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Abstract The felsic granitoids in the north of Urumieh plu-
tonic complex are associated with abundant mafic rocks as
mafic microgranular enclaves (MMEs). Typically, mafic en-
claves are gabbrodiorite and monzo-gabbro/diorite in compo-
sition, and they are hosted by quartz syenite. MMEs have
variable size (from a few centimeters up to 4 m) and shapes
(including rounded, ellipsoidal, discoidal, lenticular, tabular,
and elongated). MMEs, structurally and petrographically are
characterized by irregular, gradual, and sharp contact surfaces,
finer-grained enclaves and areas enriched in mafic material,
feldspar phenocrysts in enclaves, plagioclase zoning with
resorbed rims, acicular apatite, blade-like biotite, and mafic
clots, indicating mixing and mingling of co-existing mafic and
felsic magmas with liquid–liquid relation. MMEs generally
contain higher values of Fe2O3, MgO, CaO, TiO2, MnO, V,
Co, U, Sr, Nb, Ta, Ti, P, and heavy earth elements (HREE) and
lower values of Al2O3, Na2O3, K2O, Ba, Rb, Th, K, Hf, and Zr
than their host, which are in consistent with occurrence of
abundant ferromagnesian minerals in the enclaves.
Geochemically, the mafic enclaves and host are metaluminous
with medium- to high-K calc-alkaline nature and strongly
enriched in long ionic lithophile elements (LILE) and light
earth elements (LREE) compared with high field strength
elements (HFSE) and HREE. Some major and trace elements
form linear trends on harker diagrams, having approximately
identical concentration of trace elements, similar mineralogi-
cal composition, and high Mg no. in the both enclaves and
host, suggesting their co-genetic origin. Our investigation
shows that the enclave-forming magma may have originated

from the uppermost metasomatized asthenospheric mantle
and formed from a basaltic parent magma. Consequently,
felsic part might have been produced by fractional crystalli-
zation from enclave-forming mafic magma in lithospheric
mantle, supported by large volume of the mafic mass relative
to the felsic unit. Finally, coeval mafic and felsic magmas may
have mingled and mixed at two distinct, but continuous pe-
riods at different levels (before and during ascent and em-
placement) as a result of combined multistage interactions
(least and slight hybridization stages), which are commonly
represented by basic to intermediate or hybrid MMEs.

Keywords Mafic microgranular enclaves . Magmamixing/
mingling . Hybridization . Geochemistry . Petrogenesis

Introduction

Mafic microgranular enclaves (MMEs) are common in inter-
mediate and felsic plutons worldwide, particularly in calc-
alkaline granitoids and play a substantial role in the evolution
of granitic magmas. Characterization, genesis, and evolution
of MMEs have been extensively discussed by several authors
(e.g., Pabst 1928; Didier 1973; Hibbard 1981; Topley et al.
1982; Vernon 1983; Bacon 1986; Barbarin and Didier 1992).
There are three main controversial models in petrogenesis of
MMEs: (1) they formed by settling of early crystals from the
host magma or fragments of early solidified wall-rock facies
closely related to the host magma (cognate model) (e.g.,
Chappell et al. 1987; Dahlquist 2002; Ilbeyli and Pearce
2005), (2) they are recrystallized fragments, refractory meta-
morphic rocks, and residual fragments from a granitic source
(restite model) (e.g., Chappel and White 1992; White et al.
1999), or (3) in generally they are hybridized magmas and
globules of more mafic magma mixed with felsic host magma
(hybridization model) (e.g., Vernon 1984; Barbarin 2005;
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Feeley et al. 2008; Kaygusuz and Aydıncakır 2009). Among
the three mentioned models, there are various discussions
between researchers. Advocates of magma mixing attribute
the compositional similarities between enclaves and host
rocks to varying degrees of chemical equilibration and diffu-
sional exchange between the co-existing magmas during slow
cooling (Pin et al. 1990; Allen 1991; Holden et al. 1991).
Didier and Barbarin (1991) and Vernon (1983, 1991) have
challenged the “Restite Model” by making distinctions be-
tween restites and microgranular enclaves based on textural,
mineralogical and chemical observations. Based on “cognate
model,” three different mechanisms have been proposed
which are similar to geochemistry and isotopic characteristics
of the microgranular enclaves and their host rocks are easily
interpretable in terms of this hypothesis. These three mecha-
nisms are (1) cumulate clots (Dodge and Kistler 1990;
Dahlquist 2002), (2) disrupted chilled margins (Donaire
et al. 2005), and (3) disrupted cumulate assemblages
(Bebien 1991; Platevoet and Bonin 1991). Among the de-
scribed models, the hybridism model, in particular has been
well documented by many geologists (e.g., Frost and Mahood
1987; Didier and Barbarin 1991; Blundy and Sparks 1992;
Silva et al. 2000; Barbarin 2005). Although the problems
associated with magma mixing is still highly debated, this
model, however, has been applied in studies of granites
worldwide.

The aim of the present study is to investigate hybridization
process between MMEs and host rock based on field and
petrographic evidences, considering that studied host and its
MMEs can be considered as an ideal opportunity to pursue
these types of geological phenomena. In addition, the geo-
chemical data were used to study chemical interaction be-
tween MMEs–host rocks and also specific magmatic process-
es which may have been involved in the genesis of the
microgranular enclaves.

Geological background

The subduction of the Neo-Tethyan ocean floor beneath Iran
sutured Iran to Arabia (e.g., Takin 1972; Berberian and King
1981; Alavi 1994), and the subsequent continental conver-
gence built the Zagros orogenic belt. This orogenic belt is
considered part of the Alpine orogenic system and consists of
three NW-SE trending parallel zones: (1) Zagros fold–thrust
belt (ZFTB), (2) Urumieh–Dokhtar magmatic assemblage
(UDMA), and (3) Sanandaj–Sirjan zone (SSZ) (Alavi 1994)
(Fig. 1).

The study area is located in the northwestern part of the
SSZ. This zone is 150–200 km wide and 1500 km long and
lies between the towns of Sirjan and Esfandagheh in the
southeast and Urumieh and Sanandaj in the northwest
(Mohajjel and Fergusson 2000) (Fig. 1). The SSZ is a central

part of Zagros orogen (Alavi 1994) and forms part of the
Tethys orogenic belt (Sengor 1990). During the Mesozoic,
the Neotethys oceanic crust was subducted beneath the
Eurasian Plate (Golonka 2004; Molinaro et al. 2005; Agard
et al. 2011; Mouthereau et al. 2012) and the SSZ occupied the
position of a magmatic arc (Agard et al. 2011; Mouthereau
et al. 2012). The SSZ is characterized by metamorphic and
complexly deformed rocks associated with abundant de-
formed and undeformed plutons in addition to widespread
Mesozoic volcanic rocks (e.g., Azizi and Jahangiri 2008;
Mohajjel et al. 2003). Palaeozoic rocks rarely exposed except
in the southeast where they are common (Berberian 1977).
Numerous granitoid intrusions have occurred in the SSZ
which are mainly calc-alkaline and are most likely generated
at an active margin or later over a subduction zone (Ricou
1994; Mohajjel and Fergusson 2000; Azizi and Jahangiri
2008). The granitoids are dominated by biotite-granite,
biotite-hornblende granodiorite, and hornblende-biotite
quartz-diorite. Mafic rocks are common, particularly to the
north of the SSZ, and occur as separate bodies, or more
commonly, associated with granitoids in composite bodies
(Alirezaei and Hassanzadeh 2012). Most of the intrusions
have been indicated at Jurassic–Paleocene times (e.g.,
Masoudi et al. 2002; Mohajjel et al. 2003; Nezafati et al.
2005; Shahbazi et al. 2010). Older magmatic activity in the
SSZ includes Late Triassie and Early Jurassic tholeiitic mafic
volcanic rocks (Alavi and Mahdavi 1994), which are
interpreted as remnants of Tethyan oceanic crust and Late
Proterozoic to Early Paleozoic mafic rocks which formed
during earlier extindional events (Berberian and King 1981;
Rachidnejad-Omran et al. 2002).

Field relation and structural evidence of magma mixing

The South-Urumieh plutonic complex is dominated by intru-
sive bodies and Paleozoic and Mesozoic sedimentary rocks.
The complex consist of a wide variety of plutonic rock types,
including gabbrodiorite, diorite, q-syenite, granite, along with
intermediate rocks formed by magma mixing (Fig. 2). The
dominant lithology of the complex has a mafic composition
which locally cross-cut by dykes of granite and quartz syenite
in different places and do not contain enclaves or xenoliths.
The rocks with felsic affinities are relatively small igneous
intrusions compared with mafic units and commonly contain
mafic microgranular enclaves. All cited units intrude Permian
to Jurassic sedimentary rocks, mainly limestones and shales
and are overlain by Early Miocene formations (Fig. 2).
Numerous faults of probable Cenozoic age cut the plutonic
rocks and an overall rocks are tectonized as a result of different
tectonic processes (Fig. 2). Structurally, dominant trends of
faults, folds, and mountains are NW-SE which follow by SSZ
direction. The presence of colored melange consisting of
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serpentinized pyroxenite, basic volcanic rocks, radiolarite, and
pelagic limestone of Late Cretaceous to Eocene age, represent
the remnants of the Neotethys oceanic lithosphere in the study
area (Shahrabi and Saidi 1985; Naghizadeh and Ghalamghash
2005). Extensive magma mingling and mixing in most com-
posite plutons in this region are clearly observed which imply
to magmas interactions especially in the north area between
Ghamishlu gabbrodiorite and Bardkish q-syenite (Fig. 2).
Different types of MME can be distinguished between the last
two cited units by their grain size, structure, mineral content,
nature, composition, external morphology, and contacts with
host granitoids. Mafic enclaves are distributed throughout the
felsic pluton. Enclaves are gray to black colored and medium
to fine grained while the host is light colored and medium to
coarse grained. MMEs have variable size (ranges from a few
centimeters up to 4 m) and shapes (including rounded, ellip-
soidal, discoidal, lenticular, tabular, and with diverse elongat-
ed form) (Fig. 3a, b). Mafic enclaves are highly elongated due
to stretching within the convecting felsic magma (Fig. 3a, b).
Enclaves contact surface are sharp, straight, and crenulated.
But in most cases, contact surface of MMEs with host gran-
itoids are characterized with irregular and angled margins. In
some cases, contact of mafic enclaves with host rocks is
enriched in mafic material such as biotite and hornblende
(Fig. 3c). Some mafic enclaves have a light-colored transi-
tional zone at the contact with host rock (Fig. 3d). This is
probably due to hybridization between the enclave-forming

and host magmas. In most cases, MMEs margins are irregular
and angled (Fig. 3e). Margins of some MMEs irrespective of
morphology and size are more fine-grained and slightly darker
(a few millimeters) near the contact with host granitoid which
were created as a result of rapid cooling (Fig. 3e). In some
MMEs, feldspar phenocrysts belong to host granitoid with
variable amounts, shapes, and sizes and are shown to display
partial dissolution (corroded) and overgrowth textures under
relatively higher temperature of mafic–felsic (hybrid) magma
(Fig. 3f).

Petrographic descriptions of mafic enclaves and host

Classification of the investigated host and its enclaves are
shown on the QAP diagram of Streckeisen (1973) based on
the modal abundance of minerals (Fig. 4). According to this
nomenclature, MMEs range from gabbrodiorite to monzo-
gabbro/diorite and are composed of plagioclase (45–50 %)
and mafic minerals (40–50 %). MMEs approximately have a
similar mineralogy with hypidiomorphic granular texture.
They are composed predominantly of plagioclase, biotite,
amphibole and clinopyroxene (four principal constituent), K-
feldspar, and quartz. Titanite, apatite, zircon, and magnetite
occur as accessory minerals, and some sericite, epidote, and
chlorite are present as secondary phases in enclaves. In the
MME, plagioclase in different sizes, as euhedral to subhedral

Fig. 1 The general tectonic map
of Iran with separation of tree
parallel zone: the Sanandaj–Sirjan
zone (SSZ), the Urumieh-Dokhtar
magmatic assemblage (UDMA),
and the Zagros fold–thrust belt
(ZFTB) (after Stocklin 1968;
Alavi et al. 1997)
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crystals are similar to those in the host granitoid and display
nonequilibrium textures such as dissolved margins (Fig. 5a)
and chemical zoning (Fig. 5b). Plagioclase commonly shows
evidence of sericitization. Biotite occurs as anhedral to
euhedral crystals and has a tabular to bladed appearance and
is commonly altered to chlorite and opaque minerals (Fig. 5c).
Amphibole is present as subhedral prisms and is often partly
altered to chlorite and biotite. Subhedral K-feldspar
(orthoclase) in different sizes occurs as phenocrysts, perthitic
crystals and intergrowth with quartz. Fine accessory apatite as
prismatic and acicular crystals occurs as inclusions in feld-
spars (Fig. 5d).

The host mass is classified modally as q-syenite (Fig. 4)
and contains less plagioclase (20–25 %) and mafic minerals
(5–10 %) and much more quartz and K-feldspar (55–65 %).

The rocks have a porphyritic hypidiomorphic granular texture
and consist primarily of K-feldspar and plagioclase as princi-
pal constituent minerals and quartz, biotite, and amphibole.
Accessory amounts of fine-grained acicular apatite, titanite,
magnetite anhedral oxide minerals, and chlorite and sericite
are also locally present as secondary phases resulting from
metasomatic processes. K-feldspar in different sizes occurs as
anhedral to subhedral crystals. Potassium feldspars mainly are
orthoclase and display Carlsbad twinning, perthite texture,
and dissolved margins. Larger crystals of K-feldspar are em-
bedded in finer-grained groundmass exhibiting porphyritic
texture (Fig. 6a). Plagioclase in different sizes occurs in the
form of euhedral to subhedral crystals, is characterized by
zoning (Fig. 6b) and dissolved margins (Fig. 6c), and is
affected by sericitization. Biotite is generally anhedral to

Fig. 2 Simplified geological map of south Urumieh plutonic complex.
G.G/D Ghamishlu gabbrodiorite, D.D Dourbeh diorite, D.U Uneslu
diorite, B.QS Bardkish q-syenite, N.G Nari granite, S.G Sehkani granite,

D.GDourbeh granite,DGDoustak granite,Ch.AGChapan alkali-granite,
B.AG Balestan alkali-granite

7194 Arab J Geosci (2015) 8:7191–7206



subhedral and often altered to titanite, chlorite, and iron oxides
(Fig. 6d). Amphibole is present as subhedral prisms and in
some places shows conversion to brown biotite and chlorite
(Fig. 6d). Apatite as inclusions in feldspars has typical acicular
shape, but stubby prismatic shapes also exist. Quartzes are
fine to coarse grained and occur in interspaces between K-
feldspar and plagioclase.

Analytical methods

The selected samples were analyzed for whole-rock major,
trace, and rare earth elements compositions by ICP-emission
spectrometry and ICP-mass spectrometry using natural rock
standards as reference samples for calibration at ACME
Analytical Laboratories in Vancouver, British Columbia,
Canada. Table 1 presents whole rock major and trace element

data for representative samples of enclaves and their host
rocks.

Geochemistry

The SiO2 content of the representative samples vary from 42
to 56wt.% for enclaves (mafic to intermediate in composition)
and 60 to 62wt.% for host rocks (intermediate in composition)
(Table 1). Given the AFM diagram (Irvine and Baragar 1971)
(Fig. 7a), predominantly all samples lie in the calc-alkaline
fields. According to A/CNK vs. A/NK diagram (Maniar and
Piccoli 1989) (Fig. 7b), enclaves and host display I-type
granitoid affinity with metaluminous nature (A/CNK <1.1,
ranges from 0.65 to 0.98) (Table 1). The geochemical differ-
ences between mafic enclaves and felsic host rocks are shown
in SiO2 variation diagrams (Figs. 8 and 9). As seen in harker

Fig. 3 a, b Mafic enclaves (ME)
in different sizes and shapes into
host; c ME showing a darker rim
near enclave-host granitoid
contact due to the growth of mafic
minerals; d ME with both sharp
and transitional zone at the
contact with host rock; e fine-
grained ME showing irregular
margin; f feldspar phenocrysts
owned to felsic host magma in
ME
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diagrams, linear trends are apparent for the major and trace
elements of the enclaves and host granitoid. Compared with
the host, the mafic enclaves have higher Fe2O3, MgO, CaO,
TiO2, MnO, Sr, V, Co, and U contents. In addition, amount of
Al2O3, Na2O3, K2O, Rb, Zr, Th, and Ba in the host rocks are
higher than enclaves (Figs. 8 and 9). These variations relative
to SiO2 are compatible with mineralogical observations.

Trace element distribution patterns for the enclaves and
hosts are normalized to chondrites following Thompson
(1982) (Fig. 10a, b). According to REEs diagram (Fig. 10a),
both enclaves and their host display negative slope from light
earth elements (LREE) to heavy earth elements (HREE) (LaN/
YbN ratios ranging from 11.83 to 37.06) except for Ho which
indicates highlight positive anomaly, relatively flat and undif-
ferentiated patterns of HREE (Gdn/Ybn 1.67–2.32). The REE
patterns of the enclaves are similar to host granitoids, but
microgranular enclaves generally have higher contents of all
REE (except for some LREE such as La, Ce, and Pr), higher
Gdn/Ybn and Smn/Ybn (Table 1). Furthermore, MMEs display
some negligible to slightly negative Eu anomalies (Eu/Eu*=
0.75–1.04) and are approximately similar to the host granitoid
(Eu/Eu*=0.95–1.45).

Considering multielement spider diagram (Fig. 10b), as a
first approximation, MMEs and hosts are generally enriched
in the most long ionic lithophile elements (LILE; e.g., Rb, Ba,
Th, La, and Ce) and LREE relative to high field strength
elements or (HFSE; e.g., Nb, Ti, Zr, and P) and HREE.
However, despite the overall similarity, they exhibit a slight
difference in trace element concentrations. MMEs indicate an

obvious depletion in some LILEs, such as Ba, Rb, Th, and K
relative to the host. In addition, some HFSE such as Hf and Zr
depleted and some HFSE such as Nb, Ta, Ti, and P enriched in
the mafic enclaves in comparison with their host. Although
trace elements abundance of the MMEs and their host rocks
are slightly different and there are some differences in the
peaks and troughs, both of them display similar characteris-
tics, indicating a single magmatic process in generation of the
rocks. The trace element concentration (high LREE and LILE
than HREE and HFSE) in all sample rocks are compatible
with typical of arc magmatism (e.g., Parada et al. 1999; Shaw
et al. 1993). An active continental margin setting conforms to
the calc-alkaline character of the samples, with lower crust
possible origin. In summary, the behavior of some major and
trace elements with continuous trends on harker diagrams plus
similar patterns on spider diagrams confirm that chemical
variations among enclaves are explained by magmatic differ-
entiation mechanisms.

The behavior of major, trace, and REE reflects element
exchange between the MMEs and felsic host rocks. This
diffusional element mobility is thought to be due to thermal,
mechanical, and chemical (compositional) interactions be-
tween the coeval felsic and mafic magmas. Thermal exchange
is much more rapid than mechanical or chemical exchange
(Barbarin and Didier 1992). Chemical exchange generally
acts after thermal equilibration, because the rate of thermal
diffusion is typically three to five orders of magnitude larger
than chemical diffusion in silicate melts (Fernandez and
Barbarin 1991; Barbarin and Didier 1992). Especially, the

Fig. 4 Q-A-P ternary diagram
(Streckeisen 1973)
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mutual exchange of major elements by diffusion leads to a
differential migration of all elements on both sides of the
contact surface. This selective two-way diffusion is signifi-
cantly enhanced by the presence of fluid phases, especially of
H2O (Barbarin and Didier 1992). The mafic enclaves in the
study area are characterized by the great abundance of

hydrous minerals (such as hornblende and biotite). This, to-
gether with concentration of mafic minerals inmafic and felsic
magma contact surfaces (Fig. 3c) strongly suggests that the
migration of fluids from the host felsic magma to enclaves was
effective. During the processes of fluid influx, chemical trans-
fer of some mobile elements would be inevitable. The

Fig. 5 a A plagioclase showing
dissolved margins; b sector
zoning of a plagioclase; c tabular
to bladed appearance of biotites; d
acicular and prismatic crystals of
apatite as inclusions in feldspars

Fig. 6 a Perthitic orthoclase
phenocryst indicating resorbed
rim and contains inclusions of
quartz and biotite; b a plagioclase
crystal with chemical zoning; c
marginal dissolution of a
plagioclase crystal; d mafic clots
of intergrown biotite, amphibole,
showing alteration to secondary
biotite, chlorite, titanite, and iron
oxides
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Table 1 Whole rock major (wt.%) and trace (ppm) element results of enclaves and their host rocks

Early mafic enclaves Hybrid enclaves Host rocks
Composition Gabbrodiorite Monzo-gabbro/diorite Q-syenite

Sample Cj-42 Cj-44 Cj-40 Cj-41 Cj-43 Cj-45 Cj-46 Cj-47 Cj-48

SiO2 47.27 42.68 54.68 56.34 55.51 62.07 62.43 61.25 60.99

TiO2 3.19 3.78 1.94 1.64 1.73 0.75 0.62 0.75 0.66

Al2O2 16.37 15.94 16.9 17.38 17.74 18.01 17.95 17.82 18.73

Cr2O3 0.015 0.014 0.02 0.021 0.023 0.03 0.033 0.035 0.03

tFe2O3 14.3 16.94 8.17 7.6 7.94 4.7 4.24 5.13 4.43

FeO* 12.86 15.24 7.35 6.83 7.14 4.22 3.81 4.61 3.98

MnO 0.19 0.2 0.16 0.17 0.18 0.11 0.08 0.09 0.09

MgO 3.82 4.33 2.87 2.48 2.54 1.04 0.88 1.13 0.92

CaO 6.53 8.89 5.77 5.24 5.49 2.79 2.43 2.8 2.9

Na2O 3.97 3.56 4.6 5.23 5.65 5.17 4.53 4.8 5.4

K2O 2.42 1.98 2.92 2.21 1.7 4.56 5.94 5.21 4.58

P2O2 0.67 0.56 0.6 0.66 0.69 0.21 0.18 0.2 0.18

LOI 0.9 0.8 1.1 0.8 0.6 0.3 0.4 0.5 0.8

Total 99.645 99.674 99.73 99.771 99.793 99.74 99.713 99.715 99.71

Ba 474 422 575 408 235 1083 1328 1163 1158

Rb 71.1 52.8 111.0 74.4 59.0 109.7 126.5 130.7 89.3

Sr 510.4 562.0 451.3 426.6 415.3 354.0 367.8 390.4 367.8

Y 23.6 21.9 24.2 28.6 29.1 18.8 10.6 17.3 13.5

Zr 186.1 172.5 253.4 73.9 274.3 377.6 362.8 476.0 441.1

Nb 59.3 48.5 62.4 90.4 74.5 52.3 28.0 43.2 36.4

Th 14.1 14.1 14.1 14.1 14.1 14.1 14.1 14.1 14.1

Pb 1.0 0.9 1.3 1.0 1.1 1.8 1.9 1.9 1.7

Ga 21.7 22.2 19.4 19.3 19.7 20.5 17.6 22.7 21.4

Zn 81 100 64 51 55 51 31 39 40

Cu 22.4 40.8 10.7 10.0 11.6 3.2 2.3 3.6 2.4

Ni 11.0 19.9 3.5 1.7 1.5 2.6 2.4 2.3 2.8

V 414 552 166 112 116 41 40 60 39

Cr 102.64 95.80 136.86 143.70 157.38 205.29 225.81 239.505 205.29

Hf 4.7 3.9 5.9 2.2 6.4 8.1 8.3 10.2 9.4

Cs 0.8 1.5 1.0 1.2 0.9 1.2 0.9 0.9 0.7

Ta 3.7 2.8 4.1 4.4 3.9 2.7 1.5 2.4 2.0

Co 32.4 44.2 15.9 11.6 11.6 5.0 5.2 6.2 4.6

U 1.5 1.1 2.3 1.4 1.7 1.9 1.8 2.3 2.2

Sn 2 1 1 2 2 1 <1 2 1

La 39.8 35.1 46.3 58.7 55.4 88.5 60.2 88.4 87.4

Ce 75.4 65.9 83.4 105.8 99.2 135.5 87.7 134.9 130.6

Pr 8.54 7.65 9.30 11.88 10.97 12.10 7.82 11.70 11.26

Nd 33.7 27.5 33.3 43.7 40.9 37.6 23.6 34.7 33.9

Sm 5.96 5.64 6.05 7.82 7.23 4.96 2.88 4.92 4.07

Eu 1.96 1.74 1.78 1.83 1.79 1.40 1.27 1.52 1.52

Gd 5.59 4.94 5.42 7.03 6.42 4.12 2.49 3.77 3.30

Tb 0.76 0.72 0.80 1.01 0.89 0.56 0.33 0.51 0.43

Dy 4.17 4.06 4.26 5.68 5.23 3.42 1.90 3.28 2.44

Ho 0.92 0.78 0.91 1.11 1.05 0.64 0.37 0.64 0.44

Er 2.18 2.12 2.44 2.73 2.64 1.82 1.06 1.72 1.37

Tm 0.34 0.31 0.34 0.40 0.41 0.30 0.16 0.27 0.22
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diffusion of major elements between the mafic and felsic
magma, on the whole, tends towards a compositional equilib-
rium (Debon 1991). Therefore, in general, according to the
fundamental principles of K, S and Na migrate from the felsic
component towards the mafic one, while Ca, Fe, Mg, Ti, and
Al migrate in the opposite direction (Best 1982; Debon 1991).
The elements Na, K, Rb, Cs, Mg, Fe, Ca, Sr, and Ba have
small ionic potential and are dissolved in the silicate melt as
cations.

Discussion and petrogenetic approach

There are several theories about the formation of MMEs as
mentioned in the first part. A widely accepted view for the
genesis and evolution of MEEs is that they are resulted from
mixing or mingling of mafic and crustal felsic magmas (e.g.,
Vernon 1984; Frost and Mahood 1987; Dorais et al. 1990;
Blundy and Sparks 1992; Perugini et al. 2003; Barbarin 2005;
Feeley et al. 2008). As a first approximation, petrographically
chemical zoning of plagioclase, feldspar phenocrysts, acicular
apatite, blade-like biotite, and mafic clots in both enclaves and
host indicates that mixing process between mafic and felsic
magmas strongly has been active. In addition, enclave various
shapes (Fig. 3a, b) and irregular and dentate contact surfaces
(Fig. 3e) imply to active magma-mixing phenomenon. MMEs
irregular and angled margins suggest proximity to location of
the active magma-mixing process (Didier and Barbarin 1991;
Perugini et al. 2004; Troll et al. 2004). In addition, dentate
borders among enclaves and their host rocks indicate fluid–

fluid relation between them (Barnes et al. 2003; Lindline et al.
2004; Barbarin 2005). Furthermore, gradual and sharp contact
surfaces in enclaves (Fig. 3d, e) show that process of the heat
exchange was done in two slow and rapid stages. In the
mixing place, variable degrees of elongation in metric sizes
without any solid state deformation indicate variations in the
viscosity of the enclaves, the time available for enclave defor-
mation, and differential strain during the host granitoid mag-
ma flow (Arvin et al. 2004) and suggest that mafic enclaves
and host rocks represent two co-existing distinct magmas
(Kumar et al. 2004). MMEs feldspar phenocrysts which be-
long to the host granitoid reveal that the crystals grew in
stirred coeval magmas of contrasting compositions (Slaby
et al. 2008). Some researchers (e.g., Vernon 2004; Barbarin
2005; Browne et al. 2006) have suggested that such pheno-
crysts formed due to the thermal and chemical imbalance in
semi-solid nature of enclave or resulted from mechanical
transfer of mineral grains during the magma-mixing phenom-
ena (Kumar et al. 2004). In addition, K-feldspar phenocrysts
in the MMEs are rounded and similar in shape and size to
those in the host, indicating crystal transportation from the
host felsic magma into the mafic magma (e.g., Barbarin and
Didier 1992; Waight et al. 2000; Perugini et al. 2003). This
implies that there was only a small rheological difference
between two magmas. As mentioned, the contact of mafic
enclaves with host rocks is enriched in mafic material which
might have nucleated and grown near margins due to a rapid
drop in temperature of the enclave magma and due to selective
diffusion of potassium and water, needed for hydrous amphi-
bole and mica group of minerals to grow and which were

Table 1 (continued)

Early mafic enclaves Hybrid enclaves Host rocks
Composition Gabbrodiorite Monzo-gabbro/diorite Q-syenite

Sample Cj-42 Cj-44 Cj-40 Cj-41 Cj-43 Cj-45 Cj-46 Cj-47 Cj-48

Yb 2.08 2.00 2.44 2.44 2.43 1.80 1.19 1.64 1.59

Lu 0.30 0.28 0.35 0.37 0.40 0.31 0.21 0.31 0.28

K 20090.84 16437.96 24241.84 18347.42 14113.40 37857.12 49313.88 43253.42 38023.16

Ti 19124.05 22661.10 11630.30 9831.80 10371.35 4496.25 3716.90 4496.25 3956.70

P 2924.01 2443.95 2618.52 2880.37 3011.30 916.48 785.56 872.84 785.56

Mg no. 36.6 33.61 41.03 39.26 38.79 30.47 29.13 30.38 29.14

A/CNK 0.77 0.65 0.79 0.84 0.84 0.97 0.98 0.95 0.97

Eu/Eu* 1.04 1.01 0.95 0.75 0.8 0.95 1.45 1.08 1.27

Lan/Ybn 12.9 11.83 12.79 16.22 15.37 33.14 34.11 36.34 37.06

Lan/Smn 4.2 3.91 4.81 4.72 4.82 11.22 13.15 11.3 13.51

Gdn/Ybn 2.16 1.99 1.79 2.32 2.13 1.84 1.68 1.85 1.67

Smn/Ybn 3.07 3.02 2.65 3.43 3.18 2.95 2.59 3.21 2.74

Eu/Eu*=(Eu/EuN)/[√(Sm/SmN)×(Gd/GdN)]. Normalizing values from Thompson (1982)

tFe2O3 total iron oxide as ferric iron, LIO loss on ignition, A/CNK molar Al2O3/(CaO+Na2O+K2O)
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supplied from the adjacent granite melt saturated in these
components (Johnston and Wyllie 1988; Wiebe 1994;
Kumar et al. 2004).

Three hybridization stages can be defined according to
their geochemical features by comparing the enclaves with
reference diorite and quartz-diorite compositions, as given by
Tindle (1991). The least hybridized enclaves are those with
SiO2 lower than 55 wt.% (Cj-42=47.27, Cj-44=42.68); the
slightly hybridized are those with SiO2 close to 56 wt.% (Cj-
40=54.68, Cj-41=56.34, Cj-43=55.51), while the moderately
hybridized are those with SiO2 close to 58 wt.% (not present)
(Table 1). The MMEs of gabbrodiorites and monzo-gabbro/
diorites generally represent the least and slight hybridization
stages with their felsic host rocks, respectively. The least
hybridized stage may represent the most rapidly cooled mag-
ma, generally those with smaller dimensions that were

affected mostly by addition of highly mobile elements (Van
der laan and Wyllie 1993) such as K, Rb, and volatile com-
ponents. Moreover, in this stage, large rheological and thermal
differences between coeval felsic and mafic magmas inhibit
much interaction and help in preserving features of the early
two different magmas. The slightly hybridized stage may
represent more slowly cooled MMEs.

As previously determined geochemically, all studied sam-
ples are calc-alkaline and have characteristics of I-type gran-
itoids. Normally for continental arc magmas, a fundamental
role is assigned to mantle-derived mafic magmas. They may
be parental magmas, end members in mixing or assimilation
processes, material for lower crustal source regions and heat
sources that derived crustal melting (Tepper et al. 1993 and
references therein). Furthermore, there is an emphasis on the
fractional crystallization, crustal anatexis, and role of open
system processes such as magma mixing and assimilation on
the origin of granitic magmas (Tepper et al. 1993). The least
hybridizedMMEs in this study that may preserve the nature of
parent magma, have low SiO2 content (42 to 47 wt.%) and
relatively high Mg no. (33 to 36) (Table 1), which suggests
that the precursor of enclaves could be a basaltic magma.
However, they have lower Ni (11–19 ppm) and Cr (95–
102 ppm) relative to unfractionated basalt (200–450, and
N>1000, respectively, Karsli et al. 2007). This suggests an
ultramafic mantle source that underwent fractionation of oliv-
ine, pyroxene, and spinel prior to interaction with felsic mag-
ma. We believe that enclave-forming magmas were unlikely
to originate from melting of a depleted mantle, followed by
significant crustal contamination, because it would require
incorporation of 35–52 % crustal components. Such a volu-
minous mixing/assimilation would significantly modify the
major composition of these rocks. Therefore, the enclave-
forming magmas were likely derived from an enriched mantle
source, followed by variable degrees of hybridization with
felsic components. This is in agreement with the marked high
LILE and LREE of these samples (Fig. 10).

The host felsic rocks in the study area are dominated by
quartz syenites. The origin of the felsic rocks has been a
subject of many studies, and two main models have been
proposed to interpret their petrogenesis: (1) pure crustal melts
(e.g., Liu et al. 2002) or (2) mixture of crustal- and mantle-
derived magmas (Chen and Zhai 2003; Yang et al. 2007).
Both models are supported by our data. The host felsic rocks
are characterized by high-K calc-alkaline features, high Sr and
Ba amounts, and fractionated REE patterns with depleted
HREE and negligible Eu anomalies (Fig. 10). These geo-
chemical features are interpreted by the first model to form
through partial melting of mafic lower crust at relatively high
pressures. In addition, the principal arguments for the second
model which were noted in the first paragraph strongly sug-
gest the interaction of a mafic magma with a felsic magma. To
further illustrate the magma-mixing process, a variation

Fig. 7 a FeO*–Alk–MgO triangular diagram for dissociation of
tholeiitic and calc-alkaline series (Irvine and Baragar 1971); b A/CNK
vs. A/NK diagram for determination of the aluminum saturation index
(Maniar and Piccoli 1989) and dissociation of I and S-type granites
(Chappell and White 1974)
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diagram of SiO2 vs.Mg no. was constructed (Fig. 11) in which
experimental melt field from melting of basalts (Rapp and
Watson 1995) were plotted for comparison. It is noted that the

host felsic rocks show significantly higher Mg no. than the
experimental melts. This indicates that the felsic rocks are
unlikely to be pure crustal melts, thus the first model could

Fig. 8 Variation diagrams for selected major elements vs. silica for enclaves and host rocks
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be rejected. Particularly, relatively high Mg no. of the host
felsic rocks can be generated during the incorporation of
mantle-derived magma through hybridization (Chen et al.

2009). The coeval mafic magmas not only are intimately
involved in the generation of the felsic magmas,but also
provide thermal energy for crustal melting via fractional

Fig. 9 Variation diagrams for selected trace elements vs. silica for enclaves and host rocks
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crystallization process. Considering the diagram of Nb/La vs.
La/Yb (Abdel-Rahman and Nassar 2004) (Fig. 12), mafic and
felsic samples have asthenospheric and lithospheric mantle

origins, respectively. Therefore, we can conclude that petro-
genesis of the mafic enclaves in the felsic plutons of the study
area involves melting of the uppermost metasomatized

Fig. 10 a Chondrite-normalized
REE; and b Multi-elements
patterns for mafic enclaves and
their host rocks (normalizing
values are from Thompson 1982)

Fig. 11 Plot of SiO2 vs. Mg no.. Host rocks are shown as solid circles,
and the experimental melts from melting of basalts (Rapp and Watson
1995) as gray field. Note that host rocks have Mg no. higher than the
experimental melts

Fig. 12 Nb/La vs La/Yb diagram to distinguish of the lithospheric and
asthenospheric mantle (Abdel-Rahman and Nassar 2004)
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asthenosphere triggered by fluid fluxing from ancient
subducted sediment. This melting resulted from formation of
voluminous basaltic magma during magma ascent to the
upper levels, forming enclave-forming magma and experi-
enced significant fractionation of ferromagnesian phases like
olivine and pyroxene. High-T mafic magma throughout its
evolution produced the felsic q-syenite magma by fractional
crystallization in lithospheric mantle. Large volume of mafic
rocks relative to the felsic rocks in the study area (Fig. 2) are
consistent with this interpretation and also homogenization
process, where large proportions ofmafic magma interact with
a relatively small proportion of felsic melt (Frost and Mahood
1987). Consequently, neither significant crustal contamination
nor mixing between mantle- and crustal-derived melts has
been important (model 2 cited above), and those type of rocks
are likely to have formed by fractional crystallization from a
commonmantle-derived parent. This is supported by elements
linear trends and similar patterns in harker and spider dia-
grams respectively and approximately identical mineralogical
composition of enclaves and host. Therefore, magma chemis-
try was effectively controlled by fractional crystallization
only, despite the fact that the rocks slightly may have been
affected by local crustal contamination given the low Sr, P, Ti,
and high Rb, Th, K, and Cs (Fig. 10; Table 1). So, It can be
concluded that mixing processes, involving the study granit-
oids, could have operated at two distinct, but continuous
periods at different levels in the lithosphere: (1) thorough
mixing at depth-formed homogeneous magmas that formed
monzo-gabbro/diorites as intermediate enclaves as evidenced
by concentration of transitional elements such as Ni, Cr, Cu,
Zn, and V (Table 1) and (2) mingling and local mixing during
ascent and emplacement.

Conclusions

The combination of field, textural, and whole-rock chemical
evidence leads to the conclusion that magma mixing and
mingling of mafic and felsic magmas played an important role
in the petrogenesis of the studied intrusion. Enclaves enclosed
in q-syenite, although strongly more mafic, are chemically
very similar to their host. MMEs have structures and textures
that show significant magma-mixing and mingling processes.
Enclaves at various shapes and sizes, irregular, gradual, and
sharp contact surfaces, finer-grained enclaves, and areas
enriched in mafic material, feldspar phenocrysts belonging
to host in enclaves, chemical zoning of plagioclase, resorbed
plagioclase rims, acicular apatite, blade-like biotite, and mafic
clots strongly indicate mixing and mingling of co-existing
mafic and felsic magmas with liquid–liquid relation. The
study of the enclaves demonstrates that MMEs are hardly
informative about the original mafic magma composition.
The MMEs under study are composed predominantly of

gabbrodiorite and monzo-gabbro/diorite along with host
displaying mineralogical and geochemical characteristics of
I-type granitoids. Our investigation shows that the enclave-
forming magma may have originated from uppermost
metasomatized asthenosphere and formed from a basaltic
magma after fractionation of some phases such as olivine,
pyroxene, and spinel prior to interaction with felsic magma.
In addition, MMEs and hosts with similar chemical and min-
eralogical compositions, large mafic mass volume relative to
the felsic unit along with occurrence of homogenization pro-
cess indicate that felsic part might have been produced by
fractional crystallization from enclave-forming mafic magma
without significant crustal contamination. Indeed, enclaves
and host rocks more likely originated from a single basaltic
parent magma. This is in agreement with the marked high Mg
no., LILE and LREE enclave, and host samples. Finally,
coeval mafic and felsic magmas may have evolved at two
distinct but continuous periods at different levels (before and
during ascent and emplacement) as a result of the combined
multistage interactions (least and slight hybridization stages),
which are commonly represented by basic to hybrid MMEs.
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