton range in composition
from gabbro, diorite, and granodiorite and to granite in
the north. The granodiorite is a transitional rock between
these two zones. In the southeastern part, the zoned rocks
are classified as diorite and granodiorite, and in the north-
western part, the rocks are mostly granodiorite. The dior-
ites and granodiorites are dark to light grey in colour and
have a fine-to-coarse-grained texture. The gabbro is poorly
exposed within the centre of the elliptically shaped pluton;
they are coarse to medium grained and black to dark grey in
colour. Internal contacts between all these bodies are gra-
dational, but the gabbro usually has sharp contacts with the
granodiorites and diorite. The granites are light cream to
white in colour, generally fine-grained, and have granular
to porphyritic textures with megacrysts of feldspar; they are
mostly exposed in the northern and northwestern parts of the
complex. The age of the granodioritic rocks was determined
to be 24.6 + 1.0 Ma by U-Pb zircon dating (Sarjoughian and
Kananian 2017).

MME:s are common in the granodiorite rocks with semi-
rounded, elongate, and irregularly shapes and are centime-
tres to metres in size (Fig. 2a) and their modal mineralogy
ranges from gabbro to diorite. In some places, MMEs dis-
play sharp contacts with host rocks, whereas elsewhere, the
contacts between the enclaves and the surrounding host are
gradational and locally diffuse and mingling—mixing features
of enclave magmas are common (Fig. 2b). This interface is
marked by a variety of hybridization textures including ellip-
soid/lobate MME with chilled margins, feldspar megacrysts
in MME (Fig. 2¢), and crenulated margins in enclaves. Some
enclaves show spalling and net veining by the host granitic
magma. Collectively, mingling/mixing phenomena between
mafic and felsic magmas are convincing evidence that they
were mostly liquids at the time.

This complex is crosscut by late-stage, NE-SW and E-W
trending porphyritic microgranite, microgranodiorite, and
aplite dykes, ranging in thickness from a few cm to 1 m;

chilled margins are not evident. Some doleritic dykes with
andesitic compositions show embossed shape in the area,
suggesting incomplete solidification of the host during dyke
emplacement. Elsewhere, repetitively layered, mafic pillows
in a host rock indicate the operation of successive cycles of
injection, chilling, and sinking of mafic magma into a pre-
existing felsic magma chamber. These features suggest that
perhaps, dykes and intrusion magmas coexisted and mingled
(e.g., Keay et al. 1997).

Petrography

The ZIC mainly consists of granodiorite, diorite, and gab-
bro with lesser proportions of granite. These granodiorites
contain plagioclase (28-45%), amphibole (4-9%), biotite
(5-18%), K-feldspar (22-30%), and quartz (18-29%). Pla-
gioclase shows oscillatory zoning and twinning. Plagioclase
occurs both as small euhedral laths and as larger crystals.
Plagioclase shows anti-rapakivi texture, mantled by ortho-
clase. Amphibole occurs as euhedral-to-subhedral crystals.
Biotite is abundant in the granodiorites. It is subhedral and
anhedral and forms prismatic crystals and lamellas. In addi-
tion, occurrence of clots of mafic and accessory minerals
consists predominantly of hornblende crystals intergrown
with biotite, titanite, and opaque minerals. K-feldspar forms
anhedral, rarely subhedral crystals of perthitic orthoclase.
Quartz is anhedral with irregular cracks and occurs inter-
stitially to the other minerals. Zircon, apatite, titanite, and
opaque minerals are the accessory phases. Secondary min-
erals mainly include epidote, chlorite, calcite, sericite, and
clay minerals.

The dioritic rocks mainly consist of polysynthetic
twinned and zoned plagioclase (42-66%) and prismatic
amphibole (11-38%). Biotite (4—18%) occurs in the more
evolved parts of these rocks. Minor quartz (0.2-3.5) and
alkali feldspar (7-15%) with interstitial texture also occur.
Plagioclase forms subhedral-to-anhedral and lath-shaped

Fig. 2 Field photographs of: a typical outcrop of mafic microgranular enclaves in the host rock. b Diffuse zone at contact with host rock. ¢ Meg-

acrysts of alkali feldspar in the contact enclave-host rock
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crystals, which also contain small plagioclase and amphibole
inclusions. Some plagioclase crystals are altered to sericite
and clay minerals. Amphibole occurs as euhedral-to-sub-
hedral prismatic crystals and is locally altered to actinolite,
biotite, titanite, chlorite, and calcite. Clinopyroxene mostly
forms subhedral crystals and is found less frequently than
the other mafic minerals. It is locally partially altered to
actinolite, epidote, and chlorite with titanite, apatite, zircon,
and opaque minerals occurring as accessory phases.

The mineralogy of the gabbro is very similar to that of
the diorites, containing more pyroxene (0.2—4.3%), plagio-
clase (48-63%), and amphibole (29-42%), with no biotite
observed. Clinopyroxene is a primary mafic phase in the
rock and some pyroxenes are replaced by actinolite, uralite,
and calcite. Plagioclase occurs as zoned euhedral-to-subhe-
dral laths and commonly shows oscillatory or normal con-
centric zoning with variable degrees of sericitization. Brown
hornblende tends to be fine-grained, euhedral-to-subhedral
crystals, which are corroded in some samples. Locally,
K-feldspar (0-3%) and quartz (0-0.4%) occur as anhedral
interstitial crystals. Accessory minerals include titanite,
Fe-Ti oxides, and apatite. Secondary minerals include acti-
nolite, epidote, chlorite, calcite, sericite, and clay minerals.

Granites consist of abundant euhedral-to-anhedral crys-
tals of alkali feldspar (39-54%), plagioclase (12-26%), inter-
stitial quartz (27-41%), biotite (3—4%), and rare amphibole
(0-1.1%). Granites contain less than 5% mafic minerals,
most of which is biotite and minor amphibole. Quartz and
K-feldspar occur as groundmass subhedral-to-anhedral crys-
tals. Accessory phases include apatite and zircon. Kaolini-
tization and sericitization of feldspar and chloritization of
biotite were observed.

MME:s are fine-grained compared with the host rocks.
They are gabbroic and dioritic and have similar mineralogi-
cal features as their host rocks, but contain more abundant
hornblende (22-46%), plagioclase (31-66%), and slightly
less abundant quartz (1.5-6%), K-feldspar (1-18%), and

biotite (3—17%). The enclaves have a fine-grained granular
texture, except in the larger enclaves. Towards the contact
with the host rocks, the enclaves possess a fine-grained tex-
ture (about 0.1-0.2 mm); towards the centre of the pluton,
medium-grained textures predominate (about 0.5-1.5 mm).
Plagioclase occurs as zoned euhedral-to-subhedral laths and
commonly shows oscillatory and normal concentric zon-
ing and prismatic-cellular growth (Fig. 3a, b). Some large
plagioclase crystals contain small plagioclase inclusions.
Hornblende occurs as euhedral-to-subhedral grain shapes,
and is of two generations with brown or green colours. Pla-
gioclase phenocrysts and hornblende prisms occur across
MME-host rock boundary. Quartz is anhedral in shape and
fills interstices between other minerals. Two varieties of
alkali feldspar were distinguished in the enclaves: one vari-
ety is megacrysts and the other is anhedral crystals, which
are associated with quartz-forming poikilitic and intersti-
tial aggregates. Large K-feldspar crystals with an identical
size to phenocrysts in the host granites also occur inside
the enclaves. Large K-feldspar phenocrysts have poikilitic
textures, in which they often contain inclusions that include
small crystals such as quartz, biotite, plagioclase, and
opaque minerals (Fig. 3c). Large K-feldspar crystals com-
monly crosscut (straddle) the enclave/host boundary. Titan-
ite, zircon, and opaque minerals are the other key accessory
minerals.

Analytical methods

After petrographically characterizing the rock types, we
took special care in the selection of the samples for ana-
lytical work by choosing the most representative samples
from various lithologies in the ZIC. One hundred sam-
ples were collected for petrographic analysis. After pet-
rographically characterizing the plutonic rock types, 11
representative samples with the least amount of alteration

Fig. 3 a, b Plagioclase megacrysts with oscillatory zoning, ¢. K-feldspar megacryst with poikilitic texture. Cross-polarized transmitted light

@ Springer



Int J Earth Sci (Geol Rundsch) (2018) 107:1127-1151

1133

were selected for whole-rock geochemical analysis by
X-ray fluorescence (XRF) spectrometry, lithium metabo-
rate fusion inductively coupled plasma-mass spectrometry
(ICP-MS), and radiogenic tracer isotopic analysis (Rb—Sr
and Sm—Nd). Whole-rock powders prepared with rock
crushing in a steel jaw crusher, splitting, and pulping in
a swing mill.

The major elements were analyzed by XRF (Rigaku
RIX 2000 with Rh end window tube) using fused glass
disks at Naruto University. Glass beads, from finely
grounded samples, were prepared with sample to flux
(Li,B40,) and analyzed for major elements using the
fundamental parameter method spectrometry. Analytical
errors are usually less than 1%.

Trace and REEs were analyzed using fusion ICP-MS at
ALS Chemex Company in Canada. These elements were
analyzed after fusion of 0.2 g of rock powder with 1.5 g
LiBO, that were then dissolved in 100 mL 5% HNO;.
Detection limits range 0.1-10 ppm for trace elements and
0.01-0.5 ppm for REEs.

The Nd and Sr isotopic ratios were analyzed at the
Institute of Geology and Geophysics, China (IGGCAS).
These analyses followed procedures similar to those
described by Li et al. (2012a) and Yang et al. (2010).
Whole-rock powders for Sr and Nd isotopic analyses
were dissolved in Savillex Teflon screw-top capsule after
being spiked with the mixed 3’Rb-34Sr and '**Sm—'>'Nd
tracers prior to HF + HNO; + HCIO, dissolution. Rubid-
ium, Sr, Sm, and Nd were separated using the classical
two-step ion exchange chromatographic method and
measured using a Thermo Fisher Scientific Triton Plus
multi-collector thermal ionization mass spectrometer at
IGGCAS. The whole procedure blank was lower than
300 pg for Rb—Sr and 100 pg for Sm—Nd. The isotopic
ratios were corrected for mass fractionation by normal-
izing to ®8Sr/%6Sr=8.375209 and **Nd/'**Nd =0.7219,
respectively. International standard samples, NBS-987
and JNdi-1, were also run to evaluate instrument stability
during the period of data collection. The measured values
for the NBS-987 Sr standard and JNdi-1 Nd standard were
87Sr/%6Sr=0.710250 + 0.000021 (=9, 2 SD) and '**Nd/
Nd=0.512118 £0.000014 (=9, 2 SD), respectively.
USGS reference material BCR-2 was used to monitor the
accuracy of the analytical procedures, with the following
results: ¥Sr/**Sr=0.705028 +0.000012 and '**Nd/'*N
d=0.512635+0.000014. The *’Sr/**Sr and '**Nd/"*Nd
data of BCR-2 are in good agreement with previously
published data by TIMS and MC-ICP-MS techniques (Li
et al. 2012a, b). The previous data on the host rocks from
Sadeghian and Ghaffary (2011; major and trace elements)
are also used.

Results
Major- and trace-element geochemistry

Major and trace, including rare-earth elements, contents of
the ZIC are presented in Table 1. The analyses of the host
granitoid samples of this study, and recently, reported data
(Sadeghian and Ghaffary 2011) indicate that the ZIC has fea-
tures typical of calc-alkalic, magnesian rocks with an I-type
source affinity. In the de la Roche et al. (1980) classifica-
tion scheme for plutonic rocks, the Zafarghand rocks plot
as three main groups, the felsic rocks, mafic-intermediate
rocks, and MMEs. The mafic-intermediate and MMEs plot
mainly within the gabbro, gabbro-diorite, and diorite fields,
whereas the felsic rock types mostly plot as a continuum
in the granite to granodiorite fields (Fig. 4). Overall, the
Si0O, contents range from 52.01 to 77.56 wt%. However,
the felsic and mafic-intermediate rocks display narrow vari-
ation intervals that do not overlap: 52.01-58.61 wt% SiO,
for the mafic-intermediate suite and 65.38-77.56 wt% for
the felsic rocks, but the enclaves overlap with the mafic-
intermediate unit: 55.15-57.09 wt% SiO, for the enclaves.
The A/CNK ratio [molecular Al,O;/(CaO + K,0 +Na,0)] of
the studied suite ranges from 0.68 to 1.01, and all samples
are metaluminous (Maniar and Piccoli 1989). In the MALI
(Na,0+K,0 —CaO) vs. SiO, diagram (Frost et al. 2001;
Fig. 5a), the data points lie in the calcic to calc-alkaline
fields. Most of the samples plot in the field of calc-alkaline
rocks using the Zr/Y vs. Th/Yb discrimination diagram
(Ross and Bedard 2009; Fig. 5b). The felsic rocks have lower
concentrations of Fe,O5p, Al,05, MgO, TiO,, and CaO
relative to the mafic-intermediate rocks and MME. Trace
elements are characterized by low Cr, Ni, and Sr, but high
abundant of Zr and Nb and variable Rb and Ba (not shown).

Chondrite-normalized REE patterns (Sun and McDon-
ough 1989) are shown in Fig. 6a. In this diagram, the pattern
of rare elements in all units is similar with enrichment of
light REE (LREESs) relative to heavy REEs (HREEs) (Lay/
Yby: 1.9-5.9), approximately 10—100 times chondrite, and a
flat HREE pattern (Gdy/Luy: 1.07-1.41). Pronounced nega-
tive Eu anomalies to minor positive Eu anomalies (Euy/Eu*)
between 0.24 and 1.19 are present. The depletion of Eu is
indicative of feldspar involvement during fractionation and
(or) melting (cf. Rollinson 1993), whereas the lack of a sig-
nificant negative Eu anomaly in some samples can indicate
either: (1) lack of plagioclase fractionation from primitive
magmas; (2) suppression of plagioclase fractionation due
to high magmatic water contents; or (3) a high magmatic
oxidation state that limits the replacement of Ca by Eu in
plagioclase (Drake and Weill 1975; Hanson 1980). Positive
Eu anomalies can also indicate either plagioclase accumula-
tion in the rock or fractionation of hornblende, since under
those conditions, the amphibole has typically a low partition
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Table 1 (continued)

Enclaves

Mafic-intermediate rocks

Felsic rocks

ZE2 ZE3

ZE1

ZD4

ZD3

ZD1 ZD2

7G4

7G3

ZG2

1

7G

Sample

Monzogabbro

Gabbro-diorite

Gabbro Monzodiorite Gabbro Gabbro-diorite

Gabbro-diorite

Granodiorite Granite Q-monzonite

Granite

Type

0.55
341
0.56
0.78
210
180

0.44
2.79
0.44
0.82
185
130

0.57
3.58
0.58
1.1

0.35
2.18
0.36
0.41
210

0.39
2.54

04

0.47
3.01
0.49
0.69
478

0.99
6.25
0.99
3.6
84
240

0.69
4.35
0.64

2.5

0.75
5.04
0.81
3.72

4.5

Tm

Yb

Lu

1.68
222

320
240

23

120

160

110

158.1

270
46.7

303.5

170
45.1
8.1

Zr

36.8
2.6
20

292
4.4

37.7
6.2
50

23.7
1.7

254
5.4
20

315

239

62.5

30.1
22

19.5

1.4
10

Pb
Cr

110

160

70

20.8

10

*not analysed

3000

A Mafic- intermediate rocks

o Felsic rocks

2500

- Enclaves

ijolite

Rp=6Ca + 2Mg + Al
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I I

1000
I
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Fig. 4 R1-R2 compositional discrimination diagram (de la Roche
et al. 1980) used for classification of the studied samples of the Zafar-
ghand complex. Shaded field represents compositions of the Zafar-
ghand complex (Sadeghian and Ghaffary 2011)

coefficient for Eu (e.g., Green and Pearson 1985; McKenzie
and O’Nions 1991; Richards et al. 2012).

In the primitive mantle-normalized multi-element varia-
tion diagram (Fig. 6b; Sun and McDonough 1989), the fel-
sic rocks, the mafic-intermediate rocks, and the MMEs are
somewhat similar and all of samples are enriched in large
ion lithophile elements (LILEs; e.g., Cs, Th, Rb, K, and
Pb) and relatively depleted in high field strength elements
(HFSEs; e.g., Nb, Ti, Y, and Yb). The enrichment in LILEs
relative to HFSEs could have resulted from a low degree par-
tial melting in mantle; the relative role of partial melting of
metasomatized mantle and contamination by crustal mate-
rials is inferred in the formation of the region’s rocks (e.g.,
Rogers et al. 1989; Sajona et al. 1996). The negative Nb
and Ti anomalies also can indicate fractionation of a Ti-rich
phase at their source (e.g., Colakoglu and Arehart 2010).

The granites also show negative Sr, Ba, and P anoma-
lies, but the mafic-intermediate and MME have a varying
Sr, Ba, and P anomalies with pronounced negative anoma-
lies to minor positive anomalies. Negative Eu, Ba, and Sr
anomalies imply feldspar separation during the differentia-
tion or the presence of plagioclase in the source rocks. The
ZIC display compositional trends consistent with fractional
crystallization on Dy/Yb vs. Dy and La/YDb vs. La diagrams
(Fig. 7a, b; Gao et al. 2007), suggesting that this process was
responsible for their petrogenesis.

In addition, the plots of Rb/Sr vs. Sr (after Geng et al.
2009), and Sr vs. Rb (e.g., Osterhus et al. 2014) indicate that
fractional crystallization of the plagioclase plays an impor-
tant role in magmatic evolution (Fig. 8a, b). In Fig. 8c, all
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Fig. 5 a SiO, vs. Na,0+K,0—CaO (Frost et al. 2001). b Zt/Y vs. Th/Yb (Ross and Bedard 2009) diagrams for discrimination of magmatic
affinities. Shaded field represents compositions of the Zafarghand complex (Sadeghian and Ghaffary 2011)
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Fig. 6 a Chondrite-normalized REE patterns. b Primitive mantle-
normalized trace-element compositions of the Zafarghand complex
(normalization factors from Sun and McDonough 1989). Shaded field

the samples show trends of decreasing Dy/Yb with increas-
ing Si0O,. These trends show that amphibole and plagioclase
fractionation have played an important role in magma gene-
sis, because amphibole fractionation (KAMREE > KdHREE)
will decrease Dy/YDb ratios (Davidson et al. 2007; Macpher-
son et al. 2006; Macpherson 2008). Moreover, the negative
P anomalies result from apatite fractionation.

Sr—Nd isotopic composition

The Rb-Sr and Sm-Nd isotope data were determined for
eight whole-rock samples and are presented in Table 2 and
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represents compositions of the Zafarghand complex (Sadeghian and
Ghaffary 2011)

illustrated in Fig. 9. The initial (¥’Sr/%°Sr), and (***Nd/'**Nd),
have been calculated at the U-Pb zircon age of 24.6 Ma
(Sarjoughian and Kananian 2017) and all samples are
assumed to be coeval. The samples mostly plot in the right
quadrants of a conventional Sr—Nd isotope diagram and
show a negative correlation between (143Nd/144Nd)t and
(¥7Sr/%6Sr), values. The felsic rocks show (*’Sr/*®Sr), ratio
of 0.705697-0.706446 and (**Nd/'**Nd), ratio between
0.512562 and 0.512654. The mafic-intermediate rocks
show more depleted Sr and enriched Nd isotopic composi-
tions (¥’Sr/*%Sr), of 0.705123-0.705311 and (***Nd/'**Nd),
ratio between 0.512653 and 0.512665. The enclaves have



Int J Earth Sci (Geol Rundsch) (2018) 107:1127-1151 1137
120 T T T T 1 T !
100 | a 4 Mafic- intermediate rocks| | b
O  Felsic rocks
80 | ¢ Enclaves i 7k ]
La/Yb 60 |- 4 Dy/Yb
40 |- . 4+ ]
= Fractional crystalization ;
20 | > i -
Nl X, Jall= N . . .
0 10 20 30 40 50 0 4 7 1"
La Dy
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Macpherson 2008) showing trends of fractional crystallization of
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plagioclase and amphibole for the samples from the Zafarghand com-
plex. Shaded field represents compositions of the Zafarghand com-
plex (Sadeghian and Ghaffary 2011)

Table 2 Sr and Nd isotopic

Samples 7ZGl1 7G3 7G4 ZD2 7ZD3 ZE1 ZE2 ZE3

data from the Zafarghand

igneous complex 875r/86Sr 0.705864 0.705729 0.706716 0.705197 0.705930 0.705836 0.708545 0.705992
IBNd/*Nd 0.512642 0.512678 0.512583 0.512691 0.512677 0.512691 0.512670 0.512681
87S1/%Sr (i) 0.705787 0.705697 0.706446 0.705123 0.705311 0.705797 0.705533 0.705950
IBNA/"NA(T)  0.512619  0.512654 0.512562 0.512665 0.512653 0.512668 0.512648 0.512657
eNd p, 0.08 0.75 —1.04 0.97 0.74 1.03 0.64 0.83
TDMI 1.01 1.11 1.06 1.3 1.1 1.03 0.91 1.08
fSm/Nd -030 -024 -033 -019 -025 -026 —-032 —025

eNd ) =[("*Nd/"“*Nd)' e/ (NN gyp) — D% 10,000; TDM = 1/Ax In{ 1 +[((**Nd/'**Nd)
0.51315)/(("*"Sm/"*Nd)

(¥7St/%8r); ratio of 0.705533-0.705950 and (‘**Nd/'"*Nd),
ratio between 0.512648 and 0.512668 and are slightly dif-

ferent from felsic rock values.

The corresponding Nd model age (TDM) for the felsic
unit is in the range of 1.01-1.10 Ga. The Nd model ages of

sample

sample

—0.21317)1}; and fSm/Nd=("*"Sm/"**Nd)s, i)/ (47 Sm/ *Nd) cpyp)] — 1

mafic-intermediate are relatively similar to those from felsic
unit (TDM =1.1 Ga). The Nd model ages of enclaves vary

from 0.91 to 1.08 Ga and are slightly lower than values for

other rocks. The Nd model ages for rocks are acceptable with
a limited range of Sm/Nd fractionation, expressed as the fSm/
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Fig. 9 87Sr/868r(i) vs. 1Nd/ 144Nd(0 plots of isotopic ratios indicate the source for the magma from the Zafarghand complex and are compared

with other igneous provinces

Nd value to the range of —0.2 to —0.6 (Wu et al. 2000), which
is about —0.24 to —0.33 in the studied samples.

A comparison of Sr and Nd isotopic compositions of the
ZIC with the orogenic belt of northern China to northeastern
China, Xinjiang, Inner Mongolia granitoid (Wu et al. 1998);
eastern part of the Central Asian Orogenic Belt, Chushan,
Chaihe, Dawangzhezi, Baishishan, Jiangmifeng, and Tiangang
plutons (Wu et al. 2000); the Paleogene Linzizong volcanic
basin (Mo et al. 2008); porphyry Cu deposits in Southern Tibet
(Chung et al. 2009; Hou et al. 2004); and Chalukou porphyry
Mo deposit in northern Great Xing’an Range, NE China (Li
et al. 2014) reveal isotopic similarities (Fig. 9a).

A comparison of isotopic composition of the ZIC
with other igneous provinces in the UDMA from the
Khalkhab—Neshveh intrusions (Rezaei-Kahkhaei et al.
2011); Ghalhar, Marfion, and Poudalg intrusions in Niyasar
(Honarmand et al. 2014); Natanz intrusions (Haschke et al.
2010); Kajan intrusion (Golkaram et al. 2016); Kuh-e Dom
intrusion (Kananian et al. 2014); Kal-e-Kafi intrusion
(Ahmadian et al. 2016); and Kuh Panj and Jebal Barez intru-
sions in Kerman (Shafiei et al. 2009; Asadi et al. 2014) are
also completed with descriptions of these intrusive rocks
summarized in “Comparison with other cogenetic suites”
(Fig. 9b).

Discussion
Petrogenesis of the mafic enclaves

Several hypotheses have been proposed to explain the origin
of enclaves: (1) accidental country rock xenoliths (e.g., Maas

@ Springer

et al. 1997; Bonin 2004); (2) the enclaves represent refrac-
tory (i.e. residual) phases after partial melting (e.g., White
et al. 1999; Chappell et al. 2000); (3) autoliths, in which
enclaves derived from cumulates of early-formed crystals
and (or) chilled margins from a common parent (e.g., Dahl-
quist 2002; Donaire et al. 2005); or (4) products of magma
mixing and mingling, with enclaves derived from a coeval
mafic magma that intruded into the felsic magma chamber
(Vernon 1984; Barbarin 2005; Yang et al. 2007; Li et al.
2014).

The enclaves are randomly distributed in the host grani-
toids and are oval, elongate, or irregularly shaped (Fig. 2a).
These rocks display igneous microtextures, such as poiki-
litic—equigranular to microporphyritic without cumulate
textures (Fig. 3). All these observations indicate that the
mafic enclaves are not restites or xenoliths, because restites
and xenoliths typically have metamorphic or residual fabrics
(e.g., White et al. 1999). These enclaves cannot be attributed
to cumulates either because of the absence of a cumulate
texture (Barbarin 2005).

Donaire et al. (2005) believed that high ferromagnesian
phase contents in MMEs show a cognate process, since
nucleation rates of mafic phases are higher than quartz and
feldspar, and thus, these phases become enriched as early
crystallization products (Weinberg et al. 2001), whereas
low mafic mineral contents and less than 50 vol.% in the
studied enclaves are not supported by cognate genesis or
chilled margins.

Fine-grained textures resulted from strong undercool-
ing, high nucleation rates and, therefore, the relatively
fine grain sizes typifying microgranular enclaves (Vernon
1990). In some cases, the MMEs have irregular chilled
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margins against the host granitoids. However, the disin-
tegration of larger enclaves, which had chilled margins,
could generate many smaller ones that lack chilled mar-
gins (Dorais et al. 1990; Bonin 2004). Chilled margins in
the enclaves also can imply significant contrasts in both
temperature and viscosity between enclave and host melt
that may be caused by rapid cooling of the mafic enclave
components (e.g., Sarjoughian et al. 2012).

The elongate and irregular shapes of the microgranular
enclaves in the host granitoids, which suggests that they
deformed plastically within a partially crystallized convec-
tive magma (Yang et al. 2015a). The shape of the MMEs
varies from rounded to ovoid, and having serrate or cus-
pate margins and partly diffuse contacts, with lobes convex
towards the host rocks. The occurrence of both rounded
and diffuse contacts in MMEs indicates that batches of
magmas with a large variability in viscosity existed within
the same magmatic system (Nittmann et al. 1985; Perugini
et al. 2004). The hybrid zone (1-3 m) is also considered
as felsic and mafic magmas forming network veining by
their interaction, providing evidence for magma mixing
events (Kim et al. 2002). In addition, the zones of lighter-
coloured groundmass that are mantled by darker cores of
some enclaves are consistent with some chemical exchange
between enclaves and host (Pankhurst et al. 2011).

In addition, the presence of feldspar megacrysts in the
enclaves is probably phenocryst captured from the par-
tially crystalline host magma by the enclave magma (e.g.,
Vernon et al. 1988; Perugini et al. 2003) and is interpreted
as evidence that they were in a liquid state, which allows
the mechanical transfer of crystals from the host felsic
magma into the mafic magma at some earlier stage of
emplacement (e.g., Vernon et al. 1988; Waight et al. 2000;
Perugini et al. 2003; Feng et al. 2014).

It seems that the presence of feldspar megacrysts in the
enclaves indicates that there was only a small rheologi-
cal difference between the two magmas, and this enabled
the exchange of crystals between the felsic magma and
the mafic magma (e.g., Barbarin and Didier 1992; Waight
et al. 2000; Perugini et al. 2003; Yang et al. 2015a).

Pillow-like enclaves are suggestive of the enclaves
forming as mafic magma blobs that formed during injec-
tion into the granitic host magma, then undergoing
quenching against the cooler felsic host magma (Dorais
et al. 1990; Bonin 2004; Cheng et al. 2012). In addition,
schlieren structures strongly suggest interaction between
two crystal-mush systems and rule out the possibility that
the enclaves might have been totally solid at the time of
interaction (Poli 1992). Some felsic veins occurring within
the enclaves support the presence of a residual liquid and
provide further evidence of magma mixing and mingling
during enclave formation (e.g., Cheng et al. 2012).

Alternatively, several other lines of evidence indicate that
these MMEs most likely represent globules of mafic magmas
that were injected into magma chamber and mixed/mingled
with cooler, partially crystallized host felsic magmas; (1)
large plagioclase and K-feldspar crystals with corrosion
embayments and cross-cutting the enclave/host boundary
are considered as evidence that when the enclaves were in a
liquid state when they were incorporated into the more felsic
magma that would cause destabilization and consequently
cause dissolution of these minerals; this accounts for the
commonly rounded shapes of these phenocrysts in the host
rocks (Vernon 1984, 1990; Vernon et al. 2004); (2) oscil-
latory or normally zoned plagioclase phenocrysts indicate
variation in the crystallization conditions (e.g., Holten et al.
2000); (3) poikilitic texture in the K-feldspar megacrysts in
the enclaves indicating that these crystals grew within melt,
which during growth allows the incorporation of inclusion
minerals by periodically attaching themselves to the faces
of the growing crystals (e.g., Moore and Sisson 2008); (4)
apatites in the enclaves display acicular features and are
enclosed within the larger crystals, thus indicating that the
mafic magma was rapidly quenched and cooled in the host
granitic magma and can be a good proxy for magma min-
gling (e.g., Sparks and Marshall 1986; Piccoli and Candela
2002; Pankhurst et al. 2011); (5) mafic clots are a major sign
of magma mixing and hybridization (e.g., Didier 1987; Ver-
non 1991); and (6) coexistence of two types of plagioclase
possibly record the mixing of coexisting mafic and felsic
magmas (e.g., Kaygusuz et al. 2008). Field and textural evi-
dence indicate that the entrained enclaves and the granitic
host were partially molten at the same time and suggested
that magma mixing played a key role in the generation of
these rocks resulting in the formation of fragments whose
dimension varies from a few millimetres to metres in size.

Magma mixing/mingling and chemical exchange

Frost and Mahood (1987) has recommended two scenarios
for the interaction of two contrasting magmas, such as: (1)
the two magmas mix, thereby forming a hybrid melt and (2)
the melts partially mix, but incompletely, whereas new mafic
magma pulsed injections invaded the felsic magma chamber,
forming MMEs. Mixing of two magmas is controlled by
their bulk compositional and thermal differences (McBirney
1980; Furman and Spera 1985). Large compositional and
thermal differences between the two magmas inhibit physi-
cal mingling, whereas smaller differences permit hybridi-
zation and chemical mixing. Rheologic modeling by Frost
and Mahood (1987) indicates that homogenization of two
magmas is unlikely if the compositional difference between
them exceeds 10 wt% SiO,. Of course, some researchers
(e.g., Philpotts et al. 1998; Martin et al. 2006) recommended
that the crystal content of a magma appears to be a critical
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parameter controlling its mixing capacities, due to its effect
on the viscosity of magmas (cf. Laumonier et al. 2014a).

It is possible that mafic magma mixed with felsic magma
before extensive crystallization of the felsic magma. The
nature and timing of chemical exchange have implications
for emplacement and cooling histories and the relative tem-
perature, composition, and degree of crystallization of the
two magmas control their relative viscosities and the degree
of physical mingling and chemical mixing of the two mag-
mas (Sparks and Marshall 1986). Because the basic magma
is hotter and less viscous than the acidic magma, the interact-
ing basic and acid magmas would remain as distinct physical
entities until they reach thermal equilibrium and (or) compa-
rable viscosities (e.g., Campbell and Turner 1985). During
the attainment of equilibrium, the basic magma simultane-
ously experiences rapid crystallization (quenching), during
which it chemically evolves. Thermal exchange is more rapid
than mechanical or chemical exchange, by about three to five
orders of magnitude in silicate melts (Fernandez and Barba-
rin 1991; Barbarin and Didier 1992) and chemical exchange
generally act after thermal equilibration. The diffusion of
elements between the mafic and felsic magma tends towards
a compositional equilibrium (Debon 1991).

In studying the interactions of enclaves and host mag-
mas, two processes need to be considered: First infiltration
and mixing of melt and phenocrysts occurred from the host
with the enclave and secondly diffusion between the solid
and liquid phases (Holden et al. 1991). Because when mafic
magma injects into felsic magma and breaks up into globular
enclaves, magma mingling and chemical diffusion would
tend to modify the original composition of the enclave
magma (Liu et al. 2015).

Of course, diffusive exchange of elements, such as K and
Na, between a partial melt derived from xenoliths and the
magma occurs at extremely rapid rates, can occur, with the
magmas becoming contaminated by certain elements. In
these systems, diffusion of Na out of the magma into the
relatively Na-poor metasedimentary melt occurs and can
change the ASI value of the magma as well, although Mg
values remain constant (Erdmann and Clarke 2007). These
features are not compatible with our geochemical results.

There is a clear correlation between the size of the
enclaves and interaction degree between coeval magmas.
The small-sized enclaves display fine-grained textures
indicating rapid quenching, while the large enclaves reach
up to 30 cm in diameter, display coarser grained textures,
and higher felsic mineral contents in their rims. Chemical
contrasts between small enclaves and the host granitoids
are larger than between large enclaves and the host grani-
toids (Barbarin and Didier 1992). Due to rapid undercool-
ing, small enclaves became a closed system relative to
large enclaves (Yilmaz Sahin 2008). Therefore, the small
mafic enclaves are less hybridized and have a more basic
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composition, whereas the large mafic enclaves were most
likely hybridized by host granitic magmas.

A magma mingling and mixing origin for the enclaves
is also testable using the geochemical data. Differences in
major element compositions, combined with similarities in
trace element and isotopic compositions, could reflect dif-
ferent diffusion rates of the elements during magma mixing
(e.g., Dahlquist 2002; Yang et al. 2015a). Although it is dif-
ficult for major elements (except mobile elements such as
K and Na) to diffuse and homogenize during magma mix-
ing, major elements in the silicate melt are network-forming
components and mainly in tetrahedral coordination, whereas
trace elements and associated isotopic systems are non-net-
work components that can be easily activated (Lesher 2010;
Yang et al. 2015b).

In addition, Laumonier et al. (2014a) shows that dif-
fusivity laws for the melt components at 1170 °C, self-
diffusivities change from 1071221071 ¢m?s for Si; to
107112107 cm?s for Al, Mg, and Ca; and up to 102 cm¥/s
for Na and K, which correspond to diffusion distances per
1 h of 1-30 pm for Si; 10-200 pum for Al, Mg, and Ca; and
400-2000 pm for K and Na. However, the few experimen-
tal data available on multicomponent diffusion (e.g., Wat-
son 1982), show that alkali diffusivities, in particular Na,
decrease by up to three orders of magnitude (relative to self-
diffusivity values), being comparable to those of Ca, Mg, or
Al (i.e., 1072-107"* m?/s, Zhang et al. 2010).

Some researchers (e.g., Hofmann 1980; Baker 1989;
Lesher 1994; Zhang et al. 2014a) believed that liquid-state
isotope diffusion is up to two orders of magnitude more rapid
than elemental diffusion and isotopic equilibration should
approach a 1:1 correlation regardless of mineralogy (Holden
et al. 1991). Lesher (1990) suggested that magma mixing
via element diffusion would tend to modify fast diffusing
Sr isotopes more effectively than Nd isotopes (e.g., Cheng
et al. 2012) and the enclaves show a similar Sr isotopic
composition relative to the host, indicating plagioclase was
equilibrated with the melt (e.g., Ebertz et al. 1990; Flood and
Shaw 2014). We conclude that the geochemical composi-
tions of both mafic and felsic rocks have been affected by
diffusive exchange processes, indicating a greater similar-
ity of the Sr isotopic signature than of Nd isotopes. Subse-
quently, we suggest that the studied intrusion is a product of
the partial chemical equilibration of felsic and mafic melts,
representing a process of magma mixing/mingling.

A magma mixing/mingling model is also favoured by
chemical discrimination techniques and analysis of mix-
ing scenarios. The samples define hyperbolic mixing arrays
(Yang et al. 2015a) in the MgO/Al,0O; vs. SiO,/CaO diagram
(Fig. 10a). The CaO/SiO, vs. FeO,/Si0O, (Fig. 10b; Berzina
et al. 2014) and Ti/Zr vs. St/Zr diagrams (Fig. 10c; Karsli
et al. 2007) also exhibit an array suggesting that mixed
magma occured during ascent of these magmas.
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The correlations between Ba/Ta and ®’Sr/%6Sr show
decreasing trends (Fig. 10d; Hildreth and Moorbath 1988)
and the correlations between '“*Nd/'**Nd and '*’Sm/!*Nd
(Fig. 10e; Zhang et al. 2015) display an increasing trend can
serve as evidence of magma mixing. Using the Th/Nb vs.
Zr diagram (Fig. 10f), the studied samples define a vertical
trend, indicating that magmatic evolution of these granitoids
was controlled by bulk assimilation (BA) or magma mixing
(Nicolae and Saccani 2003; El-Bialy and Omar 2015). These
trends would be consistent with two-component mixing and
is in accordance with field and petrographic evidence that
there was some degree of physical and chemical interac-
tion between the enclaves and the host granite, as discussed
above.

Constraints on the sources

Three models have been proposed for the petrogenesis of
calc-alkaline I-type granitoids: (1) fractional crystallization
of mantle-derived magma with or without contamination
(e.g., Petford and Atherton 1996); (2) partial melting of old
basic-intermediate meta-igneous lower crust with or without
interaction with mantle-derived mafic magmas (e.g., Rapp
and Watson 1995); and (3) partial melting of the juvenile
lower crust (e.g., Wu et al. 1998, 2000, 2006; Jahn et al.
2000, 2015; Li et al. 2014). Samples from the ZIC present
a wide range of silica contents (SiO,=52.01 to 77.56 wt%),
as well as relatively low Mg# (ranging from 8 to 42). Sr—Nd
isotopes [87Sr/86Sr(i) ranging from 0.705123 to 0.705950 and

0.4

eNd ) ranging from —1.04 to + 1.03] compositions. Conse-
quently, their parental magmas do not represent end-mem-
bers of either primary mantle melts and (or) end-member
lower continental crust.

In the La/Nb vs. Ba/Nb (Fig. 11a; Dilek et al. 2010),
Th/Ta vs. La/Yb (Fig. 11b; Berzina et al. 2014), Th/U vs.
Th (Fig. 11c; Kaygusuz et al. 2014), and Nb/Ta vs. Zr/Hf
(Fig. 11d; Yang et al. 2008) diagrams, the compositions of
the rocks from the studied complex plot between continen-
tal crust-derived melts and primitive mantle- and MORB-
derived melts. In addition, (La/Sm)y in the studied complex
are between crust [continental crust: 4.25; Weaver and Tar-
ney (1984)] and mantle values [1.00; Sun and McDonough
(1989)] and the average of (La/Sm)y ratios in the studied
samples are 2.24, suggesting the role of both mantle and
continental crust in the evolution of these magmas.

Typical amphibolites have positive eNd values that are
quite similar to the eNd; obtained for the studied intru-
sion (e.g., Moita et al. 2015). Likewise, some research-
ers (e.g., Wu et al. 1998, 2000, 2006; Jahn et al. 2000,
2015) believed that the geochemical characteristics, such
as low initial 87Sr/%®Sr ratios (0.705 +0.001), positive
eNd,r) values (+4-0), and relatively young TDM model
ages (912-1115 Ma) in the intrusive rocks indicate that
originated from the juvenile crust. In addition, the mod-
erately fractionated REE pattern of the granitoid suites,
together with the undepleted and flat HREE patterns with
(Dy/Yb)y ratios of 1-1.18, is incompatible with partial
melting of a garnet-bearing source (Guo et al. 2009) and
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Fig. 10 a SiO, vs. MgO/Al,0; (Yang et al. 2015a). b CaO/SiO,
vs. FeO/SiO, (Berzina et al. 2014). ¢ Ti/Zr vs. St/Zr (Karsli
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(Nicolae and Saccani 2003) plots indicating the role of magma mix-
ing/mingling in the Zafarghand complex. Shaded field represents
compositions of the Zafarghand complex (Sadeghian and Ghaffary
2011)
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Fig. 11 Studied samples plotted on: a La/Nb vs. Ba/Nb. b La/YDb vs.
Th/Ta, ¢ Th vs. Th/U. d Nb/Ta vs. Zr/Hf diagrams used to distinguish
between different source rocks. PM primitive mantle, MORB mid
oceanic ridge basalt, OIB oceanic island basalt, MM metasomatized
mantle [values are from Sun and McDonough (1989)], CC continen-

indicates that pyroxene and (or) amphibole are present in
the source region at <40 km depth (Liu et al. 2015). The
results of these analyses demonstrate that the ZIC may
have been generated by the partial melting of relatively
juvenile crust with isotopic and geochemical signatures
near those of the mantle.

To evaluate the source character of the parental magma
of the ZIC, binary isotopic modeling has been employed
with the use of upper mantle (UM) and medium/lower
continental crustal (LCC/MCC) end-members and also
basalt (B) and medium/lower continental crustal (LCC/
MCC) end-member compositions. The isotopic modeling
scheme is presented in Fig. 12, in which Sr and Nd iso-
topic bulk mixing lines plot between basalt (juvenile crust
with metabasaltic and amphibolite composition) and old
medium/lower continental crustal end-member. The pro-
portions of the incorporated end-members, the modelling
results, demonstrate that ~90-80% of the basaltic magma
seems to have mixed with the lower/medium-crust-derived
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tal crust, MCC middle continental crust, LCC lower continental crust
[values are from Rudnick and Gao (2003)]. Shaded field represents
compositions of the Zafarghand complex (Sadeghian and Ghaffary

2011)
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Fig. 12 Simple mixing model diagram showing a trend of eNd, vs.
(¥7Sr/%8r); isotope variation of the Zafarghand complex. UM upper
mantle, LCC lower continental crust, MCC middle continental crust,

UCC upper continental crust, B basalt
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magma (~ 10-20%) in the generation of the magmas with
minimal upper crustal components added to the magma
(Jahn et al. 1999).

The juvenile crustal source can be interpreted by three
different methods: (1) partial melting of a subducted oce-
anic crust (e.g., Defant and Drummond 1990); (2) oceanic
basaltic crustal materials atop the subducting/underthrusting
oceanic lithosphere (Mo et al. 2008); and (3) mantle-derived
juvenile continental crust (e.g., Wu et al. 1998, 2000).

The partial melting of subducted young oceanic crust
is geochemically characterized by low Y and Yb and high
Sr/Y (>40) and La/Yb (>20) ratios, which are indicative
of garnet in their residual source and also has lower initial
87S1r/%Sr, and higher '*Nd/!'**Nd than the studied samples,
therefore, are not consistent with the ZIC.

On the other hand, Mo et al. (2008) believed that melting
of oceanic basaltic crustal materials atop the subducting/
underthrusting oceanic lithosphere could produce primary
melts of andesitic compositions with inherited mantle iso-
topic signatures and melting of the more felsic materials
including terrigenous sediments along with the subduct-
ing/underthrusting oceanic crust can produce more felsic
melts. If amphibolitic slabs melt at these shallow levels, the
melt would have no garnet signature and as a result offer no
convincing geochemical evidence for slab melting, which
has some key implications for the initial collisional setting;
however, it may not seem likely because of the long distance
to the trench (~ 100 km).

Another possibility is the development of juvenile crust
during crustal growth had been previously stored (under-
plated) at the base of the crust, during compressional sub-
duction (Taylor and McLennan 1985, 1995; Wu et al. 2000)
and (or) initial collision.

All these observations support a genetic model, in which
mantle-derived hydrous melt was emplaced as a succession
of sills, in a laterally extensive region in the lower crust
generating a deep crustal hot zone (e.g., Annen et al. 2006).
Incubation times between the injection of the first sill and
generation of melts are controlled by the initial geotherm,
magma input rate, and the emplacement depth (Annen et al.
2006). The deep crustal hot zone where confining pressures
are high and warm country rock decreases the cooling rates
of magma chambers, therefore, enables the magma chambers
to undergo recharge (Lee et al. 2014). The dehydration melt-
ing of mafic meta-igneous (e.g., amphibolitic and metaba-
saltic) juvenile crustal and old continental crustal rocks, of
which melts ascended to shallower crustal levels, generating
a variety of rock types ranging from gabbro to granite.

Annen et al. (2006) believed that chemically hybrid melts
can be formed if the residual melts from basalt crystalliza-
tion are mixed with partial melts of older crust, within deep
crustal hot zones during extraction. The experimental studies
indicate dissolved H,O contents from almost zero to 10 wt%

(e.g., Sisson and Layne 1993; Carmichael 2002) and can
generate a wide diversity of melt compositions.

A thermal anomaly induced by underplated basic magma
into the lower crust would have caused amphibolite and
metabasaltic dehydration partial melting in the juvenile
crust; partial melting of this juvenile crust generated these
igneous rocks.

However, CaO, MgO, and Fe,O5 of the enclaves are gen-
erally higher, whereas the SiO, content and Nd model ages
are lower than that of host rocks. It seems that the micro-
granular enclaves and mafic-intermediate rocks represent
large volumes of basaltic-to-amphibolitic relatively juvenile
crustal magmas, with the possibly of a minor mantle compo-
nent, which once injected into the felsic magma, cools rap-
idly, partially crystallizes, and then becomes more viscous to
form discrete magma blobs. The Sr—Nd isotopic ratios of the
MME:s are similar to the host rocks, indicating that incom-
plete mixing of mafic and host granodioritic magmas caused
local Sr—Nd isotopic equilibration, while major element dis-
equilibrium is still evident (e.g., Allen 1991; Zhang et al.
2014b). With further injection of evolved mafic magmas into
a melt-rich granitic mass, more complete magma mixing
resulted in a homogeneously hybridized granodiorite. Later,
injections into more fully crystallized hybrid rocks generated
spheroidal MME, and hybridized magma evolved through
fractional crystallization and possibly slight assimilation to
form the acidic rocks.

Tectonic setting

Calc-alkaline rocks are the typical products of convergent
plate margin tectonic settings. They are characterized by
enrichment of LILE and Pb, distinct negative Nb, Ta, P,
and Ti anomalies, LREE enrichment relative to MREE and
HREE. These characteristics have commonly been explained
by the addition of hydrous fluids released from subducting
oceanic lithosphere, selectively enriched in LILE and other
fluid-mobile elements (e.g., Pb and U), to the mantle wedge,
lowering the mantle solidus and leading to magma genera-
tion, whereas HFS elements preferentially remain in stable
accessory minerals (e.g., Saunders and Tarney 1984; Mur-
phy 2007). In addition, the overall enrichments in LILEs and
LREE:s can also result from the interaction between mantle-
derived melts with crust. Nevertheless, these geochemical
characteristics, coupled with the Pb peak and Ti—-Nb nega-
tive anomalies in the primitive mantle-normalized patterns
and the Sr—Nd isotopic compositions, could be caused by
magma mixing and (or) crustal contamination (Rollinson
1993).

Various tectono-magmatic discrimination diagrams
are used to interpret the tectonic settings of the granitoids
from the ZIC. Pearce et al. (1984) indicate that arc gran-
ites (I-type) have relatively low Rb and Y + Nb, as well
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as low Yb+ Ta contents; most of these samples plot in
the field of volcanic arc granites (VAG) in Rb vs. Y +Nb
and Yb+ Ta diagrams, suggesting a subduction-related arc
setting (Fig. 13a, b). Moreover, Thieblemont and Tegyey
(1994) suggested that Nb/Zr ratio is reliable for distinguish-
ing between different tectonic settings, especially subduction
from collisional settings, with the low Nb/Zr ratio of these
samples consistent with a subduction setting (Fig. 13c). The
average Zr/Y ratio ranges from 5.86 in the felsic rocks, 5.36
in the intermediate-mafic rocks, and 5.23 in the enclaves are
closely comparable to Zr/Y ratio calculated by Pearce and
Norry (1979) for continental arcs (> 3).

It is clear that the geochemical properties of the ZIC are
compatible with a convergent margin with the consumption
of the Neotethyan Ocean, during formation of the UDMA,
which was related to the development of the adjacent San-
andaj—Sirjan zone (Fig. 1). According to many researchers

(e.g., Hooper et al. 1994; Hafkenscheid et al. 2006; Robert-
son et al. 2009; Chiu et al. 2013; Richards 2015), the tim-
ing of Arabia—Eurasia collision of the Arabian and Eurasian
plates began in the Miocene at ~15-20 Ma (Agard et al.
2011); the subducting Neotethyan slab steepened due to to
rollback of the slab and (or) there was slab break-off (see
Agard et al. 2011); these geochemical signatures can also
form in transpressional settings, generating the upwelling
mantle resulting in selective partial melting (Fig. 14).

Comparison with other cogenetic suites

For more careful consideration and evaluating the possi-
ble source(s), the geochemical data of this study’s samples
were compared with other igneous provinces, such as some
published data from the orogenic belt of northern China to
northeastern China, Xinjiang, Inner Mongolia granitoids
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Fig. 13 a, b Distribution of the selected samples in the geotectonic
discrimination diagrams of Pearce et al. (1984). ¢ Thieblemont and
Tegyey (1994). Christiansen and Keith (1996) noted that VAG, syn-
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COLG, and WPG are similar to I-type, S-type, and A-type granitoid
varieties. Shaded field represents compositions of the Zafarghand
complex (Sadeghian and Ghaffary 2011)
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Fig. 14 Schematic illustration
of the geodynamic evolution of
the Central UDMA in the late
Oligocene
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(Wu et al. 1998); eastern part of the Central Asian Oro-
genic Belt, Chushan, Chaihe, Dawangzhezi, Baishishan,
Jiangmifeng, and Tiangang plutons (Wu et al. 2000); the
Paleogene Linzizong volcanic basin (Mo et al. 2008); por-
phyry Cu deposits in Southern Tibet (Hou et al. 2004; Chung
et al. 2009); and Chalukou porphyry Mo deposit in northern
Great Xing’an Range, NE China (Li et al. 2014) that have
similar geochemical and isotopic signatures. The porphyry
Cu deposits in southern Tibet (Hou et al. 2004; Chung et al.
2009) and Chalukou porphyry Mo deposit in northern Great
Xing’an Range, NE China (Li et al. 2014), however, exhibit
relatively high St/Y and La/Yb ratios similar to adakites
rocks. As shown in Fig. 9a, the studied samples and Pale-
ogene Linzizong volcanic basin (Mo et al. 2008), eastern
part of the Central Asian Orogenic Belt (Wu et al. 2000),
Chalukou porphyry Mo deposit in northern Great Xing’an
Range, NE China (Li et al. 2014), and porphyry Cu deposits
in southern Tibet (Hou et al. 2004; Chung et al. 2009) plot
mostly in the right quadrants on a conventional Sr—Nd iso-
tope diagram and overlap with each other (Fig. 9a); this indi-
cates that the melts were derived from juvenile crust with
relatively young model ages (see also Jahn et al. 2000; Wu
et al. 2006). The isotope data preclude the possibility of melt
derivation from ancient basement, revealing a large propor-
tion of juvenile components in the magma source. As partial
melting of juvenile lower crust, probably amphibolites and
metabasaltic, along with minor mantle and (or) upper crust
together with extensive crystal fractionation contributed to
the formation of these intrusive rocks.

Comparison with other intrusions in the UDMA

As noted above, the upper Oligocene ZIC belongs to
the UDMA, which formed from the subduction between
Arabia and Eurasia, although in a locally extensional
regime. The geochemical data of the studied samples were

compared with other igneous provinces in the UDMA in
the Central Iran, such as Khalkhab—Neshveh (Rezaei-
Kahkhaei et al. 2011); Ghalhar, Marfion, and Poudalg
(Honarmand et al. 2014); Natanz (Haschke et al. 2010);
Kajan (Golkaram et al. 2016); Kuh-e Dom (Kananian et al.
2014); Kal-e-Kafi (Ahmadian et al. 2016); and Kuh Panj
and Jebal Barez (Shafiei et al. 2009; Asadi et al. 2014)
intrusions. Geochemical and isotopic data indicate that all
igneous provinces are metaluminous, calc-alkaline, with
an I-type arc geochemical affinity and are relatively similar
to their other geochemical properties, such as trace and
REE abundances.

The Late Eocene Khalkhab—Neshveh intrusion also con-
sists of a wide spectrum from quartz monzogabbro to gran-
ite. Rezaei-Kahkhaei et al. (2011) proposed that this intru-
sion might have been derived from metasomatized mantle
or lower continental crust.

The Ghalhar, Marfion, and Poudalg intrusions in Niyasar
are comprised of early Eocene microdiorite, early Oligocene
dioritic sills, and middle Miocene tonalite, quartz diorite,
and diorite. Geochemical and isotopic evidence for these
Eocene—Oligocene mafic rocks suggests that the magmas
originated from lithospheric mantle with significant involve-
ment of an EMII component and were strongly affected by
crustal contamination, and the middle Miocene granitoids
also suggest a mixed mantle—crustal origin (Honarmand
et al. 2014).

The Natanz intrusion composed of Eocene granites and
Miocene gabbro, diorite, granodiorite, and granite has geo-
chemical characteristics indicating a change in the mineral-
ogy of the residual melt, from the garnet-bearing amphi-
bolite to metasomatized mantle peridotite (Haschke et al.
2010).

The Neogene Kajan igneous rocks are comprised of
quartz diorite, quartz monzodiorite, tonalite, and granite.
Golkaram et al. (2016) suggested an important contribution
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from the mantle wedge source with minor interaction with
the upper crust for the most evolved felsic rocks.

The Eocene Kuh-e Dom multiphase intrusion has a wide
range of compositions from granite and granodiorite, to
diorite and gabbro. This geochemical and isotopic evidence
indicates a mixed origin for the Kuh-e Dom hybrid granitoid
with a range of contributions of both the crust and mantle,
most probably by the interaction between lower crust- and
mantle-derived magmas (Kananian et al. 2014).

The Eocene Kal-e-Kafi intrusions range in composition
from gabbro to granite. These granitoid rocks show some
affinities with adakites, e.g., high St/Y and La/Yb ratios.
Geochemical characteristics indicate that these rocks were
probably derived by the partial melting of delaminated lower
crust, which interacted with the surrounding metasomatized
peridotite mantle with a composition of garnet-bearing
amphibolite or amphibole-bearing eclogite melting (Ahma-
dian et al. 2016).

Tertiary intrusive activity in the Kerman was concen-
trated in two distinct episodes: (1) Eocene—Oligocene (Jebal
Barez) composite gabbroic to granitic barren intrusions and
(2) mid—late Miocene (Kuh Panj) dioritic to granodioritic
stocks. The Kuh Panj intrusion exhibits relatively high St/Y
and La/Yb ratios, similar to adakites rocks. Geochemi-
cal modeling indicates peridotite partial melting for the
Eocene—Oligocene intrusions and a hydrous garnet-bearing
amphibolite juvenile lower crust source for middle-late Mio-
cene intrusions (Shafiei et al. 2009; Asadi et al. 2014).

The Kajan intrusion (Golkaram et al. 2016);
Khalkhab—Neshveh intrusions (Rezaei-Kahkhaei et al.
2011), Miocene Natanz, (Haschke at al. 2010), and Jebal
Barez and Kuh Panj intrusive rocks (Shafiei et al. 2009;
Asadi et al. 2014) with young Nd model ages, mostly plot
in the right quadrants, near the horizontal line on a conven-
tional Sr—Nd isotope diagram and overlap with each other;
however, the Kuh-e Dom (Kananian et al. 2014), Ghalhar,
Marfion, and Poudalg (Honarmand et al. 2014) samples
show differences in isotopic ratios and are characterized by
higher initial ¥Sr/**Sr and lower '**Nd/'**Nd than the ZIC
and the Kal-e-Kafi samples (Ahmadian et al. 2016) that also
reveal lower initial 8’Sr/%®Sr than typical within ZIC. The
Sr—Nd features of the studied samples are comparable to
those of Kajan, Khalkhab—Neshveh, Miocene Natanz, Jebal
Barez, and Kuh Panj intrusions (Fig. 9b), which indicates
that the melts could be cogenetic.

This geochemical and isotopic evidence support a mixed
origin for the lower middle Eocene Kuh-e Dom and middle
Miocene Ghalhar, Marfion, and Poudalg intrusions with a
range of contributions of both the old lower crust and man-
tle. They are generated by partial melting of variable por-
tions of mafic lower crust and mantle, with some crustal
contamination during magma ascent, although have differ-
ent ages (Honarmand et al. 2014; Kananian et al. 2014).

@ Springer

In addition, the Kal-e-Kafi intrusion shows some affinities
with adakites generated near the boundary between garnet-
bearing amphibolite or amphibole-bearing eclogite melting
zone of the delaminated lower crust, at pressures equivalent
to crustal thicknesses of >40 km (Ahmadian et al. 2016).
Whereas Kajan, Khalkhab—Neshveh, Miocene Natanz,
Jebal Barez, and Kuh Panj intrusions could be a result of
melting from the relatively juvenile mafic lower crust. If
it is accepted that the Kajan, Khalkhab—Neshveh, Miocene
Natanz, Jebal Barez, and Kuh Panj intrusions are mainly
derived from partial melting of relatively juvenile mafic
lower crust, this then suggests that new crustal growth is an
important growth mechanism in the central UDMA.

Conclusions

The following conclusions can be drawn from the petrologi-
cal and geochemical data discussed above:

1. The Upper Oligocene Zafarghand igneous complex
(ZIC) is located in the UDMA and is comprised of
gabbro to granite with abundant rounded enclaves with
sharp, crenulated, and (or) diffuse contacts and feldspar
megacrysts, which are interpreted as evidence for coex-
isting mafic and felsic magmas.

2. Disequilibrium textures, such as oscillatory-zoned pla-
gioclases, resorbed plagioclase megacrysts, small lath-
shaped plagioclase in large plagioclase, mafic clots,
poikilitic texture in K-feldspar megacrysts, and acicular
apatite, can be interpreted to reflect interaction of mag-
mas to form diverse chemical compositions.

3. The differences in major-element composition and simi-
larities in trace-element and isotopic compositions may
reflect different diffusion rates of the elements during
magma mixing. Likewise, the geochemical diagrams
also support a mixing/mingling model between felsic
and mafic magma.

4. Geochemical and isotopic data suggest that the mafic
source involves melt interaction from dehydration melt-
ing of mafic amphibolitic and metabasaltic juvenile
crustal (~80-90%) and old lower/middle crustal com-
ponents (~ 10-20%), with pyroxene and (or) amphibole
composition that are present in the source region with-
out garnet.

5. Consequently, the ZIC in the UDMA represents a conti-
nental margin setting, which was emplaced during sub-
duction of the Neotethys Ocean beneath the Sanandaj-
Sirjan and Central Iran zones. However, rollback of the
slab and (or) slab break-off possibly with transpression
may have resulted in a locally extensional emplacement
regime.
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