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Abstract Microgranular enclaves are common in the Jurassic
Aligoodarz granitoids of western Iran. Enclaves Enclosed in
Granodiorite (EEG) and Enclaves Enclosed in Tonalite (EET)
are different but they overlap their hosts on variation diagrams.
The EEG is compositionally intermediate between tonalite and
granodiorite. Mixing between tonalitic and granodioritic
magmas and fractional crystallization are two models exam-
ined as the origin of the EEG. Field, textural, mineralogical
and chemical observations suggest that chemical equilibration,
common in magma mixing, was not attained between the EEG
and its host. This, together with other observations does not
support magma mixing as a mechanism for forming the EEG.
Alternatively, excessive nucleation of biotite + Fe-Ti-oxides +
amphibole by rapid cooling at borders of a shallow magma
chamber and later fragmentation and dispersal by dynamic arc
plutonism best explains the EEG. However, channeling of a
new magma into the nearly solid tonalitic host explains
formation of the EET.

Introduction

A common feature of calc-alkaline granitoids is enclosing
abundant Microgranular Enclaves (ME) (Didier and Barbarin
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1991). The study of ME in granitoid rocks has a long history
(Phillips 1880; Pabst 1928; Cloos 1936; Didier 1973; Vernon
1983, 1990), and has brought about several hypotheses
regarding the origin of the ME which reflects the complexity
of enclave-forming processes. One major debating issue in
such studies is identification of the parental magmas of the
ME. A widely accepted view for the genesis and evolution of
ME is that they are resulted from mixing or mingling of
mafic and crustal felsic magmas (Vernon 1984; Frost and
Mahood 1987; Dorais et al. 1990; Blundy and Sparks 1992;
Wiebe et al. 1997; Perugini et al. 2003; Barbarin 2005;
Feeley et al. 2008). Advocates of magma mixing attribute
the compositional similarities between enclaves and host
rocks to varying degrees of chemical equilibration and
diffusional exchange between the coexisting magmas during
slow cooling (Pin et al. 1990; Allen 1991; Holden et al.
1991).

An alternative view named the “Restite Model” consid-
ers the origin of ME as refractory solid residues of partial
melting from the source region (White and Chappell 1977;
Chappell 1978; Chen et al. 1989; Chappell 1996; White et
al. 1999; Chappell et al. 2000). But Barbarin and Didier
(1991) and Vernon (1983, 1991) have challenged the
“Restite Model” by making distinctions between restites
and ME based on textural, mineralogical and chemical
observations.

A fundamentally different hypothesis known as
“Cognate Model” considers accumulation of early
crystallized minerals from the magma or a more mafic
cogenetic melt and trapped interstitial liquids for the
origin of ME (Phillips et al. 1981; Clemens and Wall
1984, 1988; Dodge and Kistler 1990; Fershtater and
Borodina 1977, 1991; Dahlquist 2002; Ilbeyli and Pearce
2005). Similar geochemistry and isotopic characteristics of
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the ME and their host rocks are easily interpretable in
terms of this hypothesis. Under “Cognate Model” three
slightly different mechanisms have been proposed as:
1- cumulate clots (Dodge and Kistler 1990; Dahlquist
2002), 2- disrupted chilled margins (Donaire et al. 2005),
and 3- disrupted cumulate assemblages (Bébien 1991;
Platevoet and Bonin 1991).

The purpose of this study is to determine the petrologic
properties of the enclaves within the Aligoodarz granitoids
and explain their genetic link with the host rocks using field
relationships, petrography, whole-rock geochemistry, and
mineral chemistry. Our data indicates that there are two
types of ME in this area. One type is resulted from breakup
of a possibly tonalitic chilled margin and the subsequent
dispersal in the granodioritic host magma. The other type of
enclaves formed as composite or fragmented dikes when a
new magma injected the largely crystallized host tonalite.
Mingling/mixing of the intruded magma with its host was
not very extensive but chemical equilibration modified the
composition of the enclaves to some extent.

Geological setting

Aligoodarz granitoid is a range-parallel pluton with surface
area of ~80 km? intruding late Triassic-Jurassic low grade
metapelites north of the town of Aligoodarz in the
northwest trending Sanandaj-Sirjan Zone (SSZ) of western
Iran (Fig. 1). The SSZ is a 1,500 km long, 200 km wide
sector in the Alpine-Himalayan orogenic system which runs
parallel to the Main Zagros Thrust, and represents the
northern margin of the Neotethyan ocean in the Mesozoic
and Cenozoic time (Sengér 1990). In the Mesozoic, the
SSZ was an active Andean-like margin with typical calc-
alkaline magmatic activity (Berberian and King 1981).
Different Mesozoic ages have been reported for other
granitoids of this zone (e.g. Valizadeh and Cantagrel
1975; Masoudi 1997; Ahmadi Khalaji et al. 2007; Shahbazi
et al. 2010).

Khorheh (K) and Mollataleb (M) are two separate
outcrops of the granitoid body surrounded by relatively
thin contact aureole (Fig. 1b). U-Pb zircon dating has
yielded ages of 172 Ma for the tonalite and 172 Ma and
182 Ma for the granodiorite at M and K, respectively (Esna-
Ashari et al. 2009).

Field relation and petrography
Classification of the investigated granitoids and their
enclaves are shown on the QAP diagram of Streckeisen

(1976) (Fig. 2a). This classification is based on the modal
abundance of minerals presented in Table 1. According to
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this nomenclature, granodiorite, tonalite and granite are the
main rock types in the studied area (Fig. 1b). Contacts
between these units are intrusive and generally sharp.
Granite is the most evolved phase and occurs as fine-
grained leucocratic dikes and small stocks intruding the
granodiorite. Microgranular enclaves are common in
tonalite and granodiorite but absent in granite. Field
relation, petrography and the way of formation of the
Enclaves Enclosed in Tonalite (EET) are different from the
Enclaves Enclosed in Granodiorite (EEG) and will be
discussed in the following subsections.

Granite

Granite is light in color and is mostly fine-grained. It
mainly consists of quartz, K-feldspars and plagioclase
(Table 1). Muscovite, biotite, tourmaline, apatite and garnet
are accessory minerals. Garnet occurs as fine anhedral
crystals. In some locations tourmaline is very abundant and
forms orbicular aggregates. Alteration of biotite to chlorite
and feldspar to sericite are common.

Granodiorite and their enclaves

The granodiorite is medium- to coarse-grained with
hypidiomorphic texture and is the main rock type in the
area. Plagioclase, quartz, biotite and K-feldspar are the
major minerals of the granodiorite (Table 1). Accessory
minerals include zircon, Fe-Ti-oxides, tourmaline and
apatite. Biotite is highly pleochroic and occurs as euhedral
to subhedral flakes showing slight alteration to muscovite
and/or titanite and Fe-Ti oxides. K-feldspars include
orthoclase and microcline. Plagioclase (Anss_ss) forms
rectangular to subhedral laths with variable degrees of
sericitization.

The EEG is distributed throughout the granodiorite
outcrops with sizes ranging from centimeters to tens of
centimeters. Although conspicuous in most outcrops they
are more common in Mollataleb than in Khorheh (Fig. 1b).
Enclaves are angular, ellipsoidal or lenticular in shape
(Fig. 3a). Irregular patches of the host magma are injected
into some enclaves (Fig. 3b). The injected granodiorite has
texture and mineral content similar to those of the
granodiorite enclosing the enclave and the contact between
the two is sharp. No chilled margin has been observed in
any enclave.

Petrographically the EEG has many similarities to the
host granodiorite, but show microgranular texture (Fig. 4a,
b) and are commonly tonalitic in composition. Textures
vary from equigranular fine-grained to porphyritic. The
grains are often euhedral to subhedral and the least altered
enclaves contain plagioclase, quartz, biotite = amphibole
with minor orthoclase (Table 1). Minerals present in the
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Fig. 1 a) Generalized tectonic map of Iran based on geological maps
of Ruttner and Stocklin (1967) and Alavi (1991). b) Simplified
geological map of the Aligoodarz granitoids. Mollataleb (M) and

enclaves are generally the same as those of the enclosing
granodiorite and the difference is in their abundances.
However, some enclaves contain abundant amphibole not
seen in the host. EEG generally has higher modal contents
of biotite than the host granodiorite and K-feldspar is less
abundant or absent in the enclaves. Zircon, acicular apatite,
sphene and opaques are the accessory phases. Chlorite and
sericite are the secondary phases after biotite and feldspar,
respectively. In enclaves with porphyritic textures, plagio-
clase phenocrysts are dominant and occur in a fine-grained
groundmass composed of plagioclase, biotite, quartz and
amphibole. Plagioclase and amphibole grains are often

s _\l Slate and phylliite E ’-"'El Contact metamorphic

=
Cma rocks

Khorheh (K) are the two main separate outcrops. Open and filled
circles respectively show the locations of collected granitoids and their
enclaves discussed in the text

elongated. Zircon is commonly included in biotite (Fig. 4a)
but also present as inclusions in other minerals. Plagio-
clases (Ans,_go) show patchy zoning and are characterized
by resorbed zones in the cores which are filled by more
sodic plagiocalses or quartz. The corroded patchy zoning
interiors of some plagioclase phenocrysts show late over-
growths (Fig. 4b). In some cases the late overgrowths are
oscillatory zoned. Quartz occurs as poikilitic crystal
enclosing fine-grained euhedral plagioclase and biotite in
some enclaves (Fig. 4a).

Along the contact of granodiorite and tonalite a different
kind of enclaves occur in the granodiorite (Fig. 3c). These
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Fig. 2 a) QAP diagram of granitoids and their enclosed enclaves. b) Classification of the enclaves and their host rocks on the basis of TAS

diagram

enclaves are closely spaced and seem to be fragments of the
tonalite caught in the intruding granodiorite. These enclaves
are coarse grained and petrographically different from the
aforementioned EEG but similar to the adjacent tonalite
(Fig. 4c). They exhibit angular forms (Fig. 3c) which
indicate their disrupted nature and closeness to the source
region. So, they can be referred to as xenoliths entered the
host magma after disruption of tonalite. They also indicate
earlier crystallization of tonalite relative to granodiorite.
Due to the differences discussed above we do not group the
latter with the EEG.

Table 1 Representative modal analyses of enclaves and their host rocks

Tonalite and their enclaves

Tonalite is fine- to medium-grained and differ from other
rocks by their higher color index and abundant amphibole.
They contain lower modal quartz and higher modal mafic
minerals compared with other rock types. Amphibole,
biotite, quartz and plagioclase are the major minerals
(Table 1). Minor phases include zircon, apatite and Fe-Ti-
oxides. The rock texture is hypidiomorphic. Amphibole
grains occur either as prismatic crystals or as irregular
grains. Plagioclase (Ang;_gg) occurs as zoned euhedral to

Rock type sample Pl Bt Qtz Kfs Amph Px
Tonalite ALI1l1 459 13.0 16.0 1.4 23.7 0.0
AL75 319 24.5 17.3 1.5 249 0.0
ALSS8 41.3 8.2 16.1 1.8 32,6 0.0
AL90 24.6 42 6.6 1.5 63.2 0.0
Granodiorite B07 423 17.0 30.0 10.7 0.0 0.0
AL27 26.4 19.3 50.6 3.6 0.0 0.0
AL19 36.0 225 37.0 4.4 0.0 0.0
BO5 38.0 17.7 33.1 11.2 0.0 0.0
AL44 34.4 18.0 37.0 10.7 0.0 0.0
ALSS 35.7 18.6 315 14.3 0.0 0.0
Granite AL21-2 104 <l 47.5 42.1 0.0 0.0
AL20 9.1 2.4 58.3 30.1 0.0 0.0
EEG Amphibole-bearing AL29-2 20.4 34.1 389 <2 6.2 0.0
AL12-1 25.4 30.4 38.1 <2 5.5 0.0
Amphibole-free AL39-1 40.3 25.1 33.8 <2 0.0 0.0
AL28-2 39.7 22.6 37.1 <2 0.0 0.0
EET AL74 483 14.9 18.1 <1 4.8 13.8
AL10 46.7 12.5 19.0 <1 3.4 18.1
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Fig. 3 Various types of
enclaves in the Aligoodarz
granitoids: a) microgranular
enclaves enclosed in granodio-
rite (EEG), characterized by
angular shapes, absence of
chilled margin and lack of com-
positional zoning; b) intrusion
of host granodioritic magma into
EEG. The contact between the
intruded magma and the host
enclave is generally sharp; i.e.,
no transitional zone; ¢) Swarms
of mafic enclaves as disrupted
fragments of tonalite which are
enclosed in granodiorite in pla-
ces close to the contact with
tonalite; d) amorphous micro-
granular enclaves enclosed in
tonalite (EET) with enclave-host
intertwined relationship as a
result of late surge of magma
into the nearly-solid tonalitic
host. The tonalitic host is delin-
eated by dashed line

subhedral laths and commonly shows oscillatory or normal
concentric zoning (Fig. 4e). Near the contact with the
enclaves, plagioclases show patchy zoning with complex
anorthite distribution discussed in the following.

Rare but large microgranular enclave clusters occur in
tonalite. Two clusters of such enclaves, few meters in
diameter, were examined. General microscopic and macro-
scopic differences between this type of enclaves and the
EEG are summarized in Table 2 and will be discussed more
in the following sections. The EET is tonalitic in compo-
sition and display amorphous shapes. Contact of the
enclaves with the host tonalite is generally sharp. Inter-
fingering with the host rock is common and apophyses of
the host penetrate the enclaves (Fig. 3d). The enclaves are
finer-grained than the host rock and show igneous, non-
oriented, porphyritic texture. In terms of major minerals the
EET is similar to their host tonalite excluding the absence
of pyroxenes in the latter. Pyroxene is generally rimmed by
amphibole. Plagioclase, pyroxene, biotite, quartz and
amphibole are major minerals. Plagioclase is present as
both phenocryst and groundmass phase with Anys_gg. Large
plagioclases show complex zoning. Partially resorbed cores
of large plagioclases show patchy zoning. Rims and
resorbed zones of the cores are more albite rich (Fig. 4f).
Such large plagioclases are also abundant in the host
especially near the contact with the enclaves (Fig. 4d). By
increasing distance from the enclaves the abundance of this
type of plagioclase decreases.

Analytical methods

Out of 150 samples from the host and 60 samples from the
enclaves were collected from different localities, 140
samples were selected for optical microscopy studies and
28 for whole rock geochemical analysis. Locations of the
selected samples for chemical analyses are shown in
Fig. 1b. Samples of 2-3 kg from the host rocks and
1-2 kg from the enclaves were crushed by jaw-crusher and
then powdered in a (tungsten-carbide) ring pulverizer.
Results of whole rock geochemical analyses are presented
in Table 3. Major element concentrations were analyzed by
Inductively Coupled Plasma Atomic Emission Spectrometry
(ICP-AES) with a detection limit of 0.01%. Trace elements
were analyzed by Inductively Coupled Plasma-Mass Spec-
trometry (ICP-MS) with detection limit of 0.01 to 10 ppm
following lithium metaborate fusion method. Relative stan-
dard deviations are better than +4% for most elements. All
whole rock analyses were carried out at ALS Chemex
laboratories in Vancouver, Canada. Details of the analytical
procedures are accessible at www.alschemex.com.

Chemical compositions of minerals were determined
on JEOL JXA-8200 electron microprobe at California
Institute of Technology using a focused electron beam
with an accelerating voltage of 15 kV and a beam current
of 25 nA. The data were reduced using CITZAF
algorithm (Armstrong 1988). Representative mineral
compositions are tabulated in Table 4.
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Fig. 4 Photomicrographs of
enclaves in crossed polars (a—d);
and back scatter electron images
(BSE) of plagioclases in tonalite
(e) and its enclave (f). a) Pho-
tomicrograph of an enclave
enclosed in granodiorite (EEG).
Crystals of plagioclase, apatite
and biotite are poikilitically
enclosed in a large grain of
quartz; with zircon included in
biotite; b) Plagioclase pheno-
cryst showing rounding and in-
ternal corrosion by dissolution
in the magma. The corroded
portions were filled with more
sodic plagioclase which also
rims the grain; ¢) a cumulate
enclave within granodiorite from
near tonalite-granodiorite con-
tact displaying larger grain size
compared to the EEG shown in
Fig. 4a; d) photomicrograph of
the contact of EET with the host.
Large plagioclase crystals of the
host show internal resorbed
zones as the result of disequi-
librium induced by intrusion of
the enclave magma. Ap: apatite;
Qtz: quartz; Zr: zircon; Bt: bio-
tite; P1: plagioclase; Amp:
amphibole; Px: pyroxene. In the
BSE images circled numbers
represent anorthite contents

Geochemistry
Whole rock geochemistry

Table 3 presents whole rock major and trace element data
for representative samples of enclaves, their host rocks and
granite. Figure 2b shows nomenclature of our samples on
Total Alkalis-Silica diagram. Granites, although devoid of
enclaves, are included to investigate possible links with the
other two rock groups. The EEG is generally more enriched
in compatible elements like CaO, MgO, Fe,O; and Co
compared to their hosts. The ME, their hosts and granite
form a relatively continuous suite in the Harker diagrams,
and show linear trends, with decreasing Fe,O3, CaO, MgO,
MnO, V and Co and increasing K,O, Rb and Ta relative to
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SiO, (Fig. 5). Correlation of Ba and Zr with SiO, is
different and a remarkable Ba- and Zr-depletion in granite
gives rise to a peculiar curvilinear trend also observed in
Boggy Plain Supersuite granitoids (Chappell 1996). Chem-
ical gaps occur between granodiorite, tonalite and granite.
Tonalite has intermediate (Si0,~52-55%) but granodiorite
and granite have felsic compositions (Si0,~65-68% and
73-76% respectively). In addition to differences in modal
content of minerals and petrographic features of the EET
and EEG, chemistry of these two types of enclaves is also
different as the range of SiO, content for EET and EEG is
54-58% and 63-69%, respectively.

In most Harker diagrams, the EEG follows the general
trend of all other samples. However, behavior of K,O and
Ba for EEG is different from the general trend. Such
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Table 2 Macroscopic and microscopic differences between Enclaves Enclosed in Granodiorite (EEG) and Enclaves Enclosed in Tonalite (EET)

Observation EEG EET
Macroscopic  Abundance Ubiquitous Rare
Size Few centimeters to tens of centimeters Few meters
Shape Angular to ellipsoidal and lenticular amorphous
Cross-cutting relations Host magma cross-cuts the enclave Enclave magma cross-cuts the host
Chilled margin None None
Microscopic ~ Rock texture Equigranular, fine-grained to porphyritic porphyritic
Minerals that are present in the  amphibole pyroxene
enclave but absent in the host
Mineral exchange between None Plagioclase migration from the host

enclave and host

Plagioclase texture

Textural changes of the host in ~ None

the contact zone

Patchy zoning as the result of decompression

into the enclave

Patchy zoning resulted from disequilibrium
caused by injection of new magma

Plagioclases with patchy zoning are
concentrated in the contact zones

different behaviors are better shown when compatible
elements Fe,O;, MgO, CaO, MnO and Co are plotted
against K,O (Fig. 6a). Variation trends for the EEG are
different from the trends displayed by other samples. Such
distinct variation trends for the EEG are also observed for
Ba when it is plotted against the above-mentioned
compatible elements (not shown). Two of the EEG samples
with the lowest SiO, but the highest K,O (Table 3) contain
amphiboles and are characterized by highest mafic content;
the remaining three EEG samples lack amphibole and
contain less biotite (Table 1).

Figure 6b shows variation trends of some elements
against MgO and reveals critical chemical differences
among the various groups of rocks in this study and they
include: 1- the tonalites are distinct from the remaining
samples, 2-the EEG are close to their host rocks and
different from the tonalite, 3- some of the EEG are more
enriched in TiO, and HREE in comparison with tonalite
and granodiorite. HREE enrichment of the EEG is also
obvious in their chondrite normalized REE patterns shown
in Fig. 7a-b. Generally the enclaves exhibit similar
patterns, and similar LREE/HREE ratios relative to their
respective hosts but amphibole bearing EEG are more
enriched in HREE than their hosts.

Mineral chemistry

Microprobe analyses of plagioclase, biotite and amphibole
of selected enclaves and host rocks are presented in Table 4.
A comparison of enclave-host mineral chemistry follows.
Plagioclases of EEG are more enriched in anorthite than
their corresponding host; in contrast, the range of anorthite
content of plagioclases in EET and their host tonalite are
similar. Plagioclases in both the EEG and EET show

complex inner structure and compositional zoning. Many
large plagioclases show patchy zoning which consists of
irregular resorbed cores, the corroded portions having been
filled and surrounded by plagioclases with lower or similar
anorthite contents to their cores (Fig. 4b and f). Oscillatory
zoning is also common. Some plagioclases show regular
concentric normal zoning.

Plagioclases with patchy zoning are not uniformly
distributed in tonalite and they are concentrated in areas
close to the contact with enclaves (Fig. 4d). Such grains
also occur in EET as phenocrysts. Figure 4f shows a
phenocryst within the enclave AL10 which is characterized
by a typical resorbed core with irregular embayments. The
resorbed zones are filled with albite-rich plagioclase. The
plagioclase rimming the calcic core is compositionally
similar to the filled resorbed holes. Note that the boundaries
between different zones are straight and sharp.

Biotites in amphibole-free EEG are compositionally
similar to biotites of the enclosing host but those in
amphibole-bearing EEG are chemically different from the
ones in the host (Table 4; Fig. 7¢). The same differences exist
in mineral composition of EET and the host tonalite. Biotite
is present in both the EET and their host tonalite but their
chemical compositions are different (Fig. 7c). Chemical
composition of biotites in each group of host rocks and their
enclaves are displayed in TiO, vs. Mg# diagram shown in
Fig. 7c. Mg# of the biotites are not the same but amphibole-
free EEG are compositionally similar to their host.

Discussion

Many mechanisms have been proposed for the genesis of
the ME. In many cases determining the exact mechanism
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Geochemistry of microgranular enclaves in Aligoodarz

Z2sde g that forms the ME might be complicated. Hence, some
.. e authors believe that more investigations are needed to
cfZzase resolve all aspects of the ME genesis (Flinders and Clemens
E o= o w 1995; Chappell 1996). In this study the available data has
- % =A== been used in order to reach the best model for illustrating
S the genesis of Aligoodarz ME. So, to make a logical
R conclusion, we first evaluate the most common hypotheses
5 2o 2w @ concerning the genesis of ME.
coon T Since there have been many arguments about igneous vs.
Sp23ags non-igneous origin of the ME, we first examine if
Aligoodarz enclaves are restites or crystallized from a melt.
fos g wzi Restite enclaves are mainly enclosed in S-type granitoids,
distinctively rich in Al-minerals and show clear metamor-
E.2225 = phic textures. Textural, mineralogical, and chemical char-
_ acteristics of restite enclaves indicate that they can indeed
o3l as result from the melting of crustal rocks. Identification of the
- - restite enclaves in S-type granite is not very difficult. The
2. 2S8R problem is to apply this model to enclaves in I-type granite
2 e T oe . . with igneous texture. The Aligoodarz ME neither contain
ce s Ty andalusite, sillimanite, cordierite, garnet nor residual min-
T el e . erals formed from mica dehydration. On the contrary,
AR igneous textures such as interstitial, poikilitic and osceilla-
T B tory zoning are features that suggest magmatic crystalliza-
cenoeEs tion. According to Vernon (1983) and Didier (1984)
Eyomsg enclaves with such microstructures are typical magmatic
enclaves and do not result from melting processes. Hence, a
Cpesgag? restite model for the Aligoodarz ME is ruled out.

As mentioned earlier EEG and EET are the two types of
e85 8 igneous ME in the Aligoodarz granitoids. Each type has its
. o own specific set of features and is chemically close to its
Ze283%3a matching host (Fig. 5). Below, we discuss the typical
2 e 2o oo features of each type and characterize their relations with
croonET their hosts.
et T Enclaves Enclosed in Granodiorite (EEG)

In order to determine what magmatic processes were
R R involved in the formation of the EEG, in this section we
- < _ evaluate the most common views proposed for the genesis
Zg3agdsec of ME.
R R Harker diagrams (Fig. 5) indicate that EEG is composi-
Seafas = tionally intermediate between tonalite and granodiorite but
T e T ea s closer to the granodiorite. The intermediary nature of the
T oes T EEG is better displayed when average composition of
geodng tonalite and granodiorite are normalized to the average EEG
(Fig. 8). Linear trends in Harker diagrams, and the
I R intermediary position of the EEG indicate that these
enclaves are genetically related to granodiorite and tonalite.
Zzadnag Such behavior on variation diagrams could generally be
. . interpreted by two fundamentally different models:
28228y 1- fractional crystallization. Enclaves with such origin are
interpreted as autolithes and are cognate with their host
5> 5 =588 (Donaire et al. 2005; Pascual et al. 2008), and 2- magma
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against K,O and Ba. Calculated composition of extracted cumulates
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Fig. 6 Major and trace elements vs. K,O (a) and MgO (b) variation
diagrams. Calculated composition of extracted cumulates after 69%
crystallization of the parent granodiorite is shown as a circle on major
oxide plots. When K,O is considered as the variation index, the trends
for EEG are different from the rest. By increasing K,O, the enclaves

mixing. In this model isolated fragments of more mafic
(enclave) magma are enclosed in a second felsic (host)
magma and subsequently, chemical and mineral
exchange between the enclaves and their host drives the
chemical composition of the enclaves closer to that of
the host. (Dorais et al. 1990; Allen 1991; Barbarin and
Didier 1991; Blundy and Sparks 1992; Tepper and
Kuehner 2003).

In the following sections we discuss both magma mixing
and fractional crystallization as the potential processes that
formed the EEG.

become more enriched in compatible elements. Ba demonstrates the
same behavior but not shown here. When MgO is considered as the
fractionation index, variation trends of tonalites are different from the
remaining samples and composition of EEG is closer to that of their
host granodiorite

Evidence against the role of magma mixing in forming
the EEG

Several properties of the EEG and their relation with the
enclosing host rocks discount the possibility of involvement
of magma mixing. This argument is based on field,
microscopic and chemical observations and backed up by
mixing test discussed below.

Field evidence In the well-known examples of mixing of
mafic and felsic magmas suggested for the origin of ME, as

@ Springer
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EEG and their host granodiorite; b) EET and their host tonalite. HREE
enrichment in some EEG corresponds to those enclaves containing
amphibole. ¢) TiO, vs. Mg# diagram for biotites in the EEG, EET and
their hosts. Biotites of amphibole-free EEG and their host granodiorite
cluster together and form a coherent trend which implies crystalliza-
tion from the same melt. However, in terms of Mg#, biotites of
amphibole-bearing EEG are very different from those of amphibole-
free EEG and the host granodiorite, probably suggesting a time lag in
crystallization and enclave formation sequence. Biotites in the EET
and their host tonalite are hugely separated in relation to TiO,,
indicating formation from different magmas. Chemical proximity of
biotites of amphibole-bearing EEG to those of the tonalites could be
interpreted in terms of sub-tonalitic nature of the magma from which
the granodiorites were evolved (see stage “1” in Fig. 10a)

enclave population increases, the host composition shifts
towards the enclave composition (e.g. Silva et al. 2000).
Such relation is not observed in Aligoodarz granitoids;
although the EEG is more abundant in Mollataleb than in
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Khorheh, composition of the host granodiorite is generally
the same in the two locations (Fig. 1). This chemical
homogeneity suggests that mixing or mingling has not
played a major part in formation of the EEG.

Chemical exchange effectively occurs when both the
mafic and the felsic end-members are partly liquid (e.g.
Wiebe 1973). The EEG has sharp boundaries and lack
concentric zoning within and around the enclaves indicat-
ing that chemical interactions with the host granodiorite
were far from mixing. Also, chilled margin is expected to
occur in enclaves resulted from mixing of two magmas with
contrasted temperature (e.g. Wiebe et al. 1997). The
Aligoodarz enclaves lack chilled margins suggesting small
temperature difference between enclave and host magma
(Troll et al. 2004; Chen et al. 2009) or participation of
enclaves as solid materials in the host magma (Donaire et
al. 2005). Furthermore, injection of host magma into
enclaves (Fig. 3b) indicates that at least some enclaves
had entered the host in relatively solid state. In such
enclaves, absence of gradational contacts between enclave
and injected magma indicates high rheology contrast. Local
magma mingling/mixing between enclaves and the host
might have occurred but only in limited scale. Angular
form of some enclaves (Fig. 3a) confirms this interpreta-
tion. In summary, field observations attest that enclaves
were initially solid/near solid, rule out possibility of magma
mixing.

Microscopic and chemical evidence Both in the enclaves
and their host the highest anorthite contents correspond to
the cores of plagioclases. The highest An content in
plagioclase phenocrysts in the EEG is Ang, whereas, in
the host granodiorite the cores are up to Anss. Plagioclase
phenocrysts show complex patchy and oscillatory zoning
and consist of irregular resorbed zones (Fig. 4b). Resorp-
tion textures can be caused by either magma mixing (e.g.
Wiebe 1968; Vernon 1991; Chen et al. 2009), or decom-
pression (Alfred and Anderson 1984; Nelson and Montana
1992; Singer 1993). In case of magma mixing, more calcic
plagioclase fills or overgrowths the resorption zones;
whereas in decompression, plagioclase with similar or even
lower An% forms in and around the resorbed cores as
observed in the EEG.

Although introduction of crystals from host magma into
enclave magma has been documented (e.g. Feeley and
Dungan 1996), distribution of zircon in the EEG, granodi-
orite and tonalites seems to be particularly meaningful in
evaluating magma mixing possibly because many zircons
are included in biotites, and so, basically shielded from
chemical exchange between supposed two melts (Bea
1996). Also zircons which are not included in biotites have
relatively different sizes from those in the host. Zr
concentration (a measure of modal abundance of zircon)
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Fig. 8 Average chemical com- 10.0
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in the EEG and the host granodiorite is about the same and
is higher than the tonalite. This distribution pattern is more
consistent with the EGG being resulted from a parent melt
more similar to the host granodioritic magma than an
intermediate melt which is theoretically less enriched in Zr.

Occurrence of amphibole in a subset of the EEG and its
absence in the host granodiorite seems to be useful in
constraining the degree of chemical exchange because a
contrast in mineralogy of the enclave-host pair indicates
that full equilibration has been prevented either by access or
by thermodynamic considerations (Stephens et al. 1991).
This particularly applies to the EEG and their host because
there are enclaves with similar size but different chemistry
and contrasting mineralogy within a single outcrop of the
homogeneous granodioritic host.

Among EEG samples, two from the amphibole-bearing
type are more enriched in HREE (Fig. 6b). HREE-enrichment
of the EEG is also noticeable in Figs. 7a and 8. REE are
generally considered as the trace elements least likely to
equilibrate (Holden et al. 1991). It has also been emphasized
that equilibration rates for HREE are lower than LREE
(Kumar and Rino 2006). Therefore, HREE-enrichment
observed in some EEG cannot be caused by chemical
modification. Similarly, some of the EEG are also enriched
in TiO, (Figs. 6b and 8). Magma mixing model is unlikely
because mafic rocks with higher HREE and TiO, are absent
in the region. Such HREE and TiO, enrichments could just
be due to amphibole and possibly Fe-Ti-oxides accumulation.

Igneous biotite continuously equilibrates with its host
liquids (Barbarin 2005). So, the composition of biotites in
the enclaves should be similar to those in the host if magma
mixing takes place. Differences in biotite composition of
the amphibole-bearing EEG and the biotites of the host
exclude occurrence of extensive equilibration which is
common in enclaves generated by magma mixing.

The EEG shows different trends relative to the trends of
other samples in plots of incompatible elements (K and Ba)
vs. SiO, (Fig. 5) or compatible elements vs. K,O (Fig. 6a).
Ba behavior is similar to K,O but it is not shown. The
positive correlation between K,O, Ba and compatible
elements is not easy to explain in terms of magma mixing
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because a high Ba and K mafic end member is uncommon
in plutonic arcs and nonexistent in the region. Moreover, in
spite of the host granodiorite contain relatively constant
levels of Ba and K,O, concentrations of those elements in
the EEG are quite variable (Fig. 5). Such behavior of Ba
and K,O indicates that continuous enclave-host diffusion
and equilibration for Large lon Lithophile Elements (LILE),
which is so common and permitted in magma mixing (e.g.
Holden et al. 1991), did not take place for the EEG. Instead,
such observation is consistent with enclave generation by
biotite accumulation (Donaire et al. 2005; Pascual et al.
2008) because biotite has high partition coefficient for K
and Ba and the falling K and Ba content in amphibole-free
EEG is due to lower abundance of biotite (Table 1).
Similarly, K-feldspar is the main host for these elements but
due to low K-feldspar contents, variable K and Ba
concentrations must be controlled by different abundance
of accumulated biotite.

To conclude, we apply the mixing test of Fourcade and
Allégre (1981) for investigating whether the EEG are
indeed hybrid rocks resulted from mixing of felsic
granodioritic and intermediate tonalitic magmas. For this
test we consider the most mafic enclave with the lowest
SiO; content (sample AL12-1) to be representing the hybrid
magma, and average compositions of the granodiorite and
the tonalite are considered as the initial felsic and
intermediate end members, respectively. The following
equation can be applied for each element (Fourcade and
Allégre 1981):

(Ch = C4) =X(C5 = Cl)

where

C!, content of i element in hybrid magma

C',  content of i element in felsic magma

C,  content of i element in intermediate magma, and
X  the mass fraction of the component B

Calculated concentrations of major and selected trace
elements are plotted on (C}, — C)) vs. (Cf — C';) diagram
(Fig. 9a). Slope of the straight line through the major
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Fig. 9 a) Mixing test between
granodioritic and tonalitic mag-
mas for production of the hybrid
enclave AL12-1. The shaded
areas correspond to the domains
where the mixing model is not
verified. C},= concentration of
element i in hybrid magma
(enclave); C',= concentration of
element i in felsic component
(granodiorite); Ci= concentra-
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elements oxides gives the mass proportions of the mixture.
The slope of 0.32 means that participation of 32% of the
tonalitic end member could produce the enclave sample
ALI12-1. However, major oxides TiO, and Na,O and trace
elements Sr, Y, Dy, Er, U, Yb, Ho and Ni plot in the shaded
parts which correspond to mixing forbidden domains,
suggesting that binary magma mixing cannot explain the
abundance of these elements in the EEG (Fourcade and
Allegre 1981). Magma mixing is not adequate in explaining
genesis of the EEG also because for producing enclave
AL12-1 with 32% of the initial intermediate magma,
extensive chemical exchange with granodioritc melt is
required which is not confirmed by observations.

Evidence for cognate nature of the EEG

The evolutionary trends shown in Fig. 5 support fractional
crystallization. Fe,O;, CaO, MgO and V decrease with
increasing SiO,. These negative trends are consistent with
fractional crystallization of biotite, amphibole, plagioclase
and Fe-Ti oxides. Also, increasing incompatible K,O and
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Rb with increasing SiO, is consistent with late stage
fractionation of K-feldspar. An example of chemical
variation caused by fractional crystallization is that for Ba
and Zr (Chappell 1996). As seen in Fig. 5, Ba and Zr
concentration drops rapidly after biotite and zircon appear
as a crystallizing phase in granodiorite. General increase in
REE from tonalite to granodiorite reflected the influence of
fractional crystallization (Fig. 7a—b). Concave-upward and
partial differentiation of LREE from HREE in REE patterns
of residual melts have collectively been suggested to be
controlled by amphibole fractionation (Gromet and Silver
1987; Sawka and Chappell 1988; Romick et al. 1992;
Blundy and Wood 2003). The decrease in Eu/Eu* from
tonalite to granodiorite, probably correlates with progres-
sive removal of plagioclase from the magma. Moreover,
our radiogenic isotopic studies on Aligoodarz granitoids
reveal that tonalites and granodiorites are cogenetic and
originated from crustal source. Thus it seems that the
EEG, being genetically linked to granodiorite and tonalite,
is the result of the same evolutionary process. In Table 5
some differences in features of enclaves resulted from
magma mixing and EEG are summarized. In the following
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Table 5 Comparison of some
features between enclaves
resulted from magma mixing
with the EEG

Features

Enclaves resulted from magma mixing EEG
(Didier and Barbarin 1991 and many
other references cited in the text)

Relationship between abundance of

enclaves and composition of the host

Occurrence of chilled margin
Similarity between chemical

composition of biotite in enclaves and

host
Similarity in mineral paragenesis of
enclaves and the host

Records of mixing in plagioclase grains

Compatibility in concentration of
elements in enclaves in comparison
with mafic and felsic end member
magmas

Earlier physical state of the enclaves
before entering the host

Observed Not observed
Observed Not observed
Observed Not observed
Observed Not observed
Observed Not observed
Observed Not observed (e.g.
HREE, TiO,,

K,0, Ba and Zr)

Molten Solid

we discuss two potential processes that correspond to
fractional crystallization and could account for the origin
of EEG.

A) EEG as cumulate enclaves

Some enclaves in granitoids have been interpreted
to be cumualtes (Bébien 1991; Platevoet and Bonin
1991). In applying this hypothesis to the Aligoodarz
enclaves, the EEG would be seen as the disrupted
fragments of cumulate tonalitic assemblages later
disrupted and dispersed in the granodioritic magma.
Such scenario fails for the following reasons:

Cumulate enclaves are distinct from the regular
microgranular enclaves in being consisted of crystals
as large as those in their hosts and showing cumulate
textures (Barbarin 1991; Bébien 1991; Didier and
Barbarin 1991, p. 23). In many granitoids such as the
Sierra Nevada batholith, cumulate enclaves appear
together with regular ME. Lack of recrystallization
textures in the ME precludes formation after coarse-
grained cumulate enclaves (Barbarin 1991, 2005). In
such cases each enclave type has originated by
different processes.

In Section “Granodiorite and their enclaves” a
group of closely spaced, coarse-grained xenolithic
enclaves was introduced. They are disrupted fragments
of tonalites and are restricted to the tonalite-
granodiorite border (Fig. 3c). By considering the same
origin for the EEG, it is difficult to explain their
chemical behavior because they are more similar to
their hosts in comparison with their hypothetical
tonalitic source (Fig. 6b). Also tonalites show different
trends from other samples suggesting earlier crystalli-
zation from less evolved magma and accumulation of

B)

more primitive minerals (e.g. Wilson 1989). Such
chemical differences between tonalites and EEG
combined with lack of recrystallization makes the
cumulate enclaves distinct from the EEG and advocate
a non-cumulate origin for the latter.

EEG as disrupted fragments of rapidly cooled fine-
grained borders (chilled margins)

Crystallization in borders of the magma chamber or
its feeding conduits, where temperature gradient is
steeper, is the mechanism that we advocate as the
origin of the EEG based on observations described in
the following.

Where the enclaves are uniform in terms of grain-
size and display simple curved or straight boundaries
with no chilled margins, they might have come into
contact with the host granodiorite in completely solid
form (Wiebe et al. 1997). This is consistent with rapid
cooling in areas of the melt system and is supported by
occurrence of acicular apatite in the EEG, also
experimentally shown to be indicating rapid cooling
(Wyllie et al. 1962).

The least siliceous EEG shows the highest K,O and
Ba (Fig. 5). K,O- and Ba-rich enclaves also contain
higher Fe,O;, MgO, MnO and compatible trace
elements such as Co (Fig. 6a) and indicate biotite
precipitation. Biotite accumulation in enclaves could
result from rapid cooling under which the mafic
minerals crystallize with more rapid nucleation rate
than the tectosilicates (Naney and Swanson 1980).
This process also explains presence of amphibole and
relative scarcity of K-feldspar in the EEG.

The amphibole-bearing EEG might have formed
earlier than the amphibole-free ones when the magma
was less evolved. Differences between amphibole-
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bearing and amphibole-free EEG in terms of intensity
and profusion of the patchy zoning in plagioclases
confirm this interpretation, as in the former patchy
zoning is more common suggesting their origination at
deeper levels followed by larger decompression
(Fig. 4b). The time lag in crystallization of
amphibole-bearing and amphibole-free EEG could also
be inferred from the vastly different Mg# of their
biotites with the former plotting near the least evolved
and the latter clustering among the more evolved
granodiorites (Fig. 7c), presupposing that all EEG were
derived from the same original magma.

Geochemical modeling of the EEG

For supporting our cognate model both mass balance and
trace element modeling were performed. PETROGRAPH
program (Petrelli et al. 2005) was used for mass balance
calculation to produce enclaves chemically similar to the
EEG by fractional crystallization assuming that 1) grano-
diorite is the parent magma from which the more evolved
granite is derived, and 2) the type and composition of
fractionated minerals are similar to those of the
amphibole-free EEG (Table 4). The modeling shows that
by 69% crystallization of a mineral assemblage composed
of 32% quartz, 42% plagioclase and 26% biotite from the
original magma an evolved melt similar to average granite
can be produced. This percentage of crystal fractionation
may seem too large for granitic systems but is compatible
with scarcity of granites in the study area. As the results
show, the calculated cumulate assemblage is modally
similar to the amphibole-free EEG (Table 1). Harker
diagrams (Figs. 5 and 6) also show that the calculated
cumulate is chemically similar to the actual EEG in terms
of major oxides.

Trace element modeling based on results from the
mass balance calculation and by using Rayleigh frac-
tionation also yielded trace elements contents that
roughly match with the amphibole-free EEG. The result
is presented in Table 6. Cgr is calculated cumulate
composition, C, correspond to average composition of
granodiorite and D is the bulk partition coefficient.
Accumulated assemblage composed of 32% quartz, 42%
plagioclase and 26% biotite. 69% Rayleigh fractionation is
assumed. Partition coefficients are from Arth (1976);
Pearce and Norry (1979); Nash and Crecraft (1985). In
Fig. 9b, our samples are plotted on Sr and Rb vs. Ba and
are compared with composition of the calculated cumu-
late. Excel spreadsheet of Keskin (2002) was used to show
the compositional shift of the evolved melt after 69%
fractionation of the parent magma. As it is shown,
extraction of such cumulate assemblage shifts the compo-
sition of derived melt toward the granite.
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Table 6 Average composition of amphibole-free EEG that is
compared with calculated cumulate composition derived from initial
granodioritic magma

element D Co Cr Amphibole-Free EEG
Rb 0.9 145.7 153.2 132.5
Sr 2.0 132.7 92.4 104.5
Ba 2.7 360.7 194.0 144.2
cs 0.8 8.4 8.9 6.0
Hf 0.3 5.3 7.0 4.5
Nb 1.7 13.0 10.1 12.8
Ta 0.4 1.0 1.3 0.9
Th 0.3 13.9 18.1 11.0
U 0.2 2.1 2.7 1.4
Y 0.4 254 32.1 25.2
La 1.7 34.8 273 29.9
Ce 1.3 71.1 64.7 61.5
Nd 0.8 30.7 33.6 27.9
Sm 0.6 6.3 7.4 6.0
Eu 1.5 1.1 0.9 0.9
Tb 0.5 0.9 1.1 0.9
Dy 0.5 4.9 6.0 52
Yb 0.4 2.6 32 2.3
Lu 0.4 0.4 0.5 0.3
Cr 5.1 51.5 11.1 36.7

We were not able to produce the evolutionary trend from
granodiorite to granite by extracting the amphibole-bearing
EEG. One possible explanation could be that after enclave
formation the remaining liquid underwent further fractional
crystallization not recorded in the enclave assemblage.
Alternatively, the parent magma for this type of ME could
have been somewhat dissimilar to the existing granodiorite
host, i.e., these enclaves were probably derived from a
relatively less evolved parent not present at this level of
exposure. Extraction of amphibole-bearing enclaves from
such magma might have shifted the composition of the
evolved magma toward the granodiorite, as implied in
Fig. 10a.

Figure 10a attempts to show the evolutionary scenario
for formation of the EEG along rapidly-cooled zones in a
magma chamber as conceived from the above-mentioned
discussion and modeling. We suggest that the amphibole-
bearing EEG crystallized before the crystallization of
amphibole-free enclaves. It is noteworthy that rapidly-
cooled margins do not exclusively appear in the magma
chambers and could form along the feeding conduits as
well.

If the chilled margins were thick enough, then the
enclave rheology, correlating with crystal/melt ratio, would
considerably vary across the chilled margin and the degree
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/= amphibole-free EEG \\ .
a» amphibole-bearing EEG

Fig. 10 a) Chilled margin model (e.g., Donaire et al. 2005) for
illustrating development of the EEG. 1) Formation of rapidly-cooled
borders (chilled margins) during earlier stage of the magma evolution,
characterized by crystallization of biotite + amphibole as the mafic
components, 2) Forceful ascend of magma and disruption of chilled
margins to produce amphibole-bearing EEG dispersed in the remain-
ing magma, 3) Formation of new and amphibole-free chilled margin
with a more evolved composition, 4) Ascending of magma and
disruption of new chilled margins. As a result, two types of enclaves
with different mineralogy occur in the granodiorite. Chilled margins
may also develop on conduit walls not shown in this figure. Variation
in density of the dots corresponds to compositional changes of the
host magma. b) Model for explaining the origin of the EET by the
injection of a more mafic magma (gray) into the highly crystallized
tonalitic host (stippled) and the subsequent break-up into a composite
dike shown as inclusion trains of the injected magma due to
interaction with the host (After Barbarin and Didier 1992; Barbarin
2005)

of local mingling/mixing (Fig. 3b) might therefore vary
from enclave to enclave. In addition to rheology variation,
magnitude of post-fragmentation movement in the host
magma could have influenced the final shape of the
enclaves; i.e., higher plasticity along with greater spinning
within the host magma could have reduced angularity of the

enclaves originating from the less rigid parts of the chilled
margin.

Relationship of granites to granodiorites by a process of
fractional crystallization -as shown above- may require
enclosing of some enclaves in the end product. Absence of
enclaves in the granite could be the result of their
gravitational segregation over relatively long residence
followed by effective separation of the granitic melt by
filter pressing. It is worth noting that the granite cross-cuts
the granodiorite as dikes.

Overall, it seems that the EEG corresponds to the
relatively solid fragments present in the granitoids at the
time when magmatic flow prevailed. Mechanical interac-
tions caused crushing of the rapidly cooled margins and
scattering of the resulted fragments inside the dynamic
magma chamber and the feeding conduits. Enclaves of this
kind are typical of plutons emplaced in the upper crust
where large temperature contrast between injected magmas
and the host country rocks exists and results in formation of
microgranular textures (Barbarin and Didier 1991).

Enclaves Enclosed in Tonalite (EET)

Table 2 summarizes the major differences between the EET
and the EEG. Plagioclase is an important phase in
preserving information about the enclave forming processes
(e.g. Chen et al. 2009) and microprobe results for
plagioclases in the tonalites and their enclaves were
presented in Section “Tonalite and their enclaves”. Plagio-
clase phenocrysts showing patchy zoning occur in both the
EET (Fig. 4f) and the host but generally close to the contact
with the enclaves (Fig. 4d). It seems that the plagioclase
phenocrysts occurring in the EET are actually those
crystallized in the host and subsequently migrated into the
enclaves. Both types are rimmed by more sodic plagioclase
(Fig. 4e—f). The substantial chemical difference between the
rim and the spongy core suggests a significant change in
environment prior to rim crystallization. Similar observa-
tions have been made elsewhere in the world and were
experimentally investigated (e.g. Nelson and Montana
1992). Enclaves with such textures and such kind of
relation with the host can be accounted for as composite
(fragmented) dikes injected into a largely crystallized host
(Barbarin and Didier 1992; Barbarin 2005). Occurrence of
such enclaves as clusters in few locations supports the
dependence of enclave formation with dikes intrusion. We
find this model largely applicable to the plagioclase
phenocrysts in the EET and their tonalitic host (Fig. 10b).
Generally speaking, disequilibrium induced by injection of
a different magma is expected to cause partial resorption of
the plagiocalses in the contact zone, and in reference to the
EET, by moving away from the enclave, the number of
such plagioclases and the intensity of resorption decrease in
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the tonalite host; an observation which lends more support
to Barbarin and Didier (1992) and Barbarin (2005) model
(Fig. 10b).

Interfingering of new magma with largely crystallized
tonalitic host and consequent physiochemical interaction
between the two make EET distinct from EEG. Such
interactions were aided by a combination of factors such as:
1- local temperature rise and viscosity fall due to the
injection of the hotter new magma (Fig. 10b), 2- reduction
of melting point resulted from volatile migration from the
injected magma into the semi-liquid host and further
reduction of its viscosity (Castro et al. 1990, 1991), and
3- enhancing convection in the region adjacent to the newly
injected magma (Furman and Spera 1985). The rate of
chemical interaction depends on the chemical contrast
between enclaves and the host and on melt/crystal ratio.
Mineralogical differences between the EET and the host
rock suggest that limited chemical interaction has occurred.
Yet, evidence of interactions includes pyroxenes rimmed by
new amphibole and late plagioclase with same anorthite
content in both enclave and the host that crystallized after
interaction and enveloped the more calcic plagioclase cores
(Fig. 4e-f). Such low-Ca plagioclase also fills the resorbed
hollows in the interior parts of the phenocrysts (Fig. 4e—f).
Probably interaction between late stage SiO,-enriched
interstitial liquids of the host with the injected magma
shifted the enclave composition toward higher SiO, levels

(Fig. 5).

Conclusions

Petrographic data combined with whole-rock and mineral
chemistry were presented in this paper to introduce two
different types of microgranular enclaves (ME) in the
Aligoodarz calc-alkaline granitoids of western Iran and
investigate their origins. Enclaves enclosed in granodiorite
(EEQG), although relatively more mafic, are chemically very
similar to their host. Commingling of magmas of different
composition does not explain formation of the EEG as our
observations disqualify large chemical equilibration with
the host and rather suggest a cognate origin by rapid
cooling at the margins of the magma chamber or conduit
walls under which crystallization of biotite + Fe-Ti-oxides +
amphibole prevailed.

Enclaves enclosed in tonalite (EET) show relatively
sharp, intertwined boundaries and similar chemistry to their
host. They are inferred to be small magmatic pulses that
intruded the early fractures of a nearly-solid tonalitic body
and were transformed into inclusion trains. Differences in
physical state of the injected magma from its corresponding
host prevented comprehensive mixing, however, grain
transfer from the host rock into the enclave and interaction
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of the enclave magma with late stage fluids from the host
tonalite imply some degrees of mixing and mingling.

Patchy zoning is common in plagioclases of the
Aligoodarz enclaves. However, mechanisms causing such
textures are different in each group of enclaves. In case of
the EEG, patchy zoning is explained by instability-induced
resorption resulted from decompression, but the resorption
texture in the EET plagioclases was presumably caused by
interaction with a new magma.

Aligoodarz granitoids provide an opportunity for dem-
onstrating how rapid cooling on the margins of a shallow
magma chamber and the conduit walls in the roots of a
continental arc produces enclaves as the result of fractional
crystallization with disturbed order. Generation of such
enclaves can have an important role in the evolution of
mafic granitoid magmas. In this case study magma mixing
seems to have been limited and broad chemical equilibra-
tion with the host might not have occurred.
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